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A B S T R A C T

Over most of the history of interventional cardiology, it has been tacitly assumed that once flow-limiting coronary disease had been documented, angi-
ography was sufficient to plan percutaneous coronary intervention (PCI) and, subsequently, to decide if an optimal procedural result had been achieved. This
view has been challenged by recent studies evaluating the results of PCI with fractional flow reserve and nonhyperemic pressure ratios. Evidence has
accumulated showing that suboptimal functional PCI results occur frequently despite a good angiographic result and that they are associated with worse
patient outcomes. In this article, we discuss how available coronary physiology tools, either guide wire or image-based, may address this problem by
facilitating better procedural planning and PCI precision and optimization.
In contemporary clinical practice, intracoronary pressure guide wires
are primarily used to perform functional assessment of epicardial ste-
noses to determine whether revascularization is needed. In this context,
it may surprise many that the first clinical use of intracoronary physi-
ology was to assess the results of percutaneous coronary intervention
(PCI), an approach first followed by Andreas Gruentzig, who used the
translesional pressure gradient measured after balloon dilation to
assess the functional result of the intervention.1 With the development
of thin Doppler-tipped guide wires, which provide more reliable he-
modynamic measurements than over-the-wire angioplasty balloons, the
focus of intracoronary physiology remained on assessing and opti-
mizing balloon angioplasty before considering coronary stenting.2,3 It
was only after the development of the intracoronary pressure wire and
the publication of the DEFER study, now more than 20 years ago, that a
shift toward its current use, performing ischemia-driven revasculariza-
tion, took place.4

However, over the last 20 years, and in parallel to pivotal studies
supporting the role of physiology in clinical decision making, evidence
has accumulated suggesting that not achieving a good functional PCI
result is associated with worse patient outcomes.5 Recently, the interest
on using physiology to improve the outcomes of ischemia-driven PCI
led to launching dedicated studies6–10 that have clearly shown that
flow-limiting coronary disease commonly remains unrecognized and
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untreated in PCI procedures despite an angiographic result deemed
satisfactory by the operator.

In this article, we discuss the contemporary approach to guide PCI
procedures using coronary physiology. This can be achieved by
improved procedural planning, enhancing the precision of the inter-
vention, and identifying and addressing the cause of suboptimal PCI
results to optimize the procedure. We consider the use of physiological
tools before and during PCI and also address recent studies, which to
some, have raised questions about the utility of intracoronary physi-
ology. We also outline the limitations of these studies and argue that
intracoronary physiology remains critical in guiding PCI (Supplementary
Appendix). In discussing the when, why, and how to perform physio-
logical PCI guidance, we revisit not only the value of intracoronary
pressure guide wires but also that of angiography-based physiology
tools that derive physiological information from invasive or noninvasive
coronary angiography.11,12
The expanding field of functional coronary assessment tools

Introduced more than 2 decades ago, fractional flow reserve (FFR) is
the most widely used coronary physiology index, with demonstrated
clinical value in decision making in multiple studies.13–15 The
fractional flow reserve; iFR, instantaneous wave-free ratio; NHPR, nonhyperemic pressure
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instantaneous wave-free ratio (iFR), introduced as an adenosine-free
alternative to assess functional stenosis severity, has demonstrated
noninferiority with respect to FFR in decision making at 1- and 5-year
follow-ups.16,17 Several other nonhyperemic pressure ratios (NHPRs)
showed a similar diagnostic yield to iFR and are now commercially
available.18 Pressure guide wire interrogation is currently recom-
mended to assess hemodynamic relevance in intermediate-grade cor-
onary stenosis (Class I, level of evidence A), and in patients with
multivessel disease undergoing PCI (Class IIa, level of evidence B).19 In
contemporary practice, deferral of PCI is safe, once preserved epicar-
dial vessel conductance is demonstrated with FFR or NHPR.20 Recently,
a number of trials failed to demonstrate a benefit of using FFR in sce-
narios like ST-elevation myocardial infarction with multivessel disease,
triple vessel disease, or improving the cost efficiency of PCI.21–23 While
it is beyond the scope of this article to discuss these trials, detailed
analyses of these studies are found in the Supplementary Appendix.

From a historical perspective, the arrival of the NHPR generated a
renewed interest in longitudinal vessel analysis obtained over a pres-
sure guide wire pullback. Despite having been described as early as
2001,24 FFR pullbacks never became routinely adopted in clinical
practice, largely because of the need for intravenous infusion of a hy-
peremic agent. This obstacle was circumvented by the arrival of the
NHPR which, in addition to not requiring adenosine administration for
longitudinal vessel analysis with guide wire pullbacks, was demon-
strated to be effective in outlining the individual hemodynamic effect of
stenoses placed in a series.25 As discussed later in this article, this
generated new opportunities for predicting the hemodynamic effect of
performing PCI on a given lesion, contributing to better procedural
planning. The interest in longitudinal vessel analysis with NHPR
prompted the development of software solutions to provide stable
pressure pullback curves, which typically show fluctuations in pressure
indices caused by transient decreases in intracoronary pressure at high
flow velocity locations (Venturi effect) (Figure 1). It also triggered the
development of indices to quantify the degree of diffuseness of
obstructive disease using FFR pullbacks, like the pressure pullback
gradient (PPG)26 and the dFFR(t)/dt27 indices (Figure 228).

A further refinement of longitudinal vessel analysis is the coregis-
tration of the iFR pullback with angiography, which allows displaying
hemodynamic information over the coronary angiogram.29,30 By doing
Corrected NHPR value
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OmmiƩed NHPR values
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so, the accuracy of PCI in targeting flow-limiting coronary segments is
increased, minimizing the possibility of geographic mismatch at the
time of stenting.11 The system allows prediction of final iFR results after
treating specific segments in the vessel (Figure 3). Current technology
allows the use of pressure guide wires as PCI workhorse wires, facili-
tating the performance of measurements at different stages of the
intervention.

The Central Illustration summarizes the modern use of invasive
physiology in 3 fundamental steps: (1) detection of ischemia-generating
epicardial vessel disease, (2) revascularization strategy and PCI planning
following full vessel pullback, and (3) evaluation of the physiological
effects of PCI post procedure.
A shifting landscape in the use of coronary physiology to guide
PCI

While evidence on the value of coronary physiology in deciding
whether PCI is indicated has grown steadily over the last 2 decades, not
much attention was paid to the potential benefit of using it to assess the
functional result of the coronary interventions. However, hidden in trial
data, there was evidence that suboptimal PCI results have an impact on
patient outcomes.5 A patient-level meta-analysis including data from
5277 patients from studies performed in the drug-eluting stent era
found that postprocedural ischemic (�0.80) FFR values occurred in 12%
of patients and that, overall, there was a significant statistical relation-
ship between post-PCI FFR values and subsequent rates of target vessel
failure, target vessel myocardial infarction, and cardiac death.31

Of note, pivotal trials supporting the value of pressure guide wires
were based on FFR measured at a single poststenotic location. We
know now that longitudinal vessel analysis, obtained with a pressure
guide wire pullback, provides a much richer view of the location
and impact of atherosclerotic lesions on epicardial vessel
conductance.6,10,25,26,32 The relevance of this was demonstrated in the
DEFINE PCI study, in which coronary vessels with a spot intracoronary
measurement of iFR �0.89 first treated with PCI and, subsequently and
once a good angiographic result had been reached, underwent phys-
iological blinded interrogation, this time using longitudinal iFR map-
ping.6 iFR pullback found that 1 in 4 patients had ischemia-generating
Figure 1.
Longitudinal vessel interrogation with a non-
hyperemic index with dedicated analysis software.
Intracoronary pressure pullback curve in diseased coro-
nary vessels show ups and downs caused by the Venturi
effect. Intraluminal pressure (Pd) decreases with higher
flow velocity within coronary stenoses, causing dips of
intracoronary pressure ratio values. Dedicated software
for analysis of pullback curves omits such transient dips.
This facilitates the interpretation of the pullback curve
and the prediction of the effect of PCI on vessel hemo-
dynamics. NHPR, nonhyperemic pressure ratio.



Figure 2.
Approaches to longitudinal vessel analysis with wire-based physiology tools. (A) iFR pullback curve displays continuous iFR values on a beat-to-beat basis along the length of
vessel. By visually inspecting the step-up patterns, it is possible to discriminate focal vs diffuse disease. (B) Calculation of the PPG index using FFR pullback. Values of PPG index reflect
focal (closer to 1) or diffuse (closer to 0) patterns of obstructive disease. (C) The instantaneous FFR gradient per unit time (dFFR(t)/dt) quantifies the amount of FFR changes across the
target stenosis. The presence of a major FFR gradient (dFFR(t)/dt � 0.035) predicts a good functional PCI result. Conversely, a minor FFR gradient (defined as 0.035 � dFFR(t)/dt �
0.015), reflecting diffuse atherosclerotic disease patterns, is associated with worse functional PCI results. FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; PCI, percu-
taneous coronary intervention; PPG, pressure pullback gradient. Adapted with permission from Lee et al.28
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residual disease in the treatment vessel. These findings were echoed by
the TARGET FFR trial,10 in which 29% of vessels treated with PCI had
residual disease accounting for an FFR � 0.80.

Both DEFINE PCI and TARGET FFR revealed that most cases of
suboptimal post-PCI measurements are due to residual flow-limiting
disease that was not tackled at the time of stenting. Although in
some cases, the residual disease was not amenable to correction due to
its diffusiveness, in around 25% of cases it was of a focal nature and
amenable to stenting. It is easy to infer that, should the hemodynamic
location of these residual flow-limiting segments be known before PCI,
Figure 3.
Coregistration of iFR pullback with the coronary angiogram. Losses in iFR value docume
accounting for a loss in 0.01 iFR units. Accumulation of yellow beads at a specific vessel loc
distribution of beads over the vessel is characteristic of a diffuse pattern (B). Frequently, a mix
wave-free ratio.
a different treatment strategy might be followed, either choosing
longer or additional stents or, in case of diffuse flow-limiting disease not
amenable to stenting, by reconsidering PCI as the adequate tool to
relieve myocardial ischemia.

Under the influence of these studies, a deeper understanding has
been gained of the relationship between hemodynamic coronary artery
disease (CAD) phenotype and PCI effectiveness. Functional improve-
ment associated with PCI is highest in vessels with a focal stenosis
pattern on longitudinal analysis, while a diffuse physiological pattern of
obstructive disease may not be successfully addressed with PCI. The
nted over the vessel are displayed over the coronary angiogram as yellow beads, each
ation denotes a more focal pattern of flow-limiting disease (A), while a more spread out
ed pattern of focal and diffuse obstructive disease is documented (C). iFR, instantaneous



Central Illustration.
Stepwise approach using invasive physiological PCI guidance. Left panel: The first step of physiology-guided PCI is assessing the overall burden of ischemia caused by the vessel,
and this is best achieved by placing the pressure wire as distally as safely possible within the vessel after normalization. The spot use of resting (iFR, resting full-cycle ratio, diastolic
pressure ratio, diastolic hyperemia-free ratio) and/or hyperemic indices (FFR) provide a quantifiable metric that should not be interpreted strictly dichotomously, but instead seen as a
probability of epicardial ischemia. Resting indices and/or FFR can be used in isolation or together in a Bayesian approach. Middle panel: If epicardial ischemia is unlikely following spot
distal measurements (resting indices >0.95 or FFR >0.85), full vessel pullback is not needed and, following drift check, assessment can be ended. In all other cases, with borderline or
more significant lesions, a full vessel pullback is essential for better understanding of when and how revascularization should be performed. Resting indices offer an advantage for
pullback as they suffer less from cross-talk between lesions. At this stage, “virtual PCI” can be performed for estimation of physiological gain following stent placement. If available,
physiological–anatomical coregistration further improves visual guidance (see Figure 2 for more examples). Right panel: Following PCI, physiological assessment should be repeated
(as step 1 above) to document the results achieved by revascularization. If results are not satisfactory (vessel still shows residual flow limitation), a full vessel pullback should be repeated
for a better understanding of the need for post-PCI optimization. Is the residual ischemia coming from inside the stent? Are there other flow-limiting segments? Is the potential benefit
of further optimization worth the risks? Such questions can only be answered once the pattern of post-PCI physiology is clear. A final drift check confirms the post-PCI results are reliable.
FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; PCI, percutaneous coronary intervention.

4 J. Escaned et al. / Journal of the Society for Cardiovascular Angiography & Interventions 3 (2024) 102198
very effect of PCI on ischemia and anginal symptoms is influenced by
hemodynamic CAD phenotype. A subanalysis of the ORBITA trial
demonstrated a significantly greater reduction of ischemia in noninva-
sive tests after PCI in patients with vessels showing an iFR-based focal
CAD phenotype, compared with a diffuse phenotype.33 A post-hoc
analysis of TARGET FFR trial34 revealed a 2-fold prevalence of
post-PCI angina in patients in whom a vessel with diffuse disease CAD
phenotype (defined with the FFR-based PPG index) was treated with
PCI; in contrast, patients with a focal disease CAD phenotype treated
with PCI had significantly higher anginal improvement and better
quality of life, as judged by the Seattle Angina Questionnaire. Other
studies have also reported an impact of the diffuse phenotype on pa-
tient outcomes after PCI.32 Again, it is important to emphasize that vi-
sual inspection of the angiogram before PCI cannot establish reliably
whether the dominant obstructive pattern of CAD has a diffuse or focal
nature, with an overall discrepancy between visual and physiological
assessment of 36%.26

In summary, improved pressure guide wire technology and new
evidence supporting the role of physiological longitudinal vessel anal-
ysis before and after PCI have facilitated an entirely new way of
addressing the key questions of when and how to perform PCI. This the
following sections we shall address how this influences (1) confirming
the indication and predicting the efficacy of PCI, (2) planning the best
revascularization strategy from a physiological standpoint, and (3)
assessing final PCI results and performing optimization of the
procedure.
Confirming the indication for and predicting the efficacy of PCI

The first step of physiology-guided PCI is assessing the overall
burden of ischemia caused by the vessel, and this is best achieved by,
following normalization, placing the pressure wire as distal as safely
possible within the vessel. The spot use of resting (iFR, resting full-cycle
ratio, and others) and/or hyperemic indices (FFR) provides a quantifi-
able metric that should not be interpreted strictly dichotomously but
instead seen as a probability of epicardial ischemia. It is possible to use
resting indices and FFR in isolation or together following a hybrid
approach, ie, to make decisions based on overtly normal or abnormal
resting index values, and to use FFR when resting index values are near
the 0.89 threshold.

It is well established that, in chronic coronary syndromes, intra-
coronary pressure indices are a safe gatekeeper for unneeded inter-
vention.20 Nonischemic FFR or NHPR values do not preclude the
existence of other causes of myocardial ischemia but signify that PCI is
not indicated. In cases with ischemic values, it is recommended to
perform an FFR or NHPR pullback recording to allow an in-depth
analysis. In addition, this will rule out the presence of pressure drift
and confirm that reliable physiological measurements have been
made.

If ischemic FFR or resting index values are not documented in
spot distal measurements, full vessel pullback is not needed and,
following drift check, assessment can be ended. In all other cases,
with borderline or more significant lesions, a full vessel pullback is
essential for better understanding of when and how revasculariza-
tion should be performed. Resting indices offer an advantage for
pullback as they suffer less from cross-talk between lesions, despite
not being free from hemodynamic interaction in case of severe
stenoses.35

The findings of longitudinal physiological analysis have been clas-
sified in a different manner. We have highlighted the 2 basic patterns
indicating a focal and diffuse phenotype. However, some authors have
suggested a more complex classification,36 which includes combina-
tions of these 2 patterns, adding as separate patterns the tandem focal
lesions and a mixed pattern of focal and diffuse disease. Figure 2
provides examples of different pullback patterns with concomitant
coregistration with angiography. Quantification has been also proposed
using the PPG and other mathematical indices with values increasing



Table 1. Available functional coronary angiography systems.

Indices derived from invasive angiography
QFR � Based on good quality angiograms performed in 2 adequate

angiographic projections after IC nitrate administration.
� Not applicable in ostial lesions. Lack of validation in left main and

major bifurcation lesions.
� Allows calculation of residual QFR after removing target stenosis.

vFFR � Overall similar characteristics as QFR.
caFFR � Overall similar characteristics as QFR, although based on different

calculation algorithms (computational fluid dynamics).
� Requires sensor to acquire aortic pressure during angiography.

FFRangio � Based on 3 angiographic projections to reconstruct the whole
coronary vessel.

μQFR � May use either 1 or 2 projections.
� Incorporates the effect of side branches based on Murray’s law.

Indices derived from computed coronary angiography
FFRCT � Requires external analysis (supercomputer).

� Results obtained hours once the CT angiogram is available.
� Includes Virtual Stenting software that simulates the effect of PCI on

coronary hemodynamics.

μQFR, Murray bifurcation fractal law-based quantitative flow ratio; caFFR, coro-
nary angiography-derived FFR; CT, computed tomography; FFRangio,
angiography-derived fractional flow reserve; FFRCT, computed tomography
derived fractional flow reserve; IC, intracoronary; QFR, quantitative flow ratio;
vFFR, virtual fractional flow reserve.
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from extremely diffuse to extremely focal patterns. In practice, these
approaches do not modify the key goal: simulating the functional re-
sults of PCI and ensuring that a sound or acceptable physiological result
can be achieved.

Different tools are available to simulate the functional result of PCI
using longitudinal vessel analysis. Previous studies25,37 have simulated
the effect of PCI on a given pullback iFR curve as follows:

Predicted iFR post-PCI (iFRpred) ¼ pre-PCI iFR (lowest value) þ
P

intention to treat iFR gradient(s).
The validity of this formula has also been demonstrated for other

NHPRs.38 These mathematical approaches are facilitated when dedi-
cated pullback analysis software correct for fluctuations in intracoronary
pressure caused by the Venturi effect30 (Figure 1). A further step in
facilitating the simulation of functional PCI results is provided by iFR
systems coregistering the pressure pullback with the obtained angio-
gram. In these cases, predicted post-iFR values are automatically
delivered by scrolling over single or separate PCI target segments in a
reliable way.29,37

Prediction of the functional results of PCI using the tools discussed
earlier may help in deciding whether PCI can achieve a complete or
acceptable degree of vessel revascularization. For example, in vessels
with diffuse hemodynamic phenotypes, identification of those that are
not amenable to PCI may lead to reconsidering percutaneous revas-
cularization as the treatment of choice.
Planning the revascularization strategy

In parallel with testing the feasibility of obtaining a good functional
result in the PCI target vessel, longitudinal physiological analysis pro-
vides valuable information for procedural planning by informing on (1)
the location of lesions accounting for hemodynamic coronary impair-
ment, and (2) whether PCI should be performed with single or multiple
stents.

Even when the pressure pullback has been performed,
establishing an accurate relation between the physiology curve
and the angiographic location can be challenging. This is
important, because geographic miss after physiological interro-
gation accounts for some cases of post-PCI suboptimal results.
Lack of precision over stenting may leave untreated obstructive
CAD. To improve this, filming the radiopaque wire tip when an
abrupt change in FFR or NHPR is noted while performing the
pressure pullback may help in identifying target vessel locations.
Coregistration technologies, in which both physiology data (iFR)
and coronary angiography images are merged and displayed
together, further facilitate interpretation of physiological data and
improve user interaction with physiology-guided PCI planning.39

At this stage, “virtual PCI” can be performed for estimation of
physiological gain following stent placement. Intracoronary im-
aging may contribute to planning of the procedure. Coregistra-
tion of intracoronary imaging with angiography may also
contribute to more accurate procedures.40,41
Intraprocedural assessment of the physiological results of PCI

Following PCI, physiological assessment may be repeated (as
step 1 above) to document the results achieved by revascularization.
If results are not satisfactory (vessel still showing residual flow limi-
tation), a full vessel pullback should be repeated for a better un-
derstanding of the need for post-PCI optimization. Is the residual
ischemia coming from inside the stent? Are there other flow-limiting
segments? Is the potential benefit of further optimization worth the
risks? Such questions can only be answered once the pattern of post-
PCI physiology is clear. A final drift check confirms the post-PCI re-
sults are reliable.30

The impact of procedural myocardial ischemia, embolization of
plaque debris, and hemodynamic changes on physiological assess-
ment with FFR and NHPR is not fully elucidated. From a practical
perspective, postprocedural negative NHPR values may be taken as
confirmative. When positive NHPR values are documented, it may be
worth performing an additional FFR measurement to confirm that the
NHPR is not falsely low due to increased “resting” flow from altered
hemodynamics.42

Longitudinal vessel analysis is also recommended as the best
approach to analyze final PCI results, as it helps in visualizing the
distribution of intracoronary pressure loss after PCI. Suggested al-
gorithms, such as the one used in the TARGET FFR trial,10 proposed
to limit optimization to residual focal flow-limiting segments. It must
be kept in mind that, given its anatomical course when the patient is
lying on the table, pressure pullbacks along the left anterior
descending artery typically show a small amount of diffuse pressure
loss, which is caused by hydrostatic pressure and not by obstructive
disease.43
Role of intracoronary imaging

In performing PCI optimization, intravascular imaging is a
complementary tool to physiology in optimizing PCI results, not
only in providing clues as to the cause of a focal pressure loss
documented at either a stented or nonstented vessel location44

but also in deciding the best landing zones for the stent on the
grounds of vessel dimensions and plaque characteristics, choosing
stent diameter and length, and ensuring that proper stent appo-
sition and expansion have been achieved. It is worth reiterating
that some aspects of suboptimal stenting that can be identified
with intracoronary imaging may not cause abnormal FFR or NHPR
values after PCI and therefore, physiology is not a substitute to
image-guided PCI.

A specific scenario for physiology-based optimization of PCI is the
assessment of jailed side branches in a stented bifurcation.45 Whenever
abnormal FFR or NHPR are documented in the jailed side branch,
additional maneuvers such as proximal optimization treatment or kiss-
ing balloon dilation can be performed leaving the pressure guide wire
in place, so the degree of physiological optimization achieved can be
gauged.44



Figure 4.
Stepwise approach using invasive physiologic PCI guidance. Left panel: The first step of physiology-guided PCI is assessing the overall burden of ischemia caused by the vessel, and
this is best achieved by, following normalization, placing the pressure wire as distal as safely possible within the vessel. The spot use of resting (iFR, RFR, dPR, DFR) and/or hyperemic
(FFR) indices provide a quantifiable metric that should not be interpreted strictly dichotomously but, instead, seen as a probability of epicardial ischemia. Resting indices and/or FFR can
be used in isolation or together in a Bayesian approach. (Middle panel) If epicardial ischemia is unlikely following spot distal measurements (resting indices > 0.95 or FFR > 0.85), full-
vessel pullback is not needed, and following drift check, assessment can be ended. In all other cases, with borderline or more significant lesions, a full-vessel pullback is essential for
better understanding of when and how revascularization should be performed. Resting indices offer an advantage for pullback as they experience less crosstalk between lesions. At this
stage, “virtual PCI” can be performed for estimation of physiologic gain following stent placement. If available, physiologic-anatomical coregistration improves visual guidance further
(see Figure 2 for more examples). Right panel: Following PCI, physiologic assessment should be repeated (similar to step 1) to document the results achieved by revascularization. If
results are not satisfactory (vessel still showing residual flow limitation), a full-vessel pullback should be repeated for a better understanding of the need for post-PCI optimization: Is the
residual ischemia coming from inside the stent? Are there other flow-limiting segments? Is the potential benefit of further optimization worth the risks? Such questions can only be
answered once the pattern of post-PCI physiology is clear. A final drift check confirms that the post-PCI results are reliable. DFR, diastolic hyperemia-free ratio; DPR, diastolic pressure
ratio; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; PCI, percutaneous coronary intervention; RFR, resting full-cycle ratio.
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Role of functional coronary angiography

All the above discussed physiology indices rely on using intra-
coronary pressure wires. Over the last decade, there has been a pro-
gressive buildup of wire-free functional coronary angiography (FCA)
technologies capable of identifying physiologically relevant coronary
stenoses without coronary instrumentation.11,46 FCA tools use the
invasive coronary angiogram or noninvasive computed tomography
coronary angiography to estimate FFR-like indices. With both invasive
and noninvasive FCA modalities, this is achieved by analyzing data
derived from accurate 3-dimensional quantitative coronary angiog-
raphy with fluid dynamics equations.46

Table 1 lists FCA indices that can be measured with commercially
available systems. Some FCA tools incorporate patient-specific he-
modynamic information, such as Thrombolysis in Myocardial
Infarction frame count or aortic pressure at the time the angiogram
was obtained in their calculations, allowing a better depiction of
boundary conditions. An important aspect of all FCA modalities is
that they render physiological longitudinal vessel analysis. Because
this is displayed along the angiogram from which it is derived,
identification of flow-limiting lesions within the coronary anatomy is
readily feasible.46

The main characteristics of commercially available FCA systems
differ in terms of technical requirements and scientific evidence sup-
porting their therapeutic yield and clinical value.46 Overall, all have
demonstrated good correlation with invasive FFR measurements. For
the time being, quantitative flow ratio is the only index that, in addition
to showing a high diagnostic yield in studies using invasive FFR as a
reference,47,48 has been compared with angiography to decide coro-
nary revascularization. In a randomized clinical trial, use of quantitative
flow ratio was shown to improve 1-year clinical outcomes, compared
with angiography.49 A recent study comparing 5 different FCA systems,
using invasive FFR as a comparator, reported a similar diagnostic yield,
although the reported areas under the curve were lower than in the
independent studies used for validation of each system.50

All the above steps in contemporary planning and guidance of PCI
using intracoronary pressure guide wires have been explored with FCA,
showing the feasibility of identifying diffuse and focal hemodynamic
vessel phenotypes,32 prediction of functional PCI results,51,52 and
presence of residual flow-limiting disease after PCI.53
Structured approach to the use of physiology tools in PCI

Figure 4 provides a tentative algorithm integrating the outlined
use of wire- and angiography-based physiology tools to plan, guide,
and optimize PCI. The algorithm leverages the complementarity of
both approaches. For example, angiography-based tools can be used
for planning PCI in those cases for which computed tomography
coronary angiography or previous invasive angiograms are available.
However, they may not be applicable for optimizing PCI when contrast
administration must be restricted due to coexisting renal dysfunction,
or in long PCI procedures, a context in which wire-based physiology
can be used safely.
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Final remarks

We believe we are currently entering a new era in the way in which
coronary physiology tools will lead to better selection of patients for
whom effective treatment of ischemia-generating epicardial disease
with PCI can be performed and to guide the interventions to achieve
that goal. This may potentially lead to a lower long-term incidence of
ischemia-related symptoms and events.
Declaration of competing interest

Javier Escaned is supported by the Intensification of Research Ac-
tivity project INT22/00088 from Spanish Instituto de Salud Carlos III and
declares having served as speaker and advisory board member for
Abbott, Boston Scientific, and Philips. Ricardo Petraco reports consul-
ting for Abbott and Philips. William F. Fearon reports research grants
from Abbott and Medtronic, consulting for CathWorks and Siemens,
and stock options with HeartFlow.
Funding sources

This work was not supported by funding agencies in the public,
commercial, or not-for-profit sectors.
Ethics statement and patient consent

This manuscript does not report on patients or patient data.
Supplementary material

To access the supplementary material accompanying this article,
visit the online version of the Journal of the Society for Cardiovascular
Angiography & Interventions at 10.1016/j.jscai.2024.102198.

References

1. Anderson HV, Roubin GS, Leimgruber PP, et al. Measurement of transstenotic
pressure gradient during percutaneous transluminal coronary angioplasty.
Circulation. 1986;73(6):1223–1230. https://doi.org/10.1161/01.CIR.73.6.1223

2. Serruys PW, de Bruyne B, Carlier S, et al. Randomized comparison of primary
stenting and provisional balloon angioplasty guided by flow velocity
measurement. Doppler Endpoints Balloon Angioplasty Trial Europe (DEBATE) II
Study Group. Circulation. 2000;102(24):2930–2937. https://doi.org/10.1161/
01.CIR.102.24.2930

3. Lafont A, Durand E, Addad F. Doppler and angiographic endpoints: lessons from
FROST and DESTINI. Int J Cardiovasc Intervent. 2001;4(2):83–85. https://doi.org/
10.1080/146288401753258321

4. Bech GJW, De Bruyne B, Pijls NHJ, et al. Fractional flow reserve to determine the
appropriateness of angioplasty in moderate coronary stenosis: a randomized trial.
Circulation. 2001;103(24):2928–2934. https://doi.org/10.1161/01.CIR.103.24.2928

5. Johnson NP, T�oth GG, Lai D, et al. Prognostic value of fractional flow reserve:
Linking physiologic severity to clinical outcomes. J Am Coll Cardiol. 2014;64(16):
1641–1651. https://doi.org/10.1016/j.jacc.2014.07.973

6. Jeremias A, Davies JE, Maehara A, et al. Blinded physiological assessment of
residual ischemia after successful angiographic percutaneous coronary
intervention: the DEFINE PCI study. J Am Coll Cardiol Intv. 2019;12(20):
1991–2001. https://doi.org/10.1016/j.jcin.2019.05.054

7. Hakeem A, Uretsky BF. Role of postintervention fractional flow reserve to improve
procedural and clinical outcomes. Circulation. 2019;139(5):694–706. https://
doi.org/10.1161/CIRCULATIONAHA.118.035837

8. Agarwal SK, Kasula S, Hacioglu Y, Ahmed Z, Uretsky BF, Hakeem A. Utilizing post-
intervention fractional flow reserve to optimize acute results and the relationship to
long-term outcomes. J Am Coll Cardiol Intv. 2016;9(10):1022–1031. https://doi.org/
10.1016/j.jcin.2016.01.046

9. Biscaglia S, Uretsky B, Barbato E, et al. Invasive coronary physiology after stent
implantation: another step toward precision medicine. J Am Coll Cardiol Intv.
2021;14(3):237–246. https://doi.org/10.1016/j.jcin.2020.10.055

10. Collison D, Didagelos M, Aetesam-ur-Rahman M, et al. Post-stenting fractional flow
reserve vs coronary angiography for optimization of percutaneous coronary
intervention (TARGET-FFR). Eur Heart J. 2021;42(45):4656–4668. https://doi.org/
10.1093/eurheartj/ehab449
11. Kogame N, Ono M, Kawashima H, et al. The impact of coronary physiology on
contemporary clinical decision making. J Am Coll Cardiol Intv. 2020;13(14):
1617–1638. https://doi.org/10.1016/j.jcin.2020.04.040

12. Ding D, Huang J, Westra J, et al. Immediate post-procedural functional assessment
of percutaneous coronary intervention: current evidence and future directions. Eur
Heart J. 2021;42(27):2695–2707. https://doi.org/10.1093/eurheartj/ehab186

13. Tonino PAL, De Bruyne B, Pijls NHJ, et al. Fractional flow reserve versus
angiography for guiding percutaneous coronary intervention. N Engl J Med.
2009;360(3):213–224. https://doi.org/10.1056/NEJMoa0807611

14. De Bruyne B, Pijls NHJ, Kalesan B, et al. Fractional flow reserve-guided PCI versus
medical therapy in stable coronary disease. N Engl J Med. 2012;367(11):991–1001.
https://doi.org/10.1056/nejmoa1205361

15. Curzen N, Rana O, Nicholas Z, et al. Does routine pressure wire assessment
influence management strategy at coronary angiography for diagnosis of chest
pain?: the RIPCORD study. Circ Cardiovasc Interv. 2014;7(2):248–255. https://
doi.org/10.1161/CIRCINTERVENTIONS.113.000978

16. Davies JE, Sen S, Dehbi HM, et al. Use of the instantaneous wave-free ratio or
fractional flow reserve in PCI. N Engl J Med. 2017;376(19):1824–1834. https://
doi.org/10.1056/NEJMoa1700445

17. G€otberg M, Berntorp K, Rylance R, et al. 5-Year outcomes of PCI guided by
measurement of instantaneous wave-free ratio versus fractional flow reserve. J Am
Coll Cardiol. 2022;79(10):965–974. https://doi.org/10.1016/j.jacc.2021.12.030

18. van de Hoef TP, Lee JM, Echavarria-Pinto M, et al. Non-hyperaemic coronary
pressure measurements to guide coronary interventions. Nat Rev Cardiol. 2020;
17(10):629–640. https://doi.org/10.1038/s41569-020-0374-z

19. Knuuti J, Wijns W, Saraste A, et al. 2019 ESC Guidelines for the diagnosis and
management of chronic coronary syndromes. Eur Heart J. 2020;41(3):407–477.
https://doi.org/10.1093/eurheartj/ehz425

20. Escaned J, Ryan N, Mejía-Rentería H, et al. Safety of the deferral of coronary
revascularization on the basis of instantaneous wave-free ratio and fractional flow
reserve measurements in stable coronary artery disease and acute coronary
syndromes. J Am Coll Cardiol Intv. 2018;11(15):1437–1449. https://doi.org/
10.1016/j.jcin.2018.05.029

21. Fearon WF, Zimmermann FM, De Bruyne B, et al. Fractional flow reserve-guided
PCI as compared with coronary bypass surgery. N Engl J Med. 2022;386(2):
128–137. https://doi.org/10.1056/NEJMoa2112299

22. Stables RH, Mullen LJ, Elguindy M, et al. Routine pressure wire assessment versus
conventional angiography in the management of patients with coronary artery
disease: the RIPCORD 2 trial. Circulation. 2022;146(9):687–698.

23. Puymirat E, Cayla G, Simon T, et al. Multivessel PCI guided by FFR or angiography
for myocardial infarction. N Engl J Med. 2021;385(4):297–308. https://doi.org/
10.1056/nejmoa2104650

24. De Bruyne B, Hersbach F, Pijls NH, et al. Abnormal epicardial coronary resistance in
patients with diffuse atherosclerosis but “normal” coronary angiography.
Circulation. 2001;104(20):2401–2406. https://doi.org/10.1161/hc4501.099316

25. Kikuta Y, Cook CM, Sharp ASP, et al. Pre-angioplasty instantaneous wave-free ratio
pullback predicts hemodynamic outcome in humans with coronary artery disease:
primary results of the international multicenter iFR GRADIENT registry. J Am Coll
Cardiol Intv. 2018;11(8). https://doi.org/10.1016/j.jcin.2018.03.005

26. Collet C, Sonck J, Vandeloo B, et al. Measurement of hyperemic pullback pressure
gradients to characterize patterns of coronary atherosclerosis. J Am Coll Cardiol.
2019;74(14):1772–1784. https://doi.org/10.1016/j.jacc.2019.07.072

27. Lee SH, Shin D, Lee JM, et al. Automated algorithm using pre-intervention
fractional flow reserve pullback curve to predict post-intervention physiological
results. J Am Coll Cardiol Intv. 2020;13(22):2670–2684. https://doi.org/10.1016/
j.jcin.2020.06.062

28. Lee JM, Lee SH, Shin D, et al. Physiology-based revascularization: a new approach to
plan and optimize percutaneous coronary intervention. JACC Asia. 2021;1(1):14–36.

29. Frimerman A, Abu-Fane R, Levi Y, et al. Novel method for real-time coregistration of
coronary physiology and angiography by iFR. J Am Coll Cardiol Intv. 2019;12(7):
692–694. https://doi.org/10.1016/j.jcin.2018.12.037

30. Escaned J, Berry C, De Bruyne B, et al. Applied coronary physiology for planning
and guidance of percutaneous coronary interventions. A clinical consensus
statement from the European Association of Percutaneous Cardiovascular
Interventions (EAPCI) of the European Society of Cardiology. EuroIntervention.
2023;19(6):464–481. https://doi.org/10.4244/EIJ-D-23-00194

31. Hwang D, Koo BK, Zhang J, et al. Prognostic implications of fractional flow reserve
after coronary stenting. JAMA Netw Open. 2022;5(9):e2232842. https://doi.org/
10.1001/jamanetworkopen.2022.32842

32. Shin D, Dai N, Lee SH, et al. Physiological distribution and local severity of coronary
artery disease and outcomes after percutaneous coronary intervention. J Am Coll
Cardiol Intv. 2021;14(16):1771–1785. https://doi.org/10.1016/j.jcin.2021.06.013

33. Rajkumar CA, Shun-Shin M, Seligman H, et al. Placebo-controlled efficacy of
percutaneous coronary intervention for focal and diffuse patterns of stable
coronary artery disease. Circ Cardiovasc Interv. 2021;14(8):e009891. https://
doi.org/10.1161/CIRCINTERVENTIONS.120.009891

34. Collet C, Collison D, Mizukami T, et al. Differential improvement in angina and
health-related quality of life after PCI in focal and diffuse coronary artery disease.
J Am Coll Cardiol Intv. 2022;15(24):2506–2518. https://doi.org/10.1016/
j.jcin.2022.09.048

35. Ahn JM, Nakayoshi T, Hashikata T, et al. Impact of serial coronary stenoses on
various coronary physiologic indices. Circ Cardiovasc Interv. 2022;15(9):e012134.

36. Scarsini R, Fezzi S, Leone AM, et al. Functional patterns of coronary disease: diffuse,
focal, and serial lesions. J Am Coll Cardiol Intv. 2022;15(21):2174–2191. https://
doi.org/10.1016/j.jcin.2022.07.015

https://doi.org/10.1016/j.jscai.2024.102198
https://doi.org/10.1161/01.CIR.73.6.1223
https://doi.org/10.1161/01.CIR.102.24.2930
https://doi.org/10.1161/01.CIR.102.24.2930
https://doi.org/10.1080/146288401753258321
https://doi.org/10.1080/146288401753258321
https://doi.org/10.1161/01.CIR.103.24.2928
https://doi.org/10.1016/j.jacc.2014.07.973
https://doi.org/10.1016/j.jcin.2019.05.054
https://doi.org/10.1161/CIRCULATIONAHA.118.035837
https://doi.org/10.1161/CIRCULATIONAHA.118.035837
https://doi.org/10.1016/j.jcin.2016.01.046
https://doi.org/10.1016/j.jcin.2016.01.046
https://doi.org/10.1016/j.jcin.2020.10.055
https://doi.org/10.1093/eurheartj/ehab449
https://doi.org/10.1093/eurheartj/ehab449
https://doi.org/10.1016/j.jcin.2020.04.040
https://doi.org/10.1093/eurheartj/ehab186
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1056/nejmoa1205361
https://doi.org/10.1161/CIRCINTERVENTIONS.113.000978
https://doi.org/10.1161/CIRCINTERVENTIONS.113.000978
https://doi.org/10.1056/NEJMoa1700445
https://doi.org/10.1056/NEJMoa1700445
https://doi.org/10.1016/j.jacc.2021.12.030
https://doi.org/10.1038/s41569-020-0374-z
https://doi.org/10.1093/eurheartj/ehz425
https://doi.org/10.1016/j.jcin.2018.05.029
https://doi.org/10.1016/j.jcin.2018.05.029
https://doi.org/10.1056/NEJMoa2112299
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref22
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref22
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref22
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref22
https://doi.org/10.1056/nejmoa2104650
https://doi.org/10.1056/nejmoa2104650
https://doi.org/10.1161/hc4501.099316
https://doi.org/10.1016/j.jcin.2018.03.005
https://doi.org/10.1016/j.jacc.2019.07.072
https://doi.org/10.1016/j.jcin.2020.06.062
https://doi.org/10.1016/j.jcin.2020.06.062
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref28
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref28
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref28
https://doi.org/10.1016/j.jcin.2018.12.037
https://doi.org/10.4244/EIJ-D-23-00194
https://doi.org/10.1001/jamanetworkopen.2022.32842
https://doi.org/10.1001/jamanetworkopen.2022.32842
https://doi.org/10.1016/j.jcin.2021.06.013
https://doi.org/10.1161/CIRCINTERVENTIONS.120.009891
https://doi.org/10.1161/CIRCINTERVENTIONS.120.009891
https://doi.org/10.1016/j.jcin.2022.09.048
https://doi.org/10.1016/j.jcin.2022.09.048
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref35
http://refhub.elsevier.com/S2772-9303(24)01514-X/sref35
https://doi.org/10.1016/j.jcin.2022.07.015
https://doi.org/10.1016/j.jcin.2022.07.015


8 J. Escaned et al. / Journal of the Society for Cardiovascular Angiography & Interventions 3 (2024) 102198
37. Higashioka D, Shiono Y, Kubo T, et al. The inter-study reproducibility of
instantaneous wave-free ratio and angiography coregistration. J Cardiol. 2020;
75(5):507–512. https://doi.org/10.1016/j.jjcc.2019.09.016

38. Omori H, Kawase Y, Mizukami T, et al. Comparisons of nonhyperemic pressure
ratios: predicting functional results of coronary revascularization using longitudinal
vessel interrogation. J Am Coll Cardiol Intv. 2020;13(22):2688–2698. https://
doi.org/10.1016/j.jcin.2020.06.060

39. Matsuo A, Kasahara T, Ariyoshi M, et al. Utility of angiography-physiology
coregistration maps during percutaneous coronary intervention in clinical practice.
Cardiovasc Interv Ther. 2021;36(2):208–218. https://doi.org/10.1007/s12928-020-
00668-0

40. Koyama K, Fujino A, Maehara A, et al. A prospective, single-center,
randomized study to assess whether automated coregistration of optical
coherence tomography with angiography can reduce geographic miss.
Catheter Cardiovasc Interv. 2019;93(3):411–418. https://doi.org/10.1002/
ccd.27854

41. Hebsgaard L, Nielsen TM, Tu S, et al. Co-registration of optical coherence
tomography and X-ray angiography in percutaneous coronary intervention. The
Does Optical Coherence Tomography Optimize Revascularization (DOCTOR)
fusion study. Int J Cardiol. 2015;182:272–278. https://doi.org/10.1016/
j.ijcard.2014.12.088

42. Shin D, Lee SH, Lee JM, et al. Prognostic implications of post-intervention
resting Pd/Pa and fractional flow reserve in patients with stent implantation.
J Am Coll Cardiol Intv. 2020;13(16):1920–1933. https://doi.org/10.1016/
j.jcin.2020.05.042

43. Hwang D, Lee JM, Lee HJ, et al. Influence of target vessel on prognostic relevance
of fractional flow reserve after coronary stenting. EuroIntervention. 2019;15(5):
457–464. https://doi.org/10.4244/EIJ-D-18-00913

44. van Zandvoort LJC, Ali Z, Kern M, van Mieghem NM, Mintz GS, Daemen J.
Improving PCI outcomes using postprocedural physiology and intravascular
imaging. J Am Coll Cardiol Intv. 2021;14(22):2415–2430. https://doi.org/10.1016/
j.jcin.2021.08.069
45. Omori H, Kawase Y, Tanigaki T, Matsuo H. Pressure wire assessment of jailed
balloon technique efficacy in a patient with complex bifurcated lesion.
EuroIntervention. 2018;14(3):e316–e317. https://doi.org/10.4244/EIJ-D-18-00030

46. Faria D, Hennessey B, Shabbir A, et al. Functional coronary angiography for the
assessment of the epicardial vessels and the microcirculation. EuroIntervention.
2023;19(3):203–221. https://doi.org/10.4244/EIJ-D-22-00969

47. Westra J, Eftekhari A, Tu S, et al. Resting distal to aortic pressure ratio and fractional
flow reserve discordance affects the diagnostic performance of quantitative flow
ratio: results from an individual patient data meta-analysis. Catheter Cardiovasc
Interv. 2021;97(5):825–832. https://doi.org/10.1002/ccd.28976

48. Collet C, Onuma Y, Sonck J, et al. Diagnostic performance of angiography-derived
fractional flow reserve: a systematic review and Bayesian meta-analysis. Eur Heart J.
2018;39(35):3314–3321. https://doi.org/10.1093/eurheartj/ehy445

49. Xu B, Tu S, Song L, et al. Angiographic quantitative flow ratio-guided coronary
intervention (FAVOR III China): a multicentre, randomised, sham-controlled trial.
Lancet. 2021;398(10317):2149–2159. https://doi.org/10.1016/S0140-6736(21)02248-0

50. Ninomiya K, Serruys PW, Kotoku N, et al. Anonymous comparison of various
angiography-derived fractional flow reserve software with pressure-derived
physiological assessment. J Am Coll Cardiol Intv. 2023;16(14):1778–1790. https://
doi.org/10.1016/j.jcin.2023.04.026

51. Lee H, Mejía-Rentería H, Escaned J, et al. Prediction of functional results of
percutaneous coronary interventions with virtual stenting and quantitative flow
ratio. Catheter Cardiovasc Interv. 2022;100(7):1208–1217. https://doi.org/
10.1002/ccd.30451

52. Biscaglia S, Uretsky BF, Tebaldi M, et al. Angio-based fractional flow reserve,
functional pattern of coronary artery disease, and prediction of percutaneous
coronary intervention result: a proof-of-concept study. Cardiovasc Drugs Ther.
2022;36(4):645–653. https://doi.org/10.1007/s10557-021-07162-6

53. Biscaglia S, Tebaldi M, Brugaletta S, et al. Prognostic value of QFR measured
immediately after successful stent implantation: the international multicenter
prospective HAWKEYE study. J Am Coll Cardiol Intv. 2019;12(20):2079–2088.
https://doi.org/10.1016/j.jcin.2019.06.003

https://doi.org/10.1016/j.jjcc.2019.09.016
https://doi.org/10.1016/j.jcin.2020.06.060
https://doi.org/10.1016/j.jcin.2020.06.060
https://doi.org/10.1007/s12928-020-00668-0
https://doi.org/10.1007/s12928-020-00668-0
https://doi.org/10.1002/ccd.27854
https://doi.org/10.1002/ccd.27854
https://doi.org/10.1016/j.ijcard.2014.12.088
https://doi.org/10.1016/j.ijcard.2014.12.088
https://doi.org/10.1016/j.jcin.2020.05.042
https://doi.org/10.1016/j.jcin.2020.05.042
https://doi.org/10.4244/EIJ-D-18-00913
https://doi.org/10.1016/j.jcin.2021.08.069
https://doi.org/10.1016/j.jcin.2021.08.069
https://doi.org/10.4244/EIJ-D-18-00030
https://doi.org/10.4244/EIJ-D-22-00969
https://doi.org/10.1002/ccd.28976
https://doi.org/10.1093/eurheartj/ehy445
https://doi.org/10.1016/S0140-6736(21)02248-0
https://doi.org/10.1016/j.jcin.2023.04.026
https://doi.org/10.1016/j.jcin.2023.04.026
https://doi.org/10.1002/ccd.30451
https://doi.org/10.1002/ccd.30451
https://doi.org/10.1007/s10557-021-07162-6
https://doi.org/10.1016/j.jcin.2019.06.003

	Coronary Physiology to Guide Percutaneous Coronary Intervention: Why, When, and How
	The expanding field of functional coronary assessment tools
	A shifting landscape in the use of coronary physiology to guide PCI
	Confirming the indication for and predicting the efficacy of PCI
	Planning the revascularization strategy
	Intraprocedural assessment of the physiological results of PCI
	Role of intracoronary imaging
	Role of functional coronary angiography
	Structured approach to the use of physiology tools in PCI
	Final remarks
	Declaration of competing interest
	Funding sources
	Ethics statement and patient consent
	Supplementary material
	References


