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Introduction
Coronary artery disease (CAD) remains the main cause of morbidity and mortality in
the world. Improvement in the diagnostic and therapeutic pathways can improve the
overall health status and reduce the economic burden of CAD."™ Optimal medical
therapy (OMT) is considered the foundation to treat symptoms inherent to CAD and
to prevent major cardiovascular events.’ Additional revascularization procedures,
percutaneous coronary intervention (PCI) or coronary artery bypass grafting
(CABG), lead to a reasonable increase in quality of life and/or life expectancy.®®
However, adequate patient selection for revascularization procedures of coronary
lesions is of growing importance due to the rapidly increasing burden of CAD.
Invasive coronary angiography (ICA) is generally used to diagnose significant
CAD, although the correlation between stenosis severity, blood flow and patient
prognosis is complicated.”'® The association between visual assessment of a lesion
and its physiological significance is poor.! Therefore, numerous coronary physiology
tests can be integrated into the diagnostic strategy to assess coronary blood flow
through exercise or pharmacological stimulation. Fractional flow reserve (FFR),
invasive coronary physiology measurements with coronary guidewires with
a pressure sensor located near the tip, has become routine in most catheterization
labs.>'""'? FFR is defined as the ratio of the measured pressure distal of a coronary
stenosis (Pd) in relation to the pressure proximal to the stenosis, usually aortic
pressure (Pa) or alternatively the pressure in a healthy proximal coronary segment
(FFR = Pd divided by Pa). It was originally defined as the ratio of the maximal flow
before and after a stenosis. However, pressure measurements are less complicated to
perform and show a (near) linear correlation with the blood flow. The linear correla-
tion between pressure and flow is only accurate when pressure measurements are
performed while the coronary resistance is minimal. Hyperemia is necessary to
minimize this resistance. The most frequently used drug to induce hyperemia is
adenosine, administered by either continuous intravenous infusion (140 pg/kg/min)
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or intracoronary bolus.'? In clinical decision-making, FFR
is used as a dichotomous variable with a value <0.80 as
indication for revascularization and >0.80 as indication for
a conservative approach.'? In the current European Society
of Cardiology (ESC) guideline, FFR has a class 1A recom-
mendation for identification of hemodynamically relevant
coronary lesions in stable patients when evidence of ische-
mia is not available (Table 1).!

In this review, we elaborate on the current applications and
patient selection for invasive FFR, new techniques to estimate
invasive FFR and future of coronary physiology tests.

Practical Aspects and Patient
Selection
Methodology of FFR

To ensure optimal reliability and minimal risk of FFR-

measurements in all circumstances, a correct and

Table | Current Guidelines for FFR

standardized methodology has to be applied. In 2017, an
expert consensus document by Achenbach et al summar-
ized the recommendations for performing and interpreting
FFR.' In brief, the patient should have a large venous
access in the cubital vein or more proximal with sufficient
flow to ensure timely arrival of the hyperemic agents,
which generally have a short half-life. Since FFR-
catheters are foreign material, sufficient antithrombotic
prophylaxis should be administered. Generally, there is
no procedure-related reason to prefer either transfemoral
or transradial access as long as there is sufficient space for
at least a 5F guide catheter. Use of guide catheters is
recommended to ensure that wire-related dissections (a
rare but serious complication of FFR) can be treated
immediately. The catheters should be without side-holes,
as these can influence both deliverance of the hyperemic
agent and pressure calibrations. All calibrations should be
performed before and after FFR-measurements to ensure

Guideline | Recommendations Recommendation
Class

ACCF/ FFR is reasonable to assess angiographically intermediate coronary artery stenosis (50-70%). Class lla Level of
AHA'!! evidence A

FFR can be useful for guiding revascularization decisions in patients with stable ischemic heart disease

(SIHD).
ESC/ FFR to identify hemodynamically relevant coronary lesion(s) in stable patients when evidence of ischemia is | Class | Level of
EACTS' not available. evidence A

FFR to guide PCI in patients with MVD.
SCAI''? Definitely beneficial: Class lla Level of

In SIHD, when non-invasive stress imaging is contraindicated, non-diagnostic or unavailable, FFR should be

used to assess functional significance of intermediate and severe coronary stenosis (50-90%).

evidence B

In SIHD, PCI of lesions with FFR < 0.80 improves symptom control and decreases the need for

hospitalization requiring urgent revascularization compared to medical therapy.

when FFR > 0.80.

In SIHD, medical therapy is indicated for an angiographically intermediate stenosis of unclear significant

to angiographic-guided PCI.

In patients with multivessel CAD, FFR-guided PCl improves outcomes and saves resources when compared

SYNTAX score.

In patients with three vessel CAD, FFR allows for reclassification of number of vessels diseased and/or

No proven benefit

FFR measurement of culprit vessel in patient with acute ST-segment elevation myocardial infarction or

unstable acute coronary syndrome presentation should not be performed.

Abbreviations: CAD, coronary artery disease; FFR, fractional flow reserve; MVD, multivessel disease; PCI, percutaneous coronary intervention; SIHD, stable ischemic

heart disease.
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artifact-free measurements. During pressure equalizations,
it is important that the introducer is removed, the hemo-
static valve is completely closed and, if possible, other
wires than the pressure wire are removed to prevent arti-
facts. Pressure curves should be stable and free of artifacts
for at least three to five heartbeats. To prevent spasms and
minimize resistance, intracoronary nitroglycerin should be
administered before advancing the FFR-wire. During FFR-
measurements, it needs to be ensured that the catheter does
not occlude the ostium or more proximal stenoses since
the reduced coronary flow can lead to falsely elevated
FFR-values. During PCI, it is important to ensure the FFR-
wire is not jailed by the stent.'*

Choice of Hyperemic Agents

The expert consensus document by Achenbach et al ela-
borated on the choice of hyperemic agents as well.'* In
short, hyperemia can be induced by intravenous or intra-
coronary administered medications.'* Both procedures
have two options. Intravenously, operators can choose
between adenosine 140 pg/kg/min or regadenoson
400pg. Intracoronary, operators can choose between ade-
nosine 40-200ug rapid bolus, usually 40pg for the right
coronary system and 80ug for the left coronary system, or
papaverine, 8mg for the right coronary system and 12mg
for the left coronary system.

Generally, adenosine is the first choice for both intra-
venous and intracoronary administration as it is the most
thoroughly tested drug. Because it has a very short half-
life, administration should be as proximal as possible and
with sufficient flow speed. Intravenous adenosine takes
effect after approximately one minute. Intravenous rega-
denoson might have fewer side effects for COPD-patients.
It takes effect after a little over half a minute, reaches its
peak effect half a minute after this and then fades out over
10 minutes. Intracoronary papaverine takes effect after
approximately 15 seconds and lasts 40-60 seconds.
Papaverine has not been thoroughly studied and might
have a higher rate of side effects. It is therefore not
recommended as routine hyperemia drug but might be
a good choice when adenosine is contraindicated.'*

Current Indications and Applications of
FFR

FFR can be used in both stable coronary artery disease and
acute coronary syndrome, although the direct indication
differs. Moreover, FFR can be helpful as predictor for

cardiovascular events and in the assessment of hemody-
namic relevance of a myocardial bridge. We discuss these
indications and applications separately below.

Stable CAD and FFR

ICA with FFR is the current standard for diagnosing
hemodynamically significant CAD and determining the
need for revascularization. FFR is indicated in all patients
with intermediate coronary lesions visible during ICA,
which is defined as a 40-90% stenosis in the European
guidelines. The current guidelines are based on several
trials published in the past decades.'*'"'* The DEFER
trial was the first trial to evaluate the clinical impact of
FFR-guided revascularization in patients with intermediate
stenoses. Their results showed that PCI for stenosis with
FFR-values <0.75 improves angina pectoris and associated
symptoms.'> The second trial on FFR-guided treatment
was the FAME-trial. It was found that FFR-guided treat-
ment using a different cut-off value of 0.80 is associated
with a significant reduction in invasive procedures and
major adverse cardiac events (MACE - a composite of
death, myocardial infarction and repeat revascularization)
until 2 years after PCI compared to ICA-guided
treatment.'® The FAME-2 trial was developed to determine
whether this difference could be attributed to the FFR-
guided strategy but was terminated prematurely. An unac-
ceptable higher number of MACE in the OMT-group was
observed, driven by the high incidence of urgent revascu-
larization procedures.'” These results were confirmed after
5 years of follow-up.'®

For patients without hemodynamically significant
CAD, adding PCI to OMT does not lead to a further
reduction in MACE.>!? Moreover, the residual anatomic
disease burden was not associated with target vessel fail-
ure 2 years after PCL.'' The DEFER trial shows, after 15
years of follow-up, that patients in whom PCI was
deferred based on non-significant FFR had less myocardial
infarctions than patients who had received PCI despite
non-significant FFR. These results suggest that PCI of
functionally non-significant lesions actually worsens long-
term outcomes. '’

Multiple studies have investigated the use of FFR for
treatment guidance in intermediate LMCA stenoses to
decide between surgical revascularization and OMT.
These studies found that revascularization (usually by
CABG in these studies) can be safely deferred for patients
with FFR-values >0.80. No difference was found in survi-
val rates between patients with FFR >0.80 treated with

Vascular Health and Risk Management 2021:17

819

Dove:


https://www.dovepress.com
https://www.dovepress.com

Peper et al

Dove

OMT and patients with FFR <0.80 that received CABG.
FFR is a safe and helpful tool in the decision-making
process regarding LMCA stenoses and is recommended
for patients with intermediate LMCA stenoses to avoid
unnecessary revascularization procedures.zo’21

Acute Coronary Syndrome

PCI is the quickest and most readily available revascu-
larization strategy, and therefore the method of choice in
patients with acute coronary syndromes (ACS).>* FFR is
not recommended as functional assessment strategy for
the culprit lesion. Microcirculatory debris after the cul-
prit lesion causes elevated microvasculature resistance,
leading to a false elevation of the FFR-value.”> However,
FFR is accurate for the assessment of additional lesions
in the presence of multivessel disease (MVD).** The
PRAMI-trial, the COMPLETE trial and CvLPRIT-trial
all showed that full revascularization of all angiographi-
cally significant stenoses of ST-elevation myocardial
infarction (STEMI) patients led to a significant reduction
in MACE during follow-up compared to culprit-only
treatment.”> >’ Moreover, the Compare-Acute trial and
the DANAMI-3-PRIMULTI trial used an FFR-based
treatment strategy for STEMI patients with MVD and
also showed significantly less MACE after full revascu-
larization, especially due to more urgent revasculariza-
tions after culprit-only treatment.***® A FAME-sub
study showed that FFR-guided revascularization is suffi-
cient, and revascularization of lesions that were only
angiographically significant did not further reduce the
risk of MACE.?’ Therefore, the 2018 ESC guidelines
on revascularization recommend full revascularization
of all significant lesions in ACS-patients with MVD.

Post-PCI FFR

Assessing stenoses by anatomic severity only is unreli-
able, and this extends to the assessment of PCI results.>®
Optimal post-PCI FFR-values, generally meaning FFR
>0.90, are associated with better outcomes, such as
a lower rate of MACE and angina recurrence.’**! With
angiographically satisfactory PCl-results, assessment of
post-PCI FFR shows suboptimal FFR-values in 30-65%
of the patients, and impaired FFR-values (FFR <0.80) in
up to 20% of the patients.>*>* Post-PCI FFR-values are
influenced by various factors, such as diffuse CAD with-
out focal lesions, the presence of residual lesions unsui-
table for PCI, an initial narrow or short stent trajectory,
stent suboptimal edge

malposition or expansion,

dissection and plaque protrusion.’*'* Additionally,
improved coronary flow after PCI might show other
stenoses in the same coronary artery to be functionally
significant as well, especially more distal lesions.>!

Multiple studies have assessed the prevalence and sub-
sequent treatment of suboptimal and impaired FFR-values
after PCL.**? Treatment is generally performed by post-
dilatation or additional stenting, sometimes aided by intra-
coronary imaging techniques such as IVUS and OCT.*'
While additional treatments generally improve the post-
PCI FFR-value, optimal FFR-values are only obtained in
a minority of treated lesions.**>* Limited evidence is
available, whereas the only randomized controlled trial
showed no significant difference in outcomes between
physiology-guided and FFR-guided assessment of PCI-
results.”

It is likely that the factors that influence post-PCI
FFR-values are also risk factors for future atherosclero-
sis and target vessel failure, especially diffuse coronary
disease and residual lesions. The cause for suboptimal
and impaired post-PCI FFR-values is often located out-
side the stent.®' It might be that patients at higher risk
for future MACE or target vessel failure are also more
likely to have suboptimal post-PCI FFR-values, regard-
less of any existing causal relationship. Although theo-
retically likely, it is currently unknown whether
additional treatments based on suboptimal or impaired
post-PCI FFR lead to better long-term outcomes.®' More
randomized controlled trials with long follow-up dura-
tion are needed to assess this. Therefore, current evi-
dence does not support FFR-measurements post-PCI.

Global FFR as Independent Predictor

Global FFR is defined as the sum of the FFR-values in the
three major coronary arteries (right coronary artery (RCA),
left anterior descending artery (LAD), circumflex artery
(Cx)." A retrospective study compared global FFR-values
among patients of the FAME trials without hemodynami-
cally significant lesions. Lower global FFR-values (<2.80)
were associated with a higher MACE-rate compared to
intermediate (2.80-2.88) and high (>2.88) global FFR-
values, mainly driven by a higher rate of acute revascular-
ization. No relation was found between the 5-year out-
come and the presence or number of angiographically
significant lesions or whether or not patients had under-

gone PCIL."
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Assessment of Hemodynamic Significance of
Myocardial Bridging

Myocardial bridging is a congenital anomaly in which part of
a coronary artery is covered by overlying myocardium.**
This results in vessel compression during systole and might
cause angina and myocardial ischemia in the absence of
coronary artery disease.>** Intravascular ultrasound is the
standard for the detection of myocardial bridging. Only in
a minority of cases, the bridge can be identified by the
characteristic “milking effect” during regular ICA. 3¢
Since regular FFR is based on mean pressures over the full
cardiac cycle, and systolic pressure overshooting occurs in
myocardial bridging, FFR is not reliable.’” Newer techniques
as 1FR can overcome these limitations. iFR will be discussed
in the chapter “advances in non and less invasive FFR”.

Patient Selection

The guidelines currently recommend measuring FFR in all
patients with intermediate coronary lesions observed dur-
ing ICA. However, several comorbidities might influence
the performance and safety of FFR. The most important
ones are discussed below.

Elderly Patients

With increasing age comes increased microvascular dysfunc-
tion and coronary flow velocity, leading to a reduction of
coronary perfusion pressure and diastolic coronary filling.
Theoretically, this would affect the assessment of FFR and
impact its accuracy. Multiple studies have shown that FFR-
values increase with age, independently of other factors such
as stenosis severity.”®*° The difference between resting
pressure and pressure during maximal hyperemia is lower
in elderly patients.**“° A significantly higher FFR has been
observed for similar degrees of stenosis and lesion length in
older patients (>70 years of age) compared to younger
patients (<70 years). It is hypothesized that this can be
attributed to the reduced hyperemia response, meaning
reduced vasodilatory response to adenosine. This hypothesis
is supported by a significantly larger decrease of FFR-values
in younger patients after administration of increasing doses
of adenosine.>® These differences might lead to undertreat-
ment of coronary lesions in elderly patients when using FFR.
On the other hand, the possible impact of diseased micro-
vasculature on FFR-measurements is subject of continued
debate. It has been argued that myocardial resistance should
still be minimal in the presence of a diseased microvascula-
ture, and therefore coronary pressure should be proportionate
to coronary flow regardless of vasodilatory response.*!

The impact of the earlier mentioned differences on treat-
ment decisions, clinical condition and MACE was not men-
tioned in the reporting studies. However, a FAME-substudy
found that, while FFR-values are less likely to be abnormal
in elderly patients for any given stenosis degree, FFR-guided
PCI was equally beneficial compared to angiography-guided
PCI for elderly patients (>65 years of age) with MVD as for
younger patients with MVD.*’ Therefore, the use of FFR-
guidance in the treatment of CAD is currently recommended
in elderly patients. Currently, the FIRE-trial NCT03772743)
is investigating the impact of full FFR-guided revasculariza-
tion in elderly patients with MVD on MACE.*

Diabetes Mellitus

Visually estimating CAD-severity is even more challen-
ging in patients suffering from diabetes mellitus (DM)
because of diffuse and accelerated atherosclerosis.
Additionally, diabetics more frequently suffer from micro-
vascular dysfunction, leading to elevated pressure in the
microcirculation, which theoretically leads to elevated
FFR-values. Because of this, the accuracy of FFR has
been questioned in diabetic patients.**** Studies compar-
ing FFR-values between diabetic and non-diabetic patients
with similar Quantitative Coronary Analysis (QCA) results
demonstrated that assessment of functional severity of
coronary stenosis using FFR was reliable in diabetic
patients. They did however observe suboptimal FFR-
measurements in diabetic patients with HbAlc >7%,
which occurs in patients with chronically high plasma
glucose (ie, uncontrolled DM).**** Deferral of PCI in
diabetics has been shown to be safe when FFR-values
indicate a hemodynamic non-significant stenosis, but
a tendency towards more target lesion revascularizations
has been reported.*® A secondary analysis of the DEFINE-
FLAIR trial described an almost twofold increase of the
risk of MACE for diabetic patients compared to non-
diabetic patients, mainly due to more nonfatal myocardial
infarction and unplanned revascularizations. No significant
interaction between the revascularization strategy and the
presence of diabetes for risk of death, cardiovascular death
and unplanned revascularization was observed.*’

Based on current evidence, FFR is a safe and reliable
technique in diabetic patients, although reduced vasodila-
tory response might lead to falsely elevated FFR-values in
uncontrolled diabetes with high HbAlc levels. FFR-
guided PCI in diabetic patients is associated with similar
benefits as FFR-guided PCI in non-diabetics when com-
pared to angiography-based revascularization.
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Left Ventricular Hypertrophy

Both increasing and decreasing effects on measured FFR-
values have been posed in patients with left ventricular
hypertrophy (LVH) on FFR-accuracy. Based on hemody-
namic theory there should be an inverse relationship
between the
a coronary segment and the FFR-value of this segment,

mass of myocardium supported by
where a similar stenosis produces a lower FFR-value in
the presence of a larger myocardial mass.*®*’ It has been
shown that a stenosis in a coronary segment that supports
a large amount of myocardium (eg, proximal LAD) is
more likely to have an FFR-value <0.80 than a stenosis
of similar degree in a segment supporting a small amount
of myocardium (eg, distal RCA). These findings support
the hemodynamic theory, although it has not been assessed
in patients with severe LVH.*® On the other hand, LVH is
associated with microvascular dysfunction and decreased
coronary flow. Diastolic dysfunction, which is often pre-
sent in some degree in LVH, leads to increased extravas-
cular compression of the microcirculation and thus
elevates FFR. These factors might balance one another’s
effects, explaining why various other studies investigating
the impact of LVH on FFR found no difference between
patients with and without LVH.**>° The current evidence
therefore supports the use of FFR in patients with LVH.

Heart Failure and Impaired Left Ventricular Function
Most research on the combination of heart failure and CAD
has been conducted on patients with ischemic cardiomyo-
pathy. Successful revascularization in patients with ischemic
cardiomyopathy based on untreated CAD might improve left
ventricular function (LVF) and prognosis, especially when
hibernating myocardium is present.” Guidelines suggest
a similar approach regarding assessment of CAD-severity
in patients with heart failure.’’ However, there is
a theoretical concern that FFR is less accurate in patients
with reduced left ventricular ejection fraction (LVEF). This
is based on the possible effects that increased left ventricular
end-diastolic pressure, elevated venous pressure and reduced
mass of viable myocardium could have on coronary pressure
and flow.>® A sub-analysis of the FAME study, comparing
patients with preserved LVEF first to those with LVEF
<50%, and subsequently <40%, showed no impact of
reduced LVEF on the FFR-value unless there was a severe
stenosis (>90%) in the measured segment. The reduction of
MACE and its individual components in the FFR-guided
arm was similar for patients with reduced LVEF compared
to those with preserved LVEF.> Moreover, FFR guided

treatment was associated with lower rates of major adverse
cardiovascular and cerebrovascular events (MACCE) and
less invasive treatment procedures. Patients more fre-
quently underwent PCI instead of CABG and were more
often deferred to OMT.>* Additionally, it has been shown
that the differences in FFR-values in patients with elevated
right atrial pressures had negligible clinical impact and were
usually within the limits of the test-retest repeatability.>* In
conclusion, current evidence does not support or show any
proof that the mentioned theoretical concerns influence the
accuracy of FFR in patients with reduced LVEF.

Severe Aortic Valve Stenosis

Since CAD is common in patients with severe aortic ste-
nosis, coronary angiography before valve replacement is
recommended to assess whether revascularization is
needed.” The accuracy of FFR-measurements in patients
with severe aortic stenosis is unclear. It is hypothesized
that the higher ventricular pressures, lower aortic pressures,
lower coronary flow and microvasculatory dysfunction that
are associated with aortic stenosis affect FFR-values.'"’
Additionally, the hemodynamic stability in patients with
severe aortic stenosis is fragile, which might cause medical
professionals to avoid the use of vasoactive medication and
invasive intracoronary pressure measurements.”> Use of
FFR in patients with aortic valve stenosis is associated
with downgrading of CAD-severity, more revascularization
procedures with PCI instead of CABG and deferred valve
replacement. FFR-guided CABG in patients with aortic
stenosis is associated with less venous grafts and fewer
anastomoses. The rates of MACE after 5 years of follow-
up appear to be comparable for FFR-guidance and angio-
graphy-guidance in patients with aortic stenosis.’®
Generally, in patients with FFR-values <0.80 pre-TAVI,
FFR
tends to be even lower after the procedure. For patients
with FFR-values >0.80 pre-TAVI, FFR tends to increase
after the procedure.’’ FFR-changes after TAVI appear to

indicating hemodynamically significant stenosis,

be generally mild, but borderline negative values might
become positive after TAVI in a minority of patients and
vice versa. A study comparing FFR-values pre- and post-
TAVI found that negative FFR-values pre-TAVI became
positive post-TAVI in 6% of the patients, and borderline
positive FFR-values (0.75-0.80) pre-TAVI became negative
after TAVI in 5% of the patients.”” However, a decreased
FFR post-TAVI with further reduction after long-term fol-
low-up has also been found and was attributed to increased
hyperemic coronary flow velocity. Other physiological tests
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remained unchanged after TAVI.>®

This suggests that severe
aortic stenosis causes falsely elevated FFR-measurements,
leading to underestimation of the stenosis severity. Since no
randomized controlled trials have been performed, the 2018
ESC-guidelines on revascularization stated that the avail-
able evidence is insufficient to support invasive functional
assessment of coronary lesions in patients with severe aortic

stenosis. !

Impact of FFR on Revascularization
Strategy

The advantage of an FFR-guided revascularization strat-
egy compared to ICA-guided revascularization has been
sufficiently proven by the large, randomized trials
described in this review. This advantage is present regard-
less of comorbidities. For CABG, however, the benefit of
FFR-guidance is still controversial. Additionally, some
lesions are more challenging to approach for either revas-
cularization strategy. Below we discuss the place of FFR
in CABG decision-making and its reliability in the treat-
ment of bifurcation lesions.

CABG

As mentioned before, visual assessment of the coronary
arteries is not sufficient to assess the hemodynamic sig-
nificance of a coronary lesion.! However, several meta-
analyses did not find a difference in MACE between FFR-
guided and ICA-guided CABG. They did find that FFR
guided CABG reduces the complexity of the surgery. The
FFR-guided patients received a lower number of anasto-
moses, more arterial grafts and more frequently underwent
off-pump procedures, which are associated with
a reduction of (short-term) complications.’®®*> Moreover,
a significant improvement in graft patency compared to
ICA-guided CABG is observed.”® A possible explanation
for the apparent lack of benefits for FFR-guided CABG
can be found in a process called surgical collateralization —
grafting might protect against the effects of progression of
coronary lesions in proximal segments.'*®" Grafting of
non-critically diseased coronary arteries is associated
with a higher rate of graft closure due to competitive
flow in the grafted coronary artery."*' Functional testing
may help guide the surgical revascularization strategy in
ambiguous lesions.' Since FFR-guided CABG led to less
complex procedures, FFR could be a useful tool for Heart
Team discussions to choose the best and least invasive
surgical approach for each individual patient.®'

The FUTURE-trial aimed to evaluate the role of FFR
in determining a treatment strategy by assessing clinical
outcomes and cost-effectiveness of FFR-guided treatment
versus angiography-guided treatment for patients with
intermediate coronary lesions.®*** In the FFR-guided
group, less patients received PCI and more patients
received medical therapy compared to the angiography-
guided group. The rate of CABG was similar.'* The
FUTURE-trial was designed to show a 30% relative risk
reduction of MACE for FFR-guidance.®*** However, it
was terminated prematurely because of an unexplained
but significant higher mortality rate in the FFR-guided
group (17 deaths versus 7 deaths among a combined num-
ber of 937 patients).'*% While the composite endpoint of
death, myocardial infarction, repeat revascularization and
stroke was not different between both groups after 2 years
of follow-up, the risk of mortality remained significantly
higher in the FFR-guided arm.®* An exploratory analysis
showed that patients in the FFR-group had more severe
CAD and more three-vessel disease. Since the FUTURE-
trial is the only large trial in which FFR-guidance was
associated with a higher mortality rate, and the low overall
mortality rate meant one or two additional deaths could
make the difference between significance and non-
significance, it is suspected that the findings are due to
chance.®*

Bifurcation Lesions

The treatment of bifurcation lesions is complex and asso-
ciated with higher event rates.>®® The use of FFR in
diagnosing significant bifurcation- and side branch lesions
is safe and leads to less side branch interventions with
similar clinical outcomes. FFR shows functional signifi-
cant stenosis in only a minority of the angiographically
significant side branches, and points out functional signifi-
cance in angiographically non-significant side branches.®”
"0 However, a functionally significant stenosis proximal or
distal of the side branch lesion can influence the measured
FFR-value, leading to a falsely lowered or elevated FFR,
respectively. Considering this influence, appropriate tim-
ing and placement of FFR-measurements is important

when evaluating side branch lesions.®”"°

Contraindications and Concerns

Despite the class I recommendation for the use of FFR in
the ESC guidelines, it is performed in only 10-20% of the
patients with intermediary stenoses." During ICA, most
coronary lesions are only assessed visually, despite the
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poor correlation between visual estimation and functional
significance. Factors that might contribute to this low
adoption rate are discussed below.

Assumptions Made in FFR-Development

One of the initial assumptions in the development of
invasive techniques, among which FFR, is that functional
significant CAD leads to a higher risk of MACE and
mortality if left untreated. This assumption is supported
by the results of the FAME2-trial, which was prematurely
ended due to a higher rate of MACE for patients treated
with OMT compared to those treated with FFR-guided
PCL'” However, the ISCHEMIA-trial showed no differ-
ence in MACE comparing initial OMT-based treatment to
direct invasive testing and revascularization and the
ORBITA-trial found no difference in MACE and angina
pectoris between patients receiving FFR-guided PCI and
those receiving sham-PCL”"' In the FAME-2 trial, there
was no difference in deaths and myocardial infarction
between groups. The higher rate of MACE in the FAME-
2 trial was due to a higher rate of unplanned
revascularizations.'” These results however shed more
doubt on the usefulness of revascularization, than on
FFR. Since an FFR-guidance usually leads to more con-
servative treatment strategies, this seems an argument in
favor of FFR. Additionally, since the studies that show
more urgent revascularizations were usually not blinded,
this could mean that operators are more likely to perform
PCI after initial conservative treatment because they felt
that treatment of CAD was warranted despite the initial
allocation. On the other hand, in the ISCHEMIA-trial,
patients in the OMT-group did have more angina pectoris.
Improvement of the quality of life is an important outcome
of the efficacy of treatment, which supports revasculariza-
tion for significant CAD.’

The pathway that led to the development of FFR has
been cause for concern for some. The recognized short-
comings of diagnostic ICA led to the development of
cardiac stress tests, to assess whether cardiac ischemia
was present. The interpretation of these stress tests was
made in relation to ICA images. To directly assess the
hemodynamic significance of specific stenoses visualized
during ICA, FFR was developed after this, based on ICA
images and calibrated against cardiac stress tests.”* It has
been argued that the current recommendation to treat cor-
onary lesions that result in FFR-values <0.80 defines CAD
as a localized instead of diffuse disease.'>”? However,
when FFR as treatment

using guidance  for

a dichotomization is necessary to define a treatment
threshold. Despite the concerns regarding the develop-
ment, the consistent positive outcomes for patients when
using FFR as gatekeeper support its strong recommenda-
tion in current guidelines.

Factors Influencing Medical Professionals

The effect of various factors on the adoption rate of FFR
was investigated in a brief online survey among 104 inter-
ventional cardiologists from various countries. The mean
adoption rate of coronary physiology for all PCIs among
these cardiologists was 26.9%, without significant effects
of age and years of experience. The investigators found
that ease of use and knowledge about guidelines had
a positive effect on the adoption rate of coronary physiol-
ogy, while constraints due to competing tasks, finances or
time had a negative impact. Motivation, considered impor-
tance of guideline adherence, and training played no sig-
nificant role.”

The significant positive impact of knowledge about
guidelines shows the importance of the current class 1A
recommendation for coronary physiology in guidelines.'~
Concerning time constraints, studies have demonstrated
that FFR reduces procedural time. The additional time
required to perform the analysis is more than balanced
by less invasive treatment after performing FFR, ie, less
time spent on stenting. Financial constraints lie in the high
cost of the pressure wire, which is approximately 600-800
euros, and the additional expense of adenosine. However,
it seems reasonable to assume that the reduced procedure
rate after FFR balances the additional costs tied to coron-
ary physiology assessment.”

Changes in Coronary Flow Post-Myocardial
Infarction

Shortly after myocardial infarction, debris and post-
ischemic effects such as platelet plugging, thrombus
embolization, coronary vasospasm, endothelial dysfunc-
tion and vascular stunning, affect the flow and pressure
in the coronary arteries and -microcirculation.
Additionally, coronary blood flow is lower in both culprit-
and non-culprit vessels after recent myocardial infarction,
especially when supporting infarcted myocardium.
However, the FFR-values of vessels that support recently
infarcted myocardium are similar to the FFR-values of
control vessels that did not experience ischemia.*'""
Currently, it is unknown how long these effects remain

present after myocardial infarction.”
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Coronary Tortuosity

Theoretically, increased coronary tortuosity is related to
a larger decrease in coronary blood pressure, although
the effect of coronary tortuosity on coronary blood
supply at rest appears to be minimal.”®”’® Patients with
tortuous coronary arteries without visible CAD have
normal FFR-values. They do appear to have lower CFR-
rates and higher IMR compared to reference values for
normal coronary arteries. Lower coronary flow is asso-
ciated with falsely lowered FFR-values, while microvas-
cular dysfunction is associated with falsely higher FFR-
values. These factors might influence the accuracy of
FFR-measurements in the presence of coronary tortuos-
ity, although it is also possible that these effects balance
each other. However, no studies were found investigat-
ing the effect of tortuous coronary arteries on FFR
accuracy in diseased coronary arteries. Currently, FFR
is considered safe and reliable in the presence of cor-
onary tortuosity.”’

Contraindications for FFR

There are no absolute contraindications for FFR-
measurements.”>> Second- and third degree atrioventricu-
lar blocks, sick sinus syndrome without pacemaker, pro-
longed QT-interval, severe hypotension, heart failure and
obstructive pulmonary diseases are relative contraindica-
tions for intravenous administration of adenosine.”’
However, the clinical condition of the patient and the
expected benefit of the procedure should be taken into
ICA.

Additionally, invasive diagnostic procedures should not

account, similar to the considerations of
be performed if there are no invasive therapeutic options

feasible.?

Advances in Non and Less Invasive FFR
Although invasive FFR is a well described and evaluated
diagnostic test, there are multiple limitations and concerns
resulting in the underuse of FFR. Besides invasive FFR,
several advancements for less- or even non-invasive FFR
have been made. Those newer, less invasive techniques
have been developed to overcome previously stated objec-
tions regarding FFR. They therefore have the potential to
be implemented in the current workflow and can eliminate
the need for invasive flow- or pressure measurements.
Figure 1 gives an overview of different less- and non-
invasive FFR techniques.

Non-Hyperemic Pressure Ratios

In adition to measurements under hyperemic conditions as
performed with FFR, various alternatives have been devel-
oped using pressure wires. These alternatives measure the
pressure gradient across a coronary stenosis without the
need for hyperemia. Non-hyperemic pressure ratios
(NHPR) can be obtained using whole-cycle Pd/Pa at rest
or using sub-cycle measurements as instantaneous wave-
free ratio (iFR - Philips),* resting full-cycle ratio (RFR -
Abbott),®! diastolic hyperemia-free ratio (DFR - Boston
Scientific)*® and the diastolic pressure ratio (dPR —
OpSens).® A cut-off value of <0.89 is used as revascular-
ization threshold.®*

The first and best validated NHPR is iFR. It is based on
the hypothesis that during a specific time interval during
the cardiac cycle, the diastolic “wave-free period”, coron-
ary flow is not influenced by (de)compression of the
microcirculation and microvascular  resistance is
minimized.® iFR has similar diagnostic performance com-
pared to FFR when using different reference tests for
myocardial ischaemia. Both iFR and FFR have different
strengths and weaknesses. Whereas FFR has a stronger
theoretical framework and is better validated, iFR has
shorter procedural times and avoids the side effects, costs
and contraindications of adenosine.* Previous randomized
controlled trials as the DEFINE-FLAIR and the iFR
SWEDEHEART demonstrated non-inferiority of iFR to
FFR with respect to the rate of major adverse cardiac
events at 12 months ***’

Although iFR does not require a hyperemic agent, it
does require an invasive procedure with FFR-wire.

FFR-CT

The developments in computational flow dynamics (CFD)
of the past decade give the opportunity for non-invasive
ischemia detection using anatomical CCTA data only.
Computed tomography—derived FFR (FFR-CT) enables to
simulate coronary blood flow and obtain functional infor-
mation on the hemodynamically severity of a stenosis.
Anatomical models derived from CCTA are used as input
for FFR-CT. Advanced calculations based on CFD are
made to estimate the flow in the coronary arteries. To
shorten the calculation time of the simulation models, sev-
eral assumptions on boundary conditions (eg, viscosity of
blood, inflow conditions), modeling microvascular resis-
tance and compliance are made.* The first and only com-
mercially available FFR-CT software is developed by
HeartFlow Inc (Redwood City, CA, USA). HeartFlow
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Figure | Overview of the different non and less invasive FFR techniques. (A) Example of a non-hyperemic pressure ratio measurement (iFR) of the RCA. (B) Example of
angiography-based FFR (QFR) of the LAD. (C) Two examples of CT based FFR (left panel: HeartFlow FFR-CT, right panel: Philips CT-FFR).
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offers a solution in which an artificial intelligence—powered
offsite algorithm and trained analysts use the sent CCTA-
images to create the HeartFlow analysis. This color-coded
three-dimensional model provides functional information
about the patient’s coronary arteries. Previous trials — the
DISCOVER-FLOW, DEFACTO and NXT - showed
improved diagnostic accuracy in the detection of hemody-
namic significant CAD of HeartFlow FFR-CT compared to
CCTA.B0 Beyond the HeartFlow application, other ven-
dors as Siemens Healthineers, Canon Medical Systems
Medical Corp), Philips

Healthcare and various research groups developed FFR-

(formerly Toshiba Systems
CT algorithms.”"® These algorithms are not yet commer-
cially available. A recent meta-analysis showed similar
performance in terms of diagnostic performance measure-
ments (ie, sensitivity, specificity and accuracy) for both
HeartFlow and the other FFR-CT algorithms.”” No rando-
mized trials on clinical events are available yet. Multiple
clinical trials are recruiting patients, eg, the iICORONARY
trial (NCT04939207).

Invasive Coronary Angiography-Based FFR

More invasive than FFR-CT, but less invasive than FFR is
invasive coronary angiography-based FFR. Angiography-
based FFR uses three-dimensional reconstructions of
images of the coronary arteries acquired by ICA.'°’ This
reconstruction of the artery of interest can be constructed
of multiple images of the same artery in different angles
using three-dimensional quantitative coronary analysis
(3D-QCA). This reconstruction is used as input for
advanced calculations enable to estimate the flow in the
target vessel and across the lesion. The ratio between the
calculated flow proximal and distal to the lesions serves as
proxy for invasive FFR.

Multiple vendors offer software for angiography-based
FFR, although the most widely evaluated and used angio-
graphy-based FFR is the Quantitative Flow Ratio (QFR)
by Medis Medical Imaging Systems (Leiden, the
Netherlands).'°"'%> QFR can be performed on-site and
requires some user interaction, for example for frame
selection, indicating the start and endpoint of target vessel
and lumen contouring. Previous trials as the FAVOR II
China, FAVOR 1I Europe—Japan and the WIFI II demon-
strated excellent diagnostic performance using invasive
FFR as reference standard.'®>'*> Besides commercially
available QFR, other angiography-based methods as
vFAI, vFFR, FFRangio, QCA-TP and CAAS-vFFR have

been developed.'**''° Similar to FFR-CT, no randomized
controlled trials on clinical endpoints are available.

Future Perspectives

While invasive FFR will remain an important determinant
of the treatment indication of CAD, we expect that the
newer less- and noninvasive techniques will play an
increasingly important role. However, an advantage of
ischemia-detection during ICA is that PCI can be per-
formed immediately.>** Currently, many practical objec-
tions have contributed to the low adoption rate of invasive
FFR-measurements. The new techniques render many
objections against FFR-measurements moot as they have
a lower to no procedure-related complication rate, are less
invasive for the patient, come with lower cost of time and
resources and some techniques do not even require addi-
tional appointments or catheterization lab capacity.
Nowadays, these techniques have mainly been tested in
an experimental setting, directly comparing the results
against ICA with or without invasive FFR. The cost-
effectiveness and long-term safety of basing treatment
decisions solely on these FFR-based techniques will
have to be confirmed, preferable in large randomized
trials, before they can assume the position of the new
standard.
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