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Fractional flow reserve (FFR) measures the reduction of flow caused by an obstructive
coronary | esion by comparing distal coronary
identifies coronary stenoses associated with reversible ischétfia. guidance reduces the
composite of cardiovascular death, myocardial infarction, and repeat revascularisation
compared to angiogphy aloné.Furthermore, in patients with hemodynamically significant
stenoses, an FFuided PCI strategy reduced cardiovascular outcomes compared to optimal
medical therapy alontBased onhte evidence mentioned above, the American and European
guidelines recommend using FFR to evaluate patients with intermediate coronary stenoses
between 5@0% to define the need for revascularisafién.

Several studies have shown that PCI restores epicardial conductance, improves
myocardial perfusion, relieves angina and potentially redsmmtaneous myocardial
infarction (MI) &8 These benefits can only be observed if flawiting lesions are selected for
PCI. Therefore, measuring FFR guides the selection of patients who benefit from PCI.
Moreover, deferring patients from PCldeal on FFR is safe; patients with fldiwiting lesions
based on FFR have a very low rate of adverse e¥éhts.

Despite the enhanced selection of patients for revascularisation prawidedonary
physiology, approximately 25% remain symptomatic after a successful! PRtudies
measuring FFR after PCI have shown that in approximatelytiorte of patients, the
intervention results are swdptimal from the physiologic perspectitet® Low FFR after an
angiographic sccessful PCI has been associated with a higher rate of cardiac death and
myocardial infarctiort? Moreover, the FFR change between the pre andipt@svention has
been associated with improved angina and quality of life. Therefore;,P@sSEFR has
emerged as a surrogate of the effectiveness of revascularisation with prognostic implications.

Recordng a pressure pullback curve before PCI allows identifying the presence and location
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of focal pressure gradients. Interestingly, performing a pullback has been done since the early
days of angioplast}/

However, assaing the pullback curve, a mandatory step for Risurements, relied
on visual assessment, leading to moderate reproduciiRgcently, the pullback pressure
gradient (PPG) has been introduced to quantify the information in the pullback curve. This
results in a classification of the pattern of CAD based on a continuous scale from*® to 1.
Vessels with PP@lose to 1 indicate focal disease whereas PPG close to O indicates diffuse
disease. The standardisation of the assessment of the pathophysiological pattern of CAD has
facilitated further understanding of CAD and its response to percutaneous trédtinent.
addition, the widely recognised discrepancy between anatomical and physiological
assessments ofAD has been extrapolated to the evaluation of the pattern of the distribution
pressure losse§!®

Extending FFRtothepoftCl st age adds i nformation abc
PostPCI FFR is inversely correlated with the probability of target vessel faddfte.
Furthermore, using poSiClI FFR as a trigger to improve the functional outcomes of an
intervention using a physiologyuided incremental optimisation strategy (PIOS) is associated
with a higher posPCI FFR?! Likewise, PCI optimisation based on intravascular imaging has
also been associatedth a greater podPCl FFR when compared to angjaided PCP?
Consequently, FFR after PCl haserged as a marker of PCI success.

In part B of this thesis, we expand the understanding of pathophysiological patterns of
CAD by assessing the PPG6s accuracy and re
techniques (manual versus motorised). We furévatuate the association between PPG and
PCI outcomes and study the influence of PPG on revascularisation decisions. Chapter 1
describes the reproducibility and repeatability of PPG when derived from manual pullbacks,

showing an excellent agreement with torcsed pullbacks. This finding permitted the
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integration of PPG into clinical practice. Chapter 2 addresses the performance of PPG in serial
stenoses.

Part C delves into the intricacies of PPG according to specific anatomical
characteristics. Chapter &epens the understanding of the mechanistic relationship between
vessel volume, myocardial mass and geGt FFR. Chapter 4 describes anatomical correlates
(vessel types) influencing the relationship between-p@tFFR and PCI outcomes. This
observatiorof lower postPCl FFR in the Left Anterior Descending (LAD) artery is validated
against clinical outcomes in an individual patientel (IPD) metanalysis presented in Chapter
5. Chapter 6 describes the impact of PPG on PCI optimisation based on cplorsojogy.

Part D of this thesis describes novel associations between PPG and atherosclerotic
plaque characteristics. Chapter 7 describes the association between focal CAD (high PPG)
plaque burden, lipidich plague and thicap fibroatheroma (TCFA). Chtgy 8 explores the
interaction between hemodynamic forces and atherosclerotic plaque phenotypes, particularly
concerning plaque rupture. We aimed to establish the association between intracoronary
pressure gradients in focal and diffuse CAD and wall stieass (WSS). Vessels with focal
CAD had significantly higher WSS than those with difftuse CAD. Chapter 9 describes the
impact of PPG on pofRCI FFR and minimal stent area, and Chapter 10 shows the impact of
PPG on patieateported outcomes, as measured kye Titem Seattle angina
guestionnaire(SAL).

In Part E, we present a largeale prospective validation of the PPG concept starting
in Chapter 1 with the rationale and design of the PPG Global study. A sege
investigatorinitiated, multicentemternational study enrolled patients with at least one major
epicardi al |l esion with a distal FFR O0. 80
endpoint was the predictive capacity of PPG for #R€3k FFR. The key secondary outcomes

included thempact of PPG on treatment decisions, the relationship between baseline PPG and
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improvement of angina symptoms one year after PCl (assessed by)3hQ rates of TVF at
follow-up. Chapter 2 provides an example of a subject included on PPG Global, aimed at
clarifying the role of PPG in cases of discordance between FFR aruyperemic pressure
indices (NHPR) assessment. The results of the primary endpoint of PPG Global are presented
in Chapter B. PPG demonstrated excellent predictive capacity for optievascularisation
and PPG influenced treatment decisions. Interestingly, periprocedural MI occurred more
frequently in patients with diffuse disease (low PPG) compared to those with focal disease.
The aims of this thesis are 1) To expand the use of corphgsiology to differentiate
atherosclerosis phenotypes; 2) To validate the pullback pressure gradient (PPG) as a predictor
of PCI outcomes; 3) To determine the usefulness of PPG for clinical depisiking in

patients with planned PCI.
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Graphical Abstract

Cohort 1. Comparison between PPG based on motorized and manual pullbacks.

Cohort 2. Reproducibility of the PPG derived from manual pullbacks
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Abstract

Background: FFR pullbacks assess the location and magnitugeesisure drops along the
coronary artery. The Pullback Pressure Gradient (RR@ntifies the FFR pullback curve and
provides a numeric expression of focal versus diffuse coronary artery disease. The aim of this
study is (1)to validate the PPG using mah#&R pullbacks compared with motorized FFR
pullbacks as a reference; and (2) to determine the iatid interoperator reproducibility of

the PPG derived from manual FFR pullbacks.

Methods: Patients with stabl e c¢or omeanclydedaAllt er y
patients underwent FFR pullback evaluation either with a motorized device or manually,
depending on the study cohort. The agreement of the PPG between repeated pullbacks was
assessed using the BlaAttman method.

Results Overall 116 FR pullbacks manoeuvres (96 manual and 20 motorized) were analyzed.
There was excellent agreement between the PPG derived from manual and motorized pullbacks
(mean difference0.01° 0.07, 95% limits of agreement [LOAD.14 to 0.12). The intraand
inter-operator reproducibility of PPG derived from manual pullbacks was excellent (mean
difference <0.01, 95% LOAD.11 to 0.12, and mean difference <0.01, 95% Ll-0A2 to 0.11,
respectively). The duration of the pullback maneuver did not impact the reprodcibihe

PPG (r=0.12, 95% GD.29 to 0.49, p=0.567).

Conclusion Manual pullbacks allow for an accurate PPG calculation. The- iatet intra
operator reproducibility of PPG derived from manual pullback was excellent.
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Introduction

Intracoronary presire measurements reflect the physiologic epicardial atherosclerotic burden.
A pullback maneuver assesses the distribution and magnitude of pressirehos®l metric

derived from fractional flow reserve (FFR) pullback curvebe pullback pressure gradient
(PPG)i quantifies the pattern of coronary artery disease (CAD) as either focal or dfff®.

values close to zero represéiftuse disease; values close to 1 indicate focal CAD. PPG was
conceptualized from FFR curves obtained from motorized pullbacks requiring additional
hardware in the catheterization laboratory and prolonged adenosine infusions, both leading to
longer procdural times and greater patient discomfort that would limit adoption in clinical

practice.

An easier approach would be to derive PPG from manual pullbacks. However, manual
withdraw of the pressure wire is operator dependent and reproducibility may beéduiime

the practical adoption of the PPG, a mandatory requirement is acceptable test/retest reliability.
This general property assumes the utmost importance in the field of copbwyarglogy where

cut-offs are usually applied to guide clinical decision makfng.

While the usefulness of an intracoronary pullback maneuver is increasingly recognized, there
is insufficient data supporting the test/retest reliability of manual FFR pullbdtks.
objectives of the current study are: (1) to validate the PPG calculation derived from manual
FFR pullbacks compared with motzed FFR pullbacks as a reference, and (2) to assess the

intra- and interoperator reproducibility of the PPG derived from manual FFR pullbacks.

Methods

This prospective, singleenter study included patients with stable CAD and clinical indication

for FFRinterrogation. All patients underwent FFR pullback evaluations either with a motorized
device or manually depending on the study cohort. Patients with ostial lesions, severe vessel
tortuosity, bifurcation lesions with planned two stent strategy, difficedsel wiring, STEMI
presentation, or severe renal dysfunction with eGFR <30 ml/min/2@@ne excluded. All
patients signed informed consent, and the local ethics committee approved the study. The study
was funded by the Cardiac Research Institute AAlspressure tracings were analyzed by a

core laboratory (CoreAalst BV, Aalst, Belgium).
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Calculation of the Pullback Pressure Gradient (PPG)

To expand PPG to manual pullbacks, the original formula was adapted as féllogveriginal

eguation combines two equalyeighted parameters:

- Aged @il OAaii Al gEEEEI AGEHAAMOA
— 6 AOOACOAAEAIPO 6 AODAT COE
C

Themaximal PPG over 20 maepicts the magnitude FFR drops over a fixed length; and the
length with functional diseaskescribes the extent of FFR deterioration (defined as the length,
in millimeters, with FFR drop 0.0015/mm). For manual pullbacks, the original parameters
based on absolute distance values (i.e., millimeters) were made relative to the pullback
duration. The rationale for this conversion relied on the observed meanciukimgth of

98.% 19.3 mm in previous cohort¥Therefore, the adapted equation resulted in:
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where thanaximal pressure gradient over 20% of the pullback durat&doulates the pressure

drop over a fixed time window of 20% of the total pullback duration. Likewisgeheent of
pullback time with FFR deterioratioreports the extent of functional deterioration, relative to

the total duration of the pullback mawew, calculated using an equivalent FFR dropaftit

as in the original equation (now 0.0015/% total). The adapted formula has been incoporated in
a commercial console and allows for online calculation of the PPG after a manual pullback

manoeuvre (Coroveist Coroventis Research, Uppsala, Sweden) (Figure 1).

Study population

We prospectively recruited two distinct cohorts. The flowchart of patient inclusion is shown in
the Supplemental Material Figures S1 and B2e first cohort of 19 patients (20 vesyel
underwent both motorized and manual FFR pullbacks to assess the agreement of PPG values.

The second cohort consisted of 22 patients (25 vessels) with repeated manual pullbacks
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performed by two operators to assess the {rdrd intraobserver reproducilty of PPG

values (Figure 2).

Invasive fractional flow reserve analysis

Fractional flow reserve measurements were performed as per standard greutigeessure

wire was positioned at least 20 mm beyond the most distal coronary stenosis in vessels more
than 2 mm diameter by visual estimation. The pressure wire position was recorded using a
contrast injection annotating the starting pdam each pullback manoeuvre to ensure the same
initial position among pullbacks. All patients received irtagonary nitrates administration
before FFR measurement. Hyperemia was induced using either adenosine at a dose of 140
eg/ kg/ mi n voreenti@l vgneor intrponoaarygdpaverine bolus at a dose of 8 mg

in the right coronary artery and 12 milligram in the left coronary artérgignificant drift

(00. 03) was orbhessarenvest as repeated. FFdSdRre wire measurements were
performed using CoroFlow version 3.5 (Coroventis Research AB, Uppsala, Sweden). All FFR
tracings were assessed by a core laboratory (CoreAalst BV, Aalst, Belgium).

Motorized pullbacks

The detaild procedure has been published elsewli@mefly, a pullback device (Volcano R
100, San DiegoCalifornia, United States) was adapted to grip the coronary pressure wire
(PressureWire X, St Jude Medical, Minneapolis, United States) and set at a speed of 1 mm/s to

pull back the presswwire to the tip of the guiding catheter during continuous hypierem

Manual pullbacks

For manual FFR pullback, the operator withdrew the pressure wire at a steady and constant
speed for 20 to 30 seconds during stable hyperemia. When the pressure sensor reached the
catheter tip, the recording was stopped. The techrfmueanual pullbacks is shown in the

Online Video. For the intetoperator agreement, the second operator remained blinded to the
first PPG result.

Statistical analysis
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Continuous variables are presented as mean and standard deviation or as median and
interquartile range, depending on the distribution. Categorical variables are presented as
percentages and counts. Pearson correlation coefficientscliassa correlation coefficients
(ICC), BlandAltman method, and the coefficient of variation were useasgess the PPG's
reproducibility. The study was powered to evaluate the reproducibility of the PPG derived from
manual pullbacks. The sample size was calculated assuming a maximal coefficient of variation
(COV) of 15% with an 11% twsided confidence inteal for the intraocbserver reproducibility

and a 20% maximal COV with 15% twsidded confidence interval for the intebserver
reproducibility. The sample size calculation required 20 patients with paired measurements for
both the intraand interoperatorreproducibility analyses. All analyses were perfomed using

R (R Foundation for Statistical Computing, Vienna, Austria). COV from duplicate
measurements was calculated with MedCalc Statistical Software version 19.3.1 (MedCalc

Software, Ostend, Belgium).

Results

Between March 2020 and February 2021, 41 patients were included in two cohorts. Tables 1
and 2 show baseline clinical and procedural characteristics stratified by cohort. A comparison
of PPG values between the original and adapted formula usamgpesof motorized pullbacks

is shown in the Supplemental material Figure S3 and Table T1.

PPG: manual vs motorized pullbacks

Overall, 20 vessels with both manual and motorized FFR pullbacks were included in this
analysis.The mean FFR waf.75 £+ 0.13 and 0.75+0.11 before manual and motorized
pullbacks, respectively (mean difference <0.0D3, lower limit of agreement [LLAJ0.06

and upper limit of agreement [ULA] 0.07). Mean pullback duration was 32.1 + 7.6 and 103.3

+ 24.8 seconds for manual and motorized pullbacks (p<0.001), respectively. Mean PPG derived
from manual pullback was 0.57 + 0.15 whereas mean PPG from motorized pullbacks was 0.56
+ 0.14 (mean differenced.01°0.07, 95% LLA-0.14 and ULA 0.12;). Figure 3 showise
agreement of the PPG components between manual and motorized pullbacks. A case example

is presented iSupplemental Material Figure S4.

Reproducibility of the PPG derived from manual pullbacks
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Overall 26 vessels were included in this analysis. Inedsels two manual FFR pullbacks were
performed by the first operator and in 25 vessels a third pullback was performed by a second
operator. The mean FFR of the first, second, and third measurements were.11.68
0.690.12 and 0.680.12, respectively (p=020). Mean duration of the first, second, and third
pullback maneuver was 338.4.3 sec, 35.98.9 sec and 36°8.8 sec, respectively (p=0.924).
Mean PPG derived from the first, second, and third pullbacks wa%®157 0.580.17 and
0.58°0.16,respectively . There was an excellent irdleserver reproducibility of PPG with a
mean difference <0.0D.06 (95% LOA-0.11, ULA 0.12), COV of 10.7 % (95% CI 7.5 to
14.63) and I CC of 0.94 (0.88 to 0.98)m The
the intraobserver analysis are shown Figure 4. Interoperator reproducibility was also
excellent with a mean difference between PPG of"@@b (LLA-0.11, ULA 0.10), COV of

7.6 % (95% CI 5.3 t0 9.9) and ICC of 0.95 (95% CI 0.89 to 0.98; Figureh&)duration of

the pullback did not affect the reproducibility of the PPG (r = 0.02, 95%0.€6 to 0.30, p=

0.869; Figure 6). A case example is presente&tlipplemental Material Figure S5.

All pullback procedures were performed without complicationsall patients, 73% (30/41)
underwent PCI without smospital adverse events. Eight patients were treated medically and 3
patients were referred to coronary artery bypass grafting.

Discussion

The findings of the present study can be summarized as fol{@Vv®PG can be accurately
derived from manual pullbacks; (2) both intemd interoperator reproducibility of the PPG
derived from manual PPG were excellent, and (3) the duration of the pullback manuever did

not affect the reproducibility of the PPG.

Fractional flow reserve measured in the distal coronary artery captures the net effect of
cumulative pressure losses related to stenoses and diffuse di€aageR pullback provides

a second dimension to the distal measurement pigtiteg the distribution and magnitude of

pressure losses longitudinaly along the coronary vesd®ébtorized pullbacks are
advantageous because they are operator independent and allowdgist@tion of pressure

data alongside anatomical imagéé.n contr ast , a manual pul |l bac
techniqueand pullback speed may vary during the pullback and between operators. This can
impact curve morphology, quantification of pressure gradients, and the interpretation of the

CAD patternt! Nonetheless, manual pullbacks are practical to perform, reduce procedural
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time, and can be done using int@ronary hyperemic agents such as papaveiline present

study demonstrated that PPG can be derived from manual pullbacks with similar values
compared to motorized pullbacks witlhmean difference 00.01° 0.07 PPG unitsMoreover,

the agreement between anual and motorized pullback for the maximal pressure gradient
was excellent at0.01° 0.03 FFR units. The main reason for this agreement is that by using
20% of the duration of the pullback curve as the window for data sampling, the PPG calculation
overcones issues related to different pullback speeds under the assumption of constant pressure
wire withdrawal. Lastly, the evaluation of the length of disease, which is based on a threshold
relative to total pullback time, was unnafected by the pullback méthedn difference of

0.70° 7.57%). Thusmanual pullbacks simplified the assessment of the PPG with excellent

accuracy compared to the mechanized approach.

Fractional flow reserve is a highly repeatable metfcikewise, FFR pullbacks performed

with a mechanized device have been shown to have excellent reproduciibiiitywever, the
morphology of a pullback curve is sensitive to the pullback technique. Fast pullback maneuvers
would likely mask pressure gradien®&milarly, pullback maneuvers with varying speeds may
misrepresent the location and magnitude of pressure gradients. In the present study, operators
were instructed to performed manual pullback maneuvers aiming at completing the maneuver
in 20 to 40 seawds while keeping a constant speed throughout. Following these simple
recommendations, PPG derived from repeated manual pullbacks either by the same or a
different operator resulted in similar values. Interestingly, the unavoidably different manual
pullbadk times and speeds did not affect the reproducibility of the PPG. These findings provide

a practical framework for the standarisation of manual pullback maneuvers.

The current analysis showed a high test/retest reliability of thevittPGxcellent inta- and
inter-observer reproducibility, together supporting its clinical applicatPRG has been
incorporated into a commercialpvailable console (CoroFlow, Coroventis Resreach, Upssala,
Sweeden). The online availability of PPG will facilitate the qgtii@ation of the pattern of

CAD (i.e., focal or diffuse) in clinical practic&Practically, PPG would be indicated once the
hemodynamic significance of CAD has been coméd. PPG refines clinical decision
regarding the appropriateness of PCI based on the pattern of CAD, even in cases of serial
lesions. Y*Furthermore, PPG anticipates the final FFR value that can be achieved with
revasalarization. The interpretation of the PPG value should be performed in conjunction with

a visual inspection of the pullback curve. This is particualry important for the assessment of
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lesionspecific pressure gradients. In patients with low PPG, alteenagtions to PCI should

be considered. On the other hand, vessels with high PPG are optimal candidates for PCI. The
ongoing PPG Global registry is evaluatihg predictive capacity of PPG to predict p&xtl

FFR and thempact of the PPG on clinical des@mnmaking and outcomes (NCT04789317).

The results of this study will shed light on the management pathways of patients with focal and
diffuse coronary artery disease.

The main limitation of the present study is that it was restricted to a single center; therefore,
the extrapolation of these results to operators with different levels of expertise in coronary

physiology requires further investigation.
Conclusion

PPG can be derived from manual FFR pullbacks, resulting in similar values compared to
motorized pullbacks. The inteand intraoperator reproducibility of the PPG derived from a
manual pullback was excellent. Further studies are requdetermined the clinical benefit of

a PPGguided PCI strategy.
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Figure 1. Pullback Pressure Gradient (PPG) interface
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Coroventis screen showing a FFR pullback with Pd in green, Pa in red and a corresponding distal FFR value ell6wi8Tiheyvertical yellow

lines indicate the start and end of the pullback (yellow horizontal line). The PPG equals 0.86, indicating focal cozondrgease.
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Figure 2. Study design and procedures.
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Figure 3. Agreement on the Pullbadkressure Gradient (PPG) and its components between

manual and motorized pullbacks.
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Figure 4. Intra-operator agreement on the Pullback Pressure Gradient (PPG) (Panel A and B)
and its components (percentage of disease in panels C and D and PPG 20emitiipatels

E and F) between repeated manual pullbacks.
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Figure 5. Inter-operator agreement on the Pullback Pressure Gradient (PPG) (Panel A and B)
and its components (percentage of disease in panels C and D and PPG 20 millimeter in panels

E and F) betwen repeated manual pullbacks.
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Figure 6: Relationship between the difference in duration of the manual pullbacks and

reproducibility of the PPG
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Supplemental figure S1.Agreement on PPG values and its components derived from

motorized pullbacks betwedhe original and adapted formula.

23 patients, 24 vessels

Exclusions: 4 patients and

vessels
Procedural artefact n = 1
Unstable hyperemia n = 3

v

h 4

19 patients and 20
vessels with motorized
and manual pullback
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Supplemental figure S2Flowchart of cohort 1 (motorized and manual pullback).

Patients with repeated manual
pullbacks
from 9/Mar/2020 to 29/July/2020
n =22 pts

Analyzable cases (22 patients)
Intra rater analysis: 25 vessels
Inter rater analysis: 25 vessels

h 4

Exclusions: 0 patients, 2

vessels
1 vessel without repeated pullback by
first operator
1 vessel without second operator
pullback
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Supplemental figure S3Flowchart of cohort 2 (repeated manual pullbacks).
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Supplemental Figure S4Case example of a patiehdbm cohort 1.
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Supplemental Figure S5Case example of a patient from cohort 2.
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Abstract

Objectives

To characterize hemodynamics of serial coronary stenoses using fractionadtve (FFR)
pullbacks and the pullback pressure gradients (PPG) index.

Background

The crosgalk between stenoses within the same coronary artery makes the prediction of the
functional contribution of each lesion challenging.

Methods and results

Onehunded seventeen patients undergoing coronary angiography for stable angina were
prospectively recruited. Serial lesions were defined as two or more narrowings with visual
diameter stenosis >50% on conventional angiography. Motorized FFR pullback traciegs wer
obtained at 1 mm/ s. Pull backs were visually
pressure drops. The pattern of disease (i.e., focal or diffuse) was quantified using the PPG
index. Twentyf i ve vessels presented 6ediial Tewei o0&
focal pressure drops were observed in 4006 ( 1 0 ; PPG 0. 5% N30. PPG
0.44 N 0.12) nand; 8PP G f Pval@es @WM). QistaDFER was similar
between vessels with two, one and no focal presswpsdin the pullback curvep{
value=0.27). The PPG index independently predicted the presence of two focal pressure drops
in the pullback curvep= 0. 04) .

Conclusions

FFR pullbacks in serial coronary lesions exhibit three distinct functional pattagis PRG

was associated with pullback curves presenting two pressure drops. The PPG provides a
guantitative assessment of the pattern of coronary artery disease in cases with serial lesions and
might be useful to assess the appropriateness of percutapeassularization.
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Introduction

The presence of more than one stenosis within the same coronary artery is
commont These serial stenoses often represent a physiological conundrum because of the
interaction (cross talk) between the different stenoses. This prevents merely summing up the
transstenotic pressure gradients taken in isolathsa consequence, isolating the functional
contribution of each lesion in a serial circuit either in resting or hyperemic conditions remains
challenging?
Traditionally, serial lesions have been defined based on coronary angiogidphgtheless,
this approach neglects the known discordance between angiographic stenosis and its
physiological effect, which igurther affected by the distance between the stenoses and the
microcirculatory functior.Intracoronary pressa pullbacks are essential to understand the
physiological effect of serial lesioAs. The idealized model is represented by a pressure curve
with two focal pressure drops in a pullback curve. Nonetheless, vessedsgitigraphic serial
lesions might also present diffuse pressure losses without evidenfdrops.
The pullback presure gradient (PPG) index quantifies the functional pattern of coronary artery
disease (CAD) as either focal or diffuse. Values close to one represent focal CAD whereas
values close to zero characterize diffuse CAle PPG index lumps a metric of focality (i.e.,
ma x i mal pressure gradient over 20 mm) with a
diseae) and may aid in defining the pattern of disease in vessels with serial lesions. The present
study aims at characterizing the functional pattern of CAD in vessels with serial lesions using
mechanized FFR pullbacks and the PPG.
Materials and Method
Study design
This was a prospective, multicenter registry (NCT03824600) enrolling patients undergoing
clinically indicated coronary angiography. A complete study description was presented
elsewheré.The study was approved by the investigational review board or ethics committee
at each patrticipating center, and all patients gave written informed consent.
Briefly, FFR measurements during continuous intravenous adenosine infusion at a dose of
140 mg/ kg/ min were obt ai n#%didmeter stenogidesselss y | es
with distal FFR O00.95 were considered withou
Motorized FFR pullback curves were collected in all studied patients by withdrawing at the
controlled sped of 1 mm/ s the pressure wire senso
Minneapolis, MN) up to the tip of the guiding catheter. Quantitative coronary angiography

(QCA) and FFR pullback tracings were-@gistered.
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An independent core laboratory (CoreAd®/, Aalst, Belgium) analyzed coronary
angiogram using a validated software package (CAAS Workstation 8.1, Pie Medical Imaging,
Maastricht, The Netherlands). Serial lesions were angiographically defined as the presence of
two or more narrowings with visldiameter stenosis >50%, separated at least by three times
the reference vessel diameter in the same coronary vddsedistance between proximal and
distal lesion was assessed in mm from the distal edge of the proximal lesion up to the proximal
edge of the distal lesion.

FFR pullback curves were visually adjudicated by two independent observers (C.C. and
J.S) as presenting no pressure drop (Ano dr o

pressure drops ( fitThepresemcogdmedsure drapewas defined visually

as step ups in the FFR curve of at | east fiv
were quantified as the maxi mal FFR gradient
di sease was defined as the | engt h, -stenoticmi | | i n

difference in FFR (delta lesion FFR) was determined. The PPG index was calculated as
previously describe8The study was approved by the investigational review board or ethics
committee at each participating center. Signed informed consent was obtained by all enrolled
patients.

Serial lesions were independently adjudicated by visual inspection of patients coronary
angiograms (upper panels) as presenting two or more narrowings (arrows) with visual diameter
stenosis >50%, separated at least by three times the referencedvasster in the same
coronary vessel. In turn, the visual analysis of the pullback pressure gradients (PPG) tracings
was used to categorized the pressure drop patterns along the vessel presenting a serial lesion,
thus resulting in three patterns (lowenpbs): absence of focal drops (left), presence of only
one focal drop, either proximally or distally, (central panel), and presence of two focal pressure
drops (right). FFR, fractional flow reserve; PPG, pullback pressure gradient
Statistical analysis

For the present study, vessels were considered independent observations. Continuous
variables with nor mal di st r i b-mdrmallyrdistrdbbutel pr e s «
variables as median (interquartile range [IQR]). Categorical variables are pressnted
percentages. Cliquared tests were used for comparing categorical variables, while
Student's (or Manri Whitney tests as appropriate) for continuous ones. Thevagenalysis
of variance (or KruskaWallis tests) was used for comparing more than twotinuous
variables. Interobserver agreement for the visual functional pattern adjudication was assessed

with the Cohen's kappa method. Finally, anatomical and functional variables of interest were
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entered into a multivariate model.pAvalue <0.05 was caidered significant. All statistical
analyses were performed using R statistical software (R Foundation for Statistical Computing,
Vienna, Austria).

Results

Between November 2017 and January 2019, 85 vessels from 72 patients presented at least one
functiorally significant lesion. Among these, 25 vessels from 23 patients presented serial
lesions and were included in the present study (Figurglotorized FFR pullbacks and PPG

index were obtained in all cases. In all but one case, two stenoses were angiographically
identifiable, and in one case, three. We included 51 stenoses in the final analysis.
Baselinecharacteristics

Clinical, angiographic and functional characteristics at baseline are listed in1Table
Meanagewas68M 8. 2 years, males in 90.9%, and mul
Mean diameter stenosis was 4814 1 5. 6 %, mi ni mal | vammeaar ea 1
lesion lengthwas 228 10. 5 mm. Mean di sanda72% &f thRvesselss 0. 7
had an FFR 00.80. Functi dNn&l0. ®i%s @ds d hwa v eslss
the mean maxi mal pressure griddd)ERuntsover 20 n

The distance between proximal and distal lesion38a8N 26 . 0 mm. The ang
severity of the proximal and distal lesions was comparable (diameter stenoséé 44.% . 5 %
proximal vs. 48.0N 16 . 2 9%=d D s 4 8 p. Lesidhdemdthewas longer for the distal
lesions 200N 8. 8 mm proNi m@l 9 vnpm @Ri66.82nl , Transl es
gradient was comparable between proximah d di st al |l esions (0.08
0.08 N m=040.88B83t al ,

In comparison with vessels presenting a single lesion, vessels with serial lesion by
angiography had a | ower di gt ad. FFR) (0l 88g &r 0
disease (338 19. 1 mh ¥8.®<58m001), and | ower PPG i
0.48 p=00.10QqB), Table
Functional patterns of CAD

Visual assessment of the FFR pullback curves resulted in two vessels (8%) presenting
no pressure drop, 13 (52%) vessels presenting one drop and 10 (40%) vessels two pressure
drops, Figure3. These three functional disease phenotypes had similar baseline clinical
characteristics, Tablgl Mean distal FFR values were similar between vessels with no visible
pressure curve drops, oneortwogrs (0. 77 N 0.02 vs.p=00727N 0
respectively), Tabld. PPG wasignificantly higher in vessels with two pressure drops versus

one pressure drop and no pressure doep ( 0 . 0 1 4). Muliivariate amalysis showed that
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the PPG index was the only independent predigber ( 0. 0 4) of an FFR pu
presenting two pressure drops (TableAn increment of 0.1 PPG unit was associated with

doubled the odds for the twdrop functional phenotype (OR2.3 95% CI 1.5.6,p= 0. 02) .

3.3 Procedural characteristics

All coronary arteries with serial l es&Pns and
PClwas performed in 52.0% and coronary artery bypass graft in 24.0%. In patients undergoing

PCI, two stents were placed in 61.5% of PCI cases.

Discussion

The present study describes the physiological patterns observed in vessels with serial
coronary stenoseastilizing motorized pullback pressure tracings during pharmacological
induced hyperemia. The main findings can be summarized as follows: (i) significant functional
disease is frequent in cases of angiographic serial coronary lesions; (ii) at the lesipn lev
diameter stenosis and trastenotic FFR gradients were comparable between proximal and
distal lesions; (iii) three distinct functional phenotypes were observed, that is, diffuse functional
disease without FFR stepps, FFR pullback curves with onestg and FFR pullback curves
with two stepups; (iv) the functional pattern with two pressure drops was identified by the
PPG index, the higher the PPG index the higher the likelihood of FFR pullback curves with
two stepups.

In this way, the present studypands on the application of the recently introduced PPG
index providing a further validation of the indéx patients with serial coronary lesions.

Serial lesions: A complex CAD phenotype

Patients presenting serial coronary lesions represent a population with advanced
CAD! in which treatment strategies can be challenging. Firstly, while the decision to treat the
vessel can be based on the distal FFR measurériéme, decision of wich lesion to treat is
less evident. Secondly, when decided to treat one of the two lesions either based on
anatomically severity or the lesion with the greatest pressure drop at the pullback curve, the
resulting posPCl FFR can be difficult to be estinedt In fact, increased flow conditions
interact with the residual disease, potentially leading to higher pressure gratasnts,
demonstrated with both hyperemic and resting predsased indices.

In the present analysi proximal and distal lesions appeared comparable in terms of
angiographic severity, and the magnitudes of apparent pressure drops. Similarly, at the vessel
level, the distal FFR was not able to differentiate functional patterns. In contrast, FFR pullback
tracings discriminate three functional CAD patterns based on the presence of one, two or

absence of focal pressure dréps.
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Application of pressure pullbacks and PPG index in serial lesions

Clinically, identification of a stejip in a pullback pressure curve is an essential
element in the decisiemaking process concerning the appropriateness of B&ipite
whatsoever angiographic appearance, PCI in segments without pressure lossesigs step
results in negligible increase in epicardial conductance. In contrast, the presence -afpa step
may translate in clinical benefit of PCI in terms of gain indwctance! In serial lesions, an
FFR pullbackguided revascularization strategy was found safe and effectwde
minimizing unnecessary coronary interventiéns.

The results of the present study highlight the usefsloéshe FFR pullbacks in cases
of serial lesions (i) to define the pattern of functional CAD, (ii) to assess the appropriateness
of percutaneous revascularization, and (iii) to guide the PCI strategy. The PPG index was
higher in vessels exhibiting a furartal pattern of disease with two pressure drops and emerged
as the only independent predictor of FFR pullbacks curves with two pressure drops. This could
be analytically explained by the length of functional disease, component of the PPG formula,
that wassignificantly lower in the serial lesion phenotype with two pressure drops, FEigure
The PPG index was abte inform about functional pattern with two focal pressure drops.
Therefore, it can be hypothesized that in vessels with serial lesions and high PPG value, PCI
may translate in higher peBICI FFR. This hypothesis warrants further investigation.
Study limitations

Small sample size and lack of a clinical outcome analysis represent the major
limitations to the current study. Moreover, in the cases undergoing PCI, FFR after PCl was not
collected. In addition, clinical applicability of motorized FFR pullbackhwong hyperemic
times is questionable. Further limitations of the present stuaiuding feasibility of the PPG
derivation by motorized hyperemic pullbaickvere discussed previously.
Conclusion
Serial coronary lesions represent a population of interest with advanced CAD. Physicians are
challenged to whether or not, and which lesion to treat with PCI. Bingeavidence supports
the usefulness of pullback pressure tracings to better understand the functional pattern of CAD.

The present study further informs about the clinical value of FFR pullback maneuvers
in the clinical routine, offering a pathophysiologi classification of serial coronary lesions
based on pullback tracings (no drop, one drop, two drops). Each of these patterns may justify
a diverse therapeutic management.

In addition, the PPG index, a novel physiology metrics able to characterize CAD

paterns, identified serial coronary lesions with two focal drops. This des@n functional
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phenotype might be the best suited for PCI. Future studies should address the impact on a PPG

guided PCI strategy on outcomes in serial coronary lesions.
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TABLE 1. Baseline clinical, angiographic, and physiological characteristics (patient 2 3 )

Clinical characteristics

Male, n(%)

Age, years

BMI, kg/me

CCs ma),

MVD, n(%)

LVEF, %

CrCl, ml/min

Hypertensionn(%)

Diabetes mellitusn(%)

- Under insulinn(%)

Hyperlipidaemian(%o)

Family history for CAD n(%)

Active smoking status)(%o)

Previous PADN(%)

Previous CVIn(%)

20 (90.9)

68. 74

28. 26

15 (65.22)

17 (73.91)

57.61

77. 32

17 (73.91)

9 (39.13)

1 (4.35)

22 (95.65)

3 (13.04)

0 (0.0)

1 (4.35)

2 (8.70)

el

51

22.

.18

. 38

.19



Previous PCIn(%)

Previous MI,n(%)

Angiographic characteristics

Vessels presenting serial lesions

LAD, n(%)

LCX/Ramus,n(%)

RCA, n(%)

Quantitative coronary angiography

Lesions

Diameter stenosis, %

Minimal lumen area, mm

Reference vessel diameter, mm

Lesion length, mm

Distance from ostium to proximal stenosis, mm

Distance between proximal and distal stenoses, mm

QCA tracing contour correction

Functional characteristics

7 (30.43)

3 (13.05)

25

18 (72.0)

4 (16.0)

3 (12.0)

512

46. 43 N

22.83 N

pral

33. 22

pral

55. 51

e

10. 18

52

15.

4

. 6

10.

2 3.

25.

5

5

.92


https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-note-0002_17

Vessels presenting serial lesions 25

Distal FFR 0O.77 N 0.07
Di stal FFR O00.80 18 (72.0)

Delta lesion FFR 0.16 N 0.08
Proximal FFR (drift) 0.99 N 0.01
Pullback length, mm 98.6 N 20.81
PPG index 0.48 N 0.17
Maximal PPGover 20 mm 0.099 (0.0720.141)
Vessel length with functional disease, mm 53.52 N 20.5
Percent vessel length with functional disease, % 54 N 18

=One vessel presented three serial lesions. The third lesion in this vessel was not included in
theanalysis.

Note Values are ( %) , me @ ar métiars(Dterquartile range).

Abbreviations: BMI, body mass index; CAD, coronary artery disease; CCS, Canadian
Cardiovascular Society classification of angina; CrCl, creatinine clearance; CVI,
cerebrovascular injury; FFR, fractional flow reserve; MVD, multivessel disease; LAD, left
anterior descending artery; LCX, left circumflex artery; LVEF, left ventricle ejection fraction;
MI, myocardial infarction; PAD, peripheral artery disease; PCI, paneous coronary
intervention; PPG, pullback pressure gradients; QCA, quantitative coronary angiography;

RCA, right coronary artery.
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TABLE 2. Anatomical and functional characteristics at lesion level (ledien % 0

Lesions

Diameter stenosis, %

- Minimal lumen area, mm

- Reference vessel diameter, mm

Lesion length, mm

Distance from ostium to proximal edge of tt 17.90N 14 47.03N 21 < 0.

lesion, mm

Delta lesion FFR

QCA tracing contour correction

= One vessel presented three serial lesions.

excluded from the analysis.

Proximal lesion Distal lesion  p-value
tailed)

25 25 -

4484N 15 4796N 16 0.490

136N 0. ¢ 112N 0. i< O.

298N 0. ¢ 221N 0. < 0.

20.05N 8. 26.24N 10 0.032

008N 0. ( 0.08N 0. ( 0.885

9.72N 8. ! 10.72N 7. 0.063

In this case, the lesion more |dcstdly was

54

(two-

001

001

001
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TABLE 3. Comparison of angiographical and functional characteristics for vessels presenting
a visually defined single lesion versus serial lesions

Single lesion Serial lesion p-value (two-
(vesseN= 6 0) (vesseN= 25) tailed)

Diameter stenosis, % 455N 13.07 465N 10. 9 0.73

Vessel length with functional 333N 19.1 535N 19. 9 < 0.001
disease, mm

Distal FFR 083N 0. 07 077N 0. 08 0.001
FFROO. 80 19.0 (31.7%) 18.0 (72.0%) < 0.001
Pullbacklength, mm 990N 19. 1 986N 20. 0 0.93

Maxi mal PPG ove 0.10(0.050.12) 0.12 (0.070.13) 0.22

PPG Index 061N 0. 17 048N 0. 17 0.002
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TABLE 4. Angiographic and functional characteristics of interest stratified by functional class
(vesseN= 2 5)

Functional pressure pullback pattern

Nodrop(N= 2 )Onedrop(N= 1Twodrops(N= Ip-value (two
tailed)

Diameter stenosis, % 372N 6. 72 443N 11. 4 512N 9. 3 0.15
Distal FFR 077N 0. 02 074N 0. 1 0.80N 0. 06 0.27
PPGIndex 027N 0. 01 044N 0. 12 05N 0.17 0.01

Max. pressure drop 0.07 (IQR 0.06 0.12 (IQR 0.07 0.12 (IQR 0.07 0.37
over 20 mm 0.07) 0.13) 0.15)

Length of functional 775N 4. 95 608N 18. 3 393N 13. 2 0.003
disease, mm
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TABLE 5. Uni- and multivariate analyses for the detection of pullback curves with two

pressure drops

Variable p-value

Univariate model

Diameter stenosis (%) 0.08
Lesion length (mm) 0.79
PPG index 0.02

Multivariate model

Diameter stenosis (%) 0.22
Lesion lengtiimm) 0.47
PPG index 0.04

1 Abbreviation: AIC, akaike information criterion.

57



Figure 1

Serial lesions were independently adjudicated by visual inspection of pateotsry

angiograms (upper panels) as presenting two or more narrowings (arrows) with visual
diameter stenosis >50%, separated at least by three times the reference vessel diameter in the
same coronary vessel. In turn, the visual analysis of the pulivaskure gradients (PPG)

tracings was used to categorized the pressure drop patterns along the vessel presenting a
serial lesion, thus resulting in three patterns (lower panels): absence of focal drops (left),
presence of only one focal drop, either praaiijnor distally, (central panel), and presence of

two focal pressure drops (right). FFR, fractional flow reserve; PPG, pullback pressure

gradient

No drop functional pattern One-drop functional pattern Two-drop functional pattern
» ).

PPG Index: 0.30 PPG Index: 0.51 i PPG Index: 0.81

Disease length (%): 0.733 Disease length (%): 0.587 Disease length (%): 0.263
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Figure 2

Flowchart of the patients included in the study. Twedivg vessels of 23 patients were
adjudicated to present a serial lesion consisting of at least two stenosis (three in one case). In
all cases, valid pullback pressure gradient tracings for the digital postprocessing and analysis

were successfully performed. FFR, fractional flow reserve

1,472 patients undergoing FFR evaluation
between Nov 2017 and Jan 2019

159 vessels (117 patients) undergoing Exclusions (59 vossely

motorized FFR pullback « Inadequate pullback (19)

* File damage (4) v

* Unstable adenosine (9)

* Pressure tracing artifact
* Wedging (8) :
« Loss of dicrotic notch (3)
* Artifact (7)

 Others (9)

100 vessels (79 patients) with 984,813 FFR values for
motorized FFR pullback and pressure tracing analysis

Pullback tracing without
functional disease (15 vessels)

85 vessels, 111 lesions (72 patients)

25 vessel visually presenting a serial
lesion, 51 lesions (23 patients)
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Figure 3

Flowchart of the patients included in the study. Twdivg vessels of 23 patients were
adjudicated to present a serial lesion consisting of at least two stenosis (three in one case). In
all cases, valid pullback pressure gradient tracingh#digital postprocessing and analysis

were successfully performed. FFR, fractional flow reserve

VISUAL ADJUDICATION PHYSIOLOGY-BASED
OF CORONARY LESIONS SERIAL LESION PATTERNS
N=85 N=25
Single lesion (N=60) m Serial lesion (N=25) m No drop (N=2) m One drop (N=13) m Two drops (n=10)
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Figure 4

Distributions of the fractional flow reserve (left panel) and pullback pressure gradient index
(right panel) according to the adjudicated functional pattern, underlining the inability for the
distal FFR to capture difference among the three functiona@rpattOn the other hand,

higher PPG index values were significantly associated with the two focal serial lesion pattern.

FFR, functional flow reserve; PPG, pullback pressure gradient

ANOVA, p =0.27 ANOVA, p =0.01*
0.39 0.03
I 1 ) 1
1.0 0.11 1.0 0.021
1
0.55 0.076
| ——
.
0.9
< 08 |
[0}
o 2
= 1 T
0.8 9
= a 06
0.7
04 l
0.6 |
No drop One drop Two drops No drop One drop Two drops
N=2 N=13 N=10 N=2 N=13 N=10
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Figure 5

Distribution of two components of the pullbagiessure gradient index equation, namely the
maxi mal pressure gradients over 20 mm (Il eft
(right panel), according to the three functional disease patterns. While the max PPG over

20 mm mean di dcantlydetwedn the fgreups, serialjasionfpiesenting two

pressure stenoses were significantly associated with shorter diseased vessel segments. KW,

Kruskal Wallis; ANOVA, (one way) analysis of variance

KW, p =0.37 ANOVA, p = 0.003*
) | 0.27 1 r 0.03 1
0.3
35: 0.98 o 0.012
| n
g 0.23 3 0.17
e 1
~ . 35 90
— ) —
) ©
g c — \
© Rel
Q =)
0.2
2
©
o = 60
3 )
: 5
= c
o a
< =
° 0.1 30
=
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Abstract

Background: FFR measured after PCI carries prognostic information. Yet, myocardial mass
subtended by a stenosis influences FFR. We hypothesized that a smaller coronary lumen
volume and a large myocardial mass might be aswalciwgith lower posPCl FFR.

Aim: We sought to assess the relationship between myocardial mass and post percutaneous
coronary intervention (PCI) fractional flow reserve (FFR).

Methods: This was a sulanalysis with an international prospective study ofegpds$ with
significant | esions ( FF R®SpkcifiB nyocardial dnass guasi n g
calculated from coronary computed tomography angiography (CCTA) using a novel algorithm.
Vessel volume was extracted from quantitative CCTA analysis. Restlagytle ratio (RFR)

and FFR were measured before and after PCI. Coronary lumen volume (V) and its related
myocardial mass (M), and the percent of total myocardial mass (%M) were correlated with
postPCIl FFR.

Results: We studied 120 patients (123 vesséd4 LAD, 13 LCX, 16 RCA). Mean vessel
specific mass was &23.1 g (%0M39.6+11.7%) The mean pogCIl FFR was 0.88+0.06 FFR

units. PostPCl FFR values were lower in vessels subtending higher nda®&(@.05 vs
0.8%0.07, p=0.047)and in vessels with lowe//M ratio (0.87+0.06 vs 0.89+0.07, p=0.02).

V/M ratio correlated significantly with pof2Cl RFR and FFRRFR r=0.37, 95% CI 0.21

0.52 p<0.001 and FFR r=0.41, 95% CI G@265, p<0.001L

Conclusion: PostPCI RFR and FFR are associated with the subtengextardial mass and

the coronary volume to mass ratio. Vessels with higher mass and lower V/M ratio have lower
postPCI RFR and FFR.
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Introduction

In coronary arteries, discordance between the angiographic degree of stenosis and its
functional severityis common.!Aside from stenosis severity, several othervadables
influence FFR such collateral flow, microvascular function and the myocardial mass subtended
by the vessel. For a given coronary morphology, a higher mass translates into higher coronary
blood flow which, in turn, generate larger pressure gradients. Therefore, myocardial mass is
one of the determinants of fractional flow reserve (FFRlyocardial mass and its relationship
with vessel vlume, the saalled volume mass (V/M) ratio, have been associated with lower
FFR values®>Furthermore, V/M mismatch has been proposedl @sssible cause of ischemia
in patients with norobstructive coronary arteries (INOCR).

PostPCIl FFR is considered a physiological prognostic marker. Patients with low post
PCI FFR have been shown to have a worsenosig compared to higher pé3€Cl FFR values.
"8postPCI FFR might be also affected by the subtended myocardial mass. Yet, after PCI there
are additional procedural related factors that might not present at baseline (e.g. distal
embolization, iatrogenic conary microvascular dysfunction, etc.). There is no data assessing
the relationship between myocardial mass and-pastFFR.

Assessing myocardial mass in clinical practice has been facilitated by the advancement
in the field of cardiac CT. Recentlyedicated algorithms have been developed to quantify the
vesselspecific mass based on coronary computed tomography angiography (CCTA).
49.10loreover, CCTA provides lumen volume calculations. Thus, V/M ratio is a metric that is
readily available from CCTA scans. We hypothesized that the vgsseific myocardial mass,
as well as the ratio of the coronary lumen volume to the vspseific myocardial mass (V/M),
may influence FFR after PCI.

Material and methods
Study population

This is a sukanalysis of theProspective Evaluation of a Virtual Namvasive
Percutaneous Intervention Planner in Patients with Coronary Adtsease: Precise PCI Plan
(P3) study. The design and results of this study have been described in detail previously.
HBriefly, the P3 study was an investigatnitiated, controlled, multicentre, prospective study
of patients with chronic coronary syndromes referred for PCI. Patients with CCTA performed
within the standard of care showji a significant epicardial lesion and an invasive FFR
measur ement 00.80 were included. Patients

coherence tomography (OCT) with gaed poststent FFR evaluations. Patients with severely
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calcified vessels, bifuation or ostial lesions, left main disease, severe vessel tortuosity,
previous revascularization, and atrial fibrillation were excluded. The study protocol was
approved by the investigational review board or ethics committee at each participating centre.
All patients signed informed consent before the study procedures. The protocol was registered
as NCT03782688.
Invasive procedure and FFR measurements

Coronary angiograms were acquired in two projections separated at least by 30 degrees
after administerig intracoronary nitreglycerine. Threalimensional quantitative coronary
angiography (3BQCA) was performed before and after PCl using a validated software (CAAS
8.2, Pie Medical Imaging, Maastricht, the Netherlands). FFR measurements were performed
following current recommendatiori$A continuous intravenous adenosine infusias given
at a dose of 140 mg/kg/min via a peripheral or central vein to obtain steddyhyperaemia
for at least 2 min. If FFR drift (>0.03) was observed, the FFR was repeated. FFR was defined
as the lowest ratio between distal and proximal corormasspres during hyperaemia. Resting
full-cycle ratio (RFR) was defined as the lowest distal coretmaprtic pressure value for
each heartbeat averaged over five heart cycles and it was automatically calculated offline using
CoroFlow version 3.6 (Corovéie Research, Uppsala, Sweden). OCT was performed after PCI
using 75 mm pullbacks acquired using Dragonfly OPTIS Imaging Catheter (Abbott Vascular,
St. Paul, MN, USA). An automated algorithm defined minimal stent area (MSA).
Coronary computed tomographyangiography image acquisition and analyses

Coronary CTAs were performed using the latest generation CT scanners. Local imaging
acquisition guidelines were followed with the recommendation for the use of nitrates prior to
CT acquisition and bethlockers incases of heart rate higher than 65 b.g¥Target major
epicardial coronary artery and its branches > 1.8 mm diameter were segmented, and vessel,
lumen was quantified using a validated software (QAngio CT, Medis Medical Imaging, the
Netherlands}* Coronary volume was normalized by vessel lengtissel volume/vessel
length x 100) In order toreflect the lumen volume after PCI, the proximal and distal lumen
diameter references were extrapolated mimicking the effects of PCI (Supplementary Figure
S1).
Myocardial mass quantification

Vesselspecific myocardial mass was quantified from the CCTAages using
Voronoi 6s algorithm with dedicated software
Holdings America Corporatiof)Br i ef | y , i n Voronoi s algoritt

(LV) myocardium is partitioned into perfusion volumes according to their distemdhe
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closest supplying coronary artery and then linked to the nearest voxel on the adjacent coronary
artery.101518ypbsequently, the algorithm automatically calculates the territory by aggregating
all myocardial voxels associated with the voxels of the coronary artery that are distal to the
seed point. The software automatically provides the terrgpecific myoardial mass volume
and in percent of the LV mass. Myocardial mass gram is further obtained by multiplying the
myocardial mass volume by the specific gravityhaf myocardium (1.05 g/mB’18The values
of vesselspecific myocardial mass, in grams (M), and the ratio oMhaver the whole LV
myocardial mass (%M) were used to assess the association with invasive physiology
measurements. Furthermore, V/M ratio was defined as the ratio of normalized lumen volume,
and the %M was calculated.
Study objectives

The primary objectie was to evaluate the association between the vesseific
myocardial mass and V/M ratio with peRCI FFR.
Statistical analysis

Continuous variables with normal distribution are presented as mean + SD and non
normally distributed variables as median (interquartile range). Categorical variables are
presented as counts and percentages. Patients were stratified according to thé/fivedian
value. The ® ests were used to compare the differe
was performed to assess for correlation between myocardial mass, V/M ratio afRCpost
FFR. Regression analysis was performed to adjust the relationshighatyi ratio and post
PCI FFR for minimal stent area, and residual diameter stenosisC3D A p-value <0.05
was considered statistically significaAll statistical analyses were performed with the use of
R statistical software (R Foundation for Statal Computing, Vienna, Austria).
Results
Patient and lesion characteristics

Overall, 132 patients and 135 vessels were included. After exclusion of cases with
suboptimal CCTA quality for analysis, the final population consisted of 120 patients (123
vessels, 94 LAD, 13 LCX, 16 RCA; Supplemental Material Figure S2). The mean age was
64.31£9.9 years, 79% were male and 24% had diabe®es. i ent s®é demographic
stratified by V/M are shown ifable 1 Baseline lesion and physiological charaistics are
shown inTable 2 The majority of lesions (75.7%) were located in the left anterior descending
(LAD) coronary artery. The mean baseline FFR was 0.66+0.13. The mean value of vessel
specific M was 61.0+23.4 (median 59.1 g [IQR 44.3 to 72.4])he mean value of V/M ratio
was8.2+4.6 (median 7.5 [IQR 5.3 to 9.4]).
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The relationship between myocardial mass and baseline RFR and FFR is shown in
Supplemental Material Figure Sthere were no differences in prC1 FFR or RFR in patients
with high orlow V/M (Table 2). Among patients with a low V/M ratio, there were significantly
more LAD as compared to cases with high V/M rat@reover,V/M ratio was significantly
lower in the LAD compared to nelbAD (4.97+1.3vs 7.70+2.1, pralue<0.001whereas %M
was significantly higher in LAD as compared to floRD (42.8+10.3% vs 29.4+10.2%,
p<0.001) The mean V/M ratio was significantly lower for the LAD compared to RCA and
LCx (7.1x3.3 LAD vs. 13.0£7.3 RCA vs. 10.6£3.7 LOx<0.001). Two representative cases
with high and low V/M ratio are shown Figure 1.
Myocardial mass, V/M ratio and postPCl FFR

The mean posPCl RFR and FFR were 0.92+0.05 and 0.88+0.06 units, respectively.
The distribution of posPCI pressure ratios shownkigure 2. The vessels sutntding higher
%M had similar RFR (0.91+0.04 high %M vs. 0.92+0.06 low %M, p=0.178) and lower post
PCI FFR compared to vessels with lower %M FFR 0.87+0.05 high %M vs. 0.89+0.07 low
%M, p=0.047;Figure 3). %M, as continuous variable, was negatively and Bcgmtly
correlated with posPCI RFR and FFR (r8.25, Cl 95%0.41 to-0.07, p=0.006 and r8.35,
Cl 95%-0.18 t0-0.19, p<0.001). Vessels with low V/M had lower pB€ll RFR and FFR
(RFR 0.91+0.05 low V/M vs. 0.93+0.05 high V/Mvalue=0.04 and FFR 07&0.06 low V/M
vs 0.89+0.07 high V/M, p=0.02) and V/M, as a continuous variable, was significantly
correlated with both pofRCI RFR and FFR (RFR r=0.37, 95% CI 6252 p<0.001 and FFR
r=0.41, 95% CI 0.260.55, p<0.001Figure 4). The association of V/Mith postPCl FFR was
independent of residual diameter stenosis (by QCA) and-@i@imum stent aregpoint
estimate 0.006; 95% CI: 0.003 to 0.008; p< 0.001 and point estimate 0.006; 95% CI: 0.003 to
0.008; p< 0.00Irespectively)
Discussion

Thefindings of the present study can be summarized as follows: After PCI, lower RFR
and FFR values were found in vessels supplying a larger myocardial mass. The resultant low
VIM suggests that pressure losses after successful PClI may arise, at leastdoeptrta
mismatch between coronary artery lumen volume and myocardial demand, a situation that was
found particularly frequent in the LAD. The moderate association between mass aR€post
resting and hyperaemic indexes was independent of residual stenosi

Allometric scaling laws have been proposed to relate anatomic and physiologic
variables to organism siz&These laws have also been applied to relate these variables to

organ size?°The general form of the scaling law between organ perfusion and organ mass is
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Q M?%4 In a porcine model, Choy et al. found a very tight relationship between rdigca

flow and mass as well as between coronary artery volume and myocardial mass.
2IAccordingly, Taylor et al. have shown that patients with coronary artery disaasdarge
variations in coronary artery volume and that FFR was significantly lower in arteries with a
small vascular volume and perfusing a large myocardial mass, i.e. arteries with a small V/M
ratio. “The V/M ratio, therefore, appears as a measure of the capability of the epicardial
coronary arteries to supply blood according to the myocardiahdenit is important to note

that the discrepancy in the V/M ratio may be one of the reasons for the observed different FFR
values in the LAD versus ndrAD vessels. It has been confirmed that in regions with larger
amount of myocardial mass (as the zosegplied by LAD) the absolute myocardial blood

flow is greater than in regions supplied by RCA or L&%4Thus, meaning, that in a condition

of higher flow, coronary lesions with equal anatomical stenosis will produce a greater gradient
and a lower FFR compared to those with lower flow. Furthermore, the RCA have higher lumen
volume compared to the LAD due tbet progressive physiologic tapering of the latter.
2Consequently, our results are in accordance with evidence of smaller V/M ratio in the LAD
compared to that in the ndrAD arteries 2%t is noteworthy that previous studies assessed the
association of V/M and FFR on a patient levéfTo the best of our knowledge, our study is

the first to assess the relationship between vegmalific masand resultant V/M ratio and
postPCl RFR and FFR. This was feasible thanks to the advent of dedicated mass extraction
algorithms that can be applied to conventional CCTA. Vesgsetific V/IM implies the
association between blood supply and myocardial ddnf@n each coronary vessel. The
specific territory Voronoi's algorithm has been validated in the swine model and showed
excellent accuracy in measuring myocardial mass at risk. Furthermore, Voronaitsidd
myocardial mass is highly reproducible anddorelate with the ischemic burden.

In the present study, resting and hyperemic pressure ratios after PCl were equally affected by
the myocardial mass subtended by the vessel. The results of the present study suggest that post
PCI FFR should be intergexl by accounting for the subtended mass. In vessels with higher
myocardial mass, peftClI RFR and FFR were lower compared to vessels with lower
subtended mass. Therefore, in vessels with large mass, predominantly represented by the LAD,
lower RFR and FFRralues should be expected. This was independent of residual disease
assessed by diameter stenosis by(BDA and MSA by OCT. Conversely, vessels with lower
mass showed higher peRBCI RFR and FFR values.

Limitations
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The present study has several limitatoFirst, most of the vessels included in our
analysis are LAD, thus, the study was not powered to assess the variation in V/M ratio and its
impact on posPCl FFR across the different coronary arteries; we partly circumvent this issue
by grouping the RCAand LCx and compared them to LAD. Second, by study design, all
patients had a pre C | FFR 0O0. 80; this selection criter
relationship between p#eCl FFR and myocardial mass. Third, the coronary microvascular or
collateal flow, were not available in the current analysis. Foutib,correlation between
myocardial mass and FFR described in the present study did not account for the potential effect
of hydrostatic forces that inevitably affect LAD and flokD differently when sensored tip
wires are used for the measurementfifth, the presented observations are also not
generalizable to patients with severely calcified vessels, bifurcation or ostial lesions, left main
disease, patients with severe vessel tortuosity, history of previous revascularization or atrial
fibrillation since these patients were excluded according to the study protocol.

Conclusion

Fractional flow reserve and ndnyperaemic pressure ratios after PCl are associated
with the subtended myocardial mass and the ratio of coronary volume to subtended mass.
Vesselwith higher myocardial mass have lower pB§ll RFR, and FFR values, and vessels
with higher V/M ratio have higher peBCl RFR and FFR.
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Table 1. Baseline patieoharacteristics.

Variables Overall Low VIM Hig'h VM P-value
<7.5 O7.5
N 120 60 60
Age, years (mean £ SD) 64.3+£9.00 | 65.0+8.8 63.6+9.2 0.40
Sex, Male, n (%) 95 (79.2) | 46 (76.7) | 49 (81.7) 0.65
BMI, kg/m2 (mean + SD) 26.9+3.3 | 27.0+3.3 | 26.7+3.3 0.57
Dyslipidaemia, n (%) 95 (79.2) | 44 (73.3) | 51(85.0) 0.18
Hypertension, n (%) 70(58.3) 27 (45.0) | 43 (71.7) 0.005
Diabetes mellitus, n (%) 29 (24.2) 9 (15.0) 20 (33.3) 0.03
Current smoker, n (%) 28 (23.3) 12 (20.0) 16 (26.7) 0.52
Creatinine, mg/dL 0.94+0.20 | 0.94+0.20 | 0.94+0.20 0.880
Clinical presentation 0.354
Silentischemia n ( %) | 28(23.3) | 15(25.0) | 13(21.7)
Stable angi na| 37(30.8) | 18(30.0) | 19(31.7)
Stabl e angi na| 44(36.7) | 24(40.0) | 20(33.3)
Stable angina 8 (6.7) 2 (3.3) 6 (10.0)
Stable angima 1(0.8) 1(1.7) 0 (0.0)
Unstabl e angi 2 (1.7) 0 (0.0) 2 (3.3)

VI/M volume to mass rati®MI Body mass index

* In patients with two vessels treated (n=3), the one with the lowest V/M was used for the

patientlevel analysis.
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Table 2.PrePCl lesion characteristics stratified by V/M

. Low V/M | High VIM
Variables Overall 3 P-value
<7.5 O7.5
N 123 61 62
Number of vessels, n (%) 0.01
LAD 94 (76.4) | 54 (88.5) | 40 (64.5)
LCX 13 (10.6) 3(4.9) 10(16.1)
RCA 16 (13.0) 4 (6.6) 12 (19.4)
Coronary lumen volume (mfy| 390.2+ 314.3+ 464.9+ 0.001
<0.
meant SD 172.0 104.8 192.3
Coronary lumen volum{ 299.4+ 226.3% 371.2+ 0.001
<0.
(normalized, mr#), meant SD 127.7 72.5 129.8
Vesselspecific myocardial mas 68.23
61.0+ 23.1 539+ 19.5| <0.001
(9), mear SD 24.3
Present myocardial mass (%), me 44.43
39.6+11.7 34.9%10.7| <0.001
+SD 10.8
V/M, meant SD 8.23+4.6 | 51613 | 11.3:4.6 <0.001
Lesion length, QCA, mn{mean 4
25.4+14.4|24.2+11.5 26,5+ 16.7, 0.389
SD)
Vessel length, QCA, mm (mean 133.3% 141.8+ 1249 + 0,002
SD) 30.74 28.89 30.42 '
Mean reference diameter, QCA, n
2.70 £ 0.50 2.78 £ 0.46| 2.63 + 0.53 0.09
(mean = SD)
Minimal lumendiameter, QCA, mn
1.29+0.41| 1.29+0.42 1.30+0.41 0.86
(mean = SD)
Diameter stenosis, QCA, % (mea
sD) 51.4 +14.3 53.6 £ 13.949.21 +14.4  0.089
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Baseline physiology

RFR prePCI (mean £ SD) * 0.77+0.18| 0.76+ 0.19| 0.77+0.18 0.922
FFRprePCI (mean £ SD) ** 0.66+0.13| 0.67+0.14| 0.66+0.13 0.64
Procedural
Number of stents per vessel, (meg

1.27 +0.54) 1.20 + 0.48 1.34 + 0.60 0.15
SD)
Stent diameter, mm (mean £ SD)| 3.23 £ 0.95 3.15+0.78 3.31 £ 1.08 0.36
Stent length, mnimean + SD) 35.0+16.3/32.2+14.2/ 37.7+£17.9 0.06
Predilatation n (%) 113 (91.9)| 56(91.8) | 57 (91.9) 0.48
Postdilatation n (%) 111 (90.2)| 55(90.1) | 56 (90.3) 0.50

QCA quantitative coronary angiography; SD standard deviation; OCT otitedrence

tomography; PCI percutaneous coronary intervention; Wiblume to mass ratjoFFR

fractional flow reserve

* Available for 107 lesions.Liow V/M 53 lesionsHigh V/M 54 lesions)
** Available for 116 lesions. (bw V/M 56 lesionsHigh V/M 60 lesions)
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Table 3. PosPClI lesion characteristics stratified by V/M.
Overall Low V/IM High V/IM

Variables ) P-value
(n=123) <7.5 Oo7.5

N 123 61 62

FFR postPCIl (mean + SD) 0.88+0.06 | 0.87+0.06 | 0.89+0.07 0.02

RFR postPCIl (mean £ SD) 0.92+t0.05 | 0.91+0.05 | 0.93+0.05 0.04

Mean reference diameter, QCA, n
2.86t0.48 | 2.86 £ 0.47| 2.87 £ 0.49 0.91
(mean £ SD)

Minimal lumen diameter, QCA, m
2.76t0.46 | 2.73+0.43| 2.78+ 0.49 0.57
(mean £ SD)

Residual Diameter stenosis, Q(C
% (mean = SD)

Minimal stent area, OCT, nw
(mean £ SD)*

* Available for 1@ lesions. Low V/M 46 lesionsHigh V/M 56 lesions)

FFR fractional flow reserve; RFR restifigll-cycle ratio; QCA quantitative coronary

2.61+11.2 | 3.57 £10.95 1.66+11.4 0.35

5.53+2.06 | 5.49+1.65| 5.56+2.33 0.88

angiography; SD standard deviation; OCT optical coherence tomography; PCI percutaneous

coronary intervention; V/Molume to mass ratio
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Figure 1. Case examples of myocardial mass andR©OFFR.

Panel A shows a coronary CT angiography of a Right Coronary artery (RCA) with-R@lost
FFR of 0.99 with a V/M ratio of 30.0 (Coronary volume 497.3#%M 16.6%). Panel B

shows a Left AnterioDescending artery with a peBCI FFR of 0.79 and a V/M ratio of 5.0
(Coronary volume 150.3min%M 29.9%). The case examples depict the effect of V/M on
postPCIl FFR.

PCI percutaneous coronary intervention; FFR fractional flow reserve; %M percent mylocardia

mass; V/M volume to mass ratio.
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Figure 2. Distribution of pogPCl resting fulcycle ratio and fractional flow reserve.
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Figure 3. Percent myocardial mass and{R3k resting and hyperaemic pressure ratios.

Panels A and B show box plots comparing &6t RFR and FFR values in vessels with low

and high percent mass (%M), respectively. Panels B and C show the relationship between %M
and postPCl RFR and FFR, respectively. Panel E shows the distribution ofl\sgeific

%M stratified by coronary vessel.

PCI percutaneous coronary intervention; RFR restingcfidle ratio; FFR fractional flow

reserve; %M percent myocardial mass.
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Figure 4. Volume to mass ratio and pB€ll resting and hyperaemic pressuaos.

Panels A and B show box plots comparing &6t RFR and FFR values in vessels with low
and high volume to mass ratio (V/M), respectively. Panels B and C show significant
relationships between V/M and pd3€l RFR and FFR, respectively. Panel E shdhe
distribution of vesse$pecific V/M stratified by coronary vessel.

PCI percutaneous coronary intervention; RFR restingcfidle ratio; FFR fractional flow

reserve; V/IM volume to mass ratio
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In reporting the results of FFREACT, the vessel distribution shows a predominance of Left
Anterior Descending arteries (LAD) compared to D vessels (74 % vs. 25%).
Intracoronary pressure measurements in the LAD are affected by the thfidrpsessure
leading to lower fractional flow reserve (FFR) valu€be LAD runs approximately 5 cm
above the ostium of the left main stem resulting iprogressive reduction of the coronary
pressure when measured with sensor tip pressure Wresreically, the highest possible FFR

in a normal LAD would be 0.96, artthnsstent pressure gradients ameariably present in

LAD while the opposite situation occurs in the right coronary artery (RCAr this reason
inclusion criteria of posPCI FFR <0.90 generated a selection bias towards more EAD.
would be of interest to compare vessel type between patients included in the trial and those
with postPCl O0.90 allocated to the registryn addition, understanding how pdaCl
physiology (posPCl FFR, transtent pressure gradients, and the rate of patients with FFR
©.80) differed between LAD and ndr\D vessels could inform practitioners on the inter
vessel differences in coronary @glogy that appear to be more apparent in the-pGst

phase.
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Meta-analysis of individual patient-level data
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Abstract

Background: Low fractional flow reserve (FFR) after PCI has been associated with adverse
clinical outcomes. Hitherto, this assessment has been independent of the epicardial vessel
interrogated.

Objectives: To assess the predictive capacity of g8l FFR for targevessel failure (TVF)
stratified by coronary artery.

Methods: A systematic review and individual patidetel data metanalysis of randomized
clinical trials and observational studies with prote@@ommended po$tCl FFR assessment.
The difference in pogPCl FFR between LAD and ndrAD was assessed using a rand

effect models metanalysis of mean differences. TVF was defined as a composite of cardiac
death, target vessel myocardial infarction, and clinieditlyen target vessel revascularization.
Results: Overall, 3,336 vessels (2,760 patients) with goGt FFR measurements were
included in 9 studies. The weighted mean {#6t FFR was 0.89 (95% CI 0.87 to 0.90) and
differed significantly between coronary vessels (LAD 0.86, 95% CI 0.85 to 0.88 v&AidN

0.93, 95% CI 0.91 to 0.94-value<0.001). PosPCl AR was an independent predictor of
TVF, with its risk increasing by 52% for every reduction of 0.10 FFR units and this was mainly
driven by TVR. In the LAD, posPCIl FFR was 0.064 units (95% CI 0.082 to 0.045) lower
than nonLAD, and the predicted capacityr TVF was poor for the LAD (AUC 0.52, 95% CI
0.47 to 0.58) and moderate for RbAD (0.66, 95% CI 0.59 to 0.73;-palue LAD vs non

LAD = 0.005).

Conclusion: The LAD is associated with a lower pd3€Cl FFR than noiAD arteries,
emphasizing the importaa of interpreting podCl FFR on a vessspecific basis. While
higher postPCI FFR was associated with improved prognosis, its predictive capacity for events
differs between the LAD and ndrAD arteries, being poor in the LAD and moderate in-non

LAD vessels.
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Introduction

Fractional flow reserve (FFR) was developed and validated to quantify the relative
reduction in normal maximum flow due to an epicardial sterdsiBased on a substantial
body of evidence, an FFR between 00780 has entered the guidelines as a metric to determine
the appropriatenes$ @vascularization, and an FFR@.75 can be used to define more severe
flow impairment that is of prognostic relevaricEhe utility of FFR to guide revascularization
decisions has been demonstrated in numerous clinical trials among patients across the spectrum
of coronary artery diseas®.

Successful PCI restablishes epicardial conductance and improves myocardial
perfusion. Consequently, FFR measured after PCI can quantify the degree of functional
revascularizatin. Several studies have observed that in a sizable proportion of patients,
epicardial hemodynamics remain abnormal despite angiographically successfifi’ PCI.
Moreover, posPCl FFR has been proposed as a clinical target to optimize PCI and as a
surrogate endpoint for clinical outcom&$.1* 12

FFR measurements after PCI are increasingly perfobragdin the context of clinical
studies and in routine practice. Hitherto, p@&tl FFR had been proposed as a metric reflecting
the degree of residual flow limitation in coronary vessels. Historically and in contemporary
practice, this assessment hasrbemlependent of the specific epicardial vessel interrogated.
Nevertheless, pofRCl FFR measured in the left anterior descending (LAD) artery has been
reported to be lower than in naAD vesselsThe clinical implications and mechanisms of
this finding remain to be elucidated.

There are four main @ds of this paper:

(1) to present individual patietegvel data (IPD) summarizing peBCI FFR stratified
by coronary artery;

(2) to investigate the predictive power of vessgacific postPCl FFR for target vessel
failure;

(3) to describe the mechanisitat account for intevessel differences in peB(Cl
FFR values;

(4) to provide recommendations for clinicians and trialists about the use and
interpretation of posPCl FFR measurements.

Methods

Two independent reviewers (C.C. and T.M.) systematicallgarched
MEDLI NE/ Embase/ CENTRAL applying the search
PClo. The search was conducted in December
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language. Data were obtained from fully published articles. The princigdtigator for each
of the studies included was contacted for individual paterdl data. We included
randomized clinical trials or observational studies with patients who (i) underwent PCI for
obstructive coronary artery disease; (ii) pp&tl FFR wa measured and (iii) patielgvel data
was obtained. The same two investigators extracted data in agreement with PRISMA (Preferred
Reporting Items for Systematic Reviews and Matalyses) guidelines. Bias assessment was
performed using the Cochrane Cbllar at i ondés tool . There was nc
systematic review and IPD. This systematic review and -areddysis were registered in
PROSPERO (CRD42021274567).

The primary outcome of interest was the predictive capacity ofRI0kFFR for targt
vessel failure (TVF), defined as a composite of cardiac death, target vessel myocardial
infarction (MI), and clinicallydriven target vessel revascularization (TVR) stratified by
coronary artery. Peprocedural myocardial infarction was not include@&ds/F component.
The secondary outcome of interest was determining the difference betwe®Ch&FR units
between LAD and nchAD vessels.
Statistical analysis

Continuous variables are presented as means and standard deviation, and categorical
variables as percentages and counts. The difference irRRfOSEFR between LAD and nen
LAD was assessed using a randeffects models metanalysis of mean differences.
Differences between LAD and ndAD arteries stratified by randomized and observational
studies were compared using randafiects models and interaction testing. Randifacts
models were stratified by trial to assess independent predictors of low@bstFR. For
assessing independent predictors of {f6StFFR, the model was adjusted for age,
hypertension, dyslipidemia, diabetes mellitus, vessel type? @td-FR, number of stents, and
stent length. All patients included in the analysis of the clinical outcomes were treated with
secondgeneration drugluting stents. Receiv@perating charaetistic curves (ROC) were
used to define the best cutoff to predict TVF stratified by vessel (i.e., LAD verstsAin
Youden's index defined the best cutoff to predict TVF in LAD andlb®BD. ROC curves
between LAD and nchAD were compared using the Deng test. Subsequently, survival
curves were created using the vesgedcific cutoff. In addition, vessspecific cutoffs were
verified by maximally selected rank statistics and Cox regression using FFR bins every 0.05
units to detect the maximal hazaedio.

Randomeffect models with random intercepts and slopes were created to assess the

relationship between peBCl FFR and TVF. To account for multiple observations per patient
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mixed effect models were stratified by trial and by patient. For asggssedictors of TVF,

the model was adjusted by known clinical and procedural characteristics associated with
adverse prognoses. Variables showing a significant association with TVF were included in the
multivariable model. Finally, the analysis was comptated by a bivariate megaalysis to
assess the prognostic performance of-past FFR for TVF. These results are presented as
accuracy, sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), positive likelihood ratigPLR), and negative likelihood ratio (NLR) for pd3€l FFR

to detect TVF using the vessslecific cutoffs derived from the ROC analyses (i.e., 0.83 for
LAD and 0.93 for nofLAD). All analyses were performed with R (R Foundation for Statistical
Computing Vienna, Austria).

Results

We identified 54 studies with protoeecommended pofCl FFR assessments. The
systematic review flowchart and preferred reporting items for systematic reviews and meta
analyses (PRISMA) checklist are shown in SupplementateNbl Tables S1 and S2. After
contacting principal investigators, individual patitel data from four randomized clinical
trials and five observational studies encompassing 2,760 patients with 3,336 vessels with post
PCI FFR measurements were obtdirigias assessment is reported in Supplementary Material
Table S3.

1. PostPCI FFR stratified by coronary artery

Overall, 3,336 vessels with peBCI FFR measurements were included in 9 studies.
The design, baseline, and procedural characteristics stratified by study are shown in
Supplemental Material Tables S4 and 8511415161718 The weighted mean age of patients
was63.1 (95% Cl 61.4 to 64.883.1% were males, and diabetes was preseB3Ritlo. The
weighted mean prPCl FFR was 0.6895% CI 0.62 to 0.69) and was similar between vessel
(LAD 0.66, 95% CI 0.63 to 0.69 vs. ndiAD 0.65, 95% CI 0.61 to 0.69; mean difference
0.007, 95% CI-0.023 t0-0.037). The mean number of stents implanted per vessel was
1.26+0.56 and the mean stentilgth was28.1+14.8mm.

PostPCl FFR was measured in LAD: 1,872 (56.1%), LCX: 630 (18.9%) and RCA: 834
(25.0%). The weighted mean pd3ClI FFR was 0.89 (95% CI 0.87 to 0.90) and differed
significantly between coronary vessels (LAD 0.86, 95% CI 0.85 to ws88onLAD 0.93,

95% CI1 0.91 to 0.94-value<0.001) p-value<0.001; Figure 1 and Table 1). The distributions
of preand postPCIl FFR are shown in Supplemental Material Figures S1 and S2. In the LAD,
postPCl FFR was 0.064 (95% CI 0.082 to 0.045) Hhfts lower than nohAD. This
difference was consistent between randomized and observational@iat/( 95% C10.104
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to -0.011 FFR units in randomized trials ¥8.070, 95% CI-0.095 t0-0.045 FFR units in
observational studies;\yalue = 0.473Supplemental Material Figure S3). The LAD vessel,
prePCIl FFR, diabetes mellitus, and stent number and length were independent predictors of
low postPCI FFR (Supplemental Material Table S6).

2. Prognostic capacity of peBtCl FFR for target vesséilure

Two randomized clinical trials and three observational studies encompassing 1,864
patients treated with secomg@neration DES reported midrm clincal outcomes (Table 2).
Overall, 2,184 posPCl FFR measurements were included: LAD 1,301 (59.6%X 386
(17.7%) and RCA 496 (22.7%). The median foHlapr was 2.00 [IQR 1.48.61] years.
Baseline patient and procedural characteristics are shown in Supplemental Material Tables S4
and S5.

Overall, TVF occurred in 161 patients (24 cardiac death, V¥3aVIT, and 132 TVR).
Overall, postPCl FFR had a poor predictive capacity for TVF with an AUC of 0.58 (95% CI:
0.54 to 0.62). When stratified by vessel, the predictive capacity ofRitisFFR for TVF
showed an AUC of 0.52 (95% CI: 0.47 to 0.58) for the La®l an AUC of 0.66 (95% CI:

0.59 to 0.73) for nomAD (p-value LAD vs. noALAD = 0.005) (Figure 2 The predicted
capacity of posPCIl FFR for TVF was mainly driven by TVR. Overall, the risk of TVF
increased by 52% per every reduction of 0.10 FFR unitpg8mental Material Figure S4).
PostPCl FFR was significantly associated with adverse events both in LAD ardAidn
groups; patients with low pe&tCI FFR in LAD and not.AD had higher rates of TVF (Figure

3). Survival curves of TVF components stratifigy low and high pogPCl FFR are shown in
Figure 4. Clinical and procedural characteristics of patients with and without TVF are shown
in Table 3. In a multivariable analysis adjusting for clinical and procedural variables, age and
postPCl FFR emergedsathe only independent predictor of adverse events (Supplemental
Material Tables S7 and S8). The thresholds derived from Youden indexes corresponded to
maximal hazard ratios for TVF for LAD and ntA\D, respectively (Supplemental Material
Table S9 and Fige S5). High posPCIl FFR, according to vessgbecific cutoffs, conferred

high negative predictive values for TVF (LAD: 92%, 95% CI: 1994 and norLAD: 96%

95% CI: 94i 98; Supplemental Material Table S10). The change in FFR (functional gain) was
notassociated with TVF (Supplemental Material Figure S6).

When the composite of cardiac death andMMwvas analysed, patients with low post
PCI FFR had an increased risk of cardiac death eMI'adjusted HR 0.58, 95% CI 0.36 to

0.93, pvalue =0.025); thisncreased risk was observed in LAD and D vessels. As for
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TVF, the predicted capacity of peBCI FFR for TVMI and cardiac death was poor in LAD
and moderate in nebAD (Figure 5).
Discussion

The present individual patient data (IPD) analysis provides evidence linking @bst
FFR to adverse clinical outcomes. The risk of TVF increased by 52% with every 0.10 units
decrease in pofCI FFR. Patients with low peB®CI had an increased risk ofrdac death
and MI than those with high peBCI FFR. Moreover, pof2Cl FFR was thenly independent
predictor of TVF. The novelty of the present analysis lies in the differentiation oP@ist
FFR values among coronary vessels. SpecificalbgtPCl FFR was significantly lower in
LAD vs nontLAD by 0.06 (95% CI: 0.05 to 0.08) FFR units. Additionally, the predictive
capacity of posPCIl FFR for TVF varies between vesselgth poorer performance observed
in the LAD and moderate performance observed inlo®D vessels. The predictive capacity
of postPCI for the outcomes was mainly driven by TVR.

PostPCl FFR has been identified in several independent cohorts as a prognostic
marker. Several factors, including patient characteristics, diffuse diseasmseligr®tic
plaque composition, and PCI technique, have been shown to influence FFR afte? PCI.
Moreover, adrenergictimulation due to stress and anxiety, -pgglration, contrast volume,
ischemic time due to prolonged coronary manipulation, microvascular dysfunction due to
microparticles embolization, temporary or persistent slow flowéflow phenomena can
affect postPCl FFR. Clinically, low posPCl FFR can result from two mechanisms
identifiable using longitudinal vessel assessment. Pressure deterioration can occur gradually
along the coronary vessel with homogeneously distributed pressure gradients (i.e., residual
diffuse disease), or focal pressure gradients may arise from steraxpadgrsion and residual
(or unmasked) focal stenoses. Thus, beyond low-PGs$tFFR, understanding residual
functional disease necessitates longitudinal vessel interrogation withneresdibacks. The
FFR REACT trial addressed this question by assessing the impact of PCI optimization directed
by IVUS in patients with pogPCl FFR <0.90. The use of IVUS translated into higher-post
PCI FFR; however, this strategy failed to improve chhioutcomes at one yea&tA recent
metaanalysis, confirmed the prognimsvalue of posPCIl FFR by demonstrating that reduced
FFR after DES implantation was associated with TVF and cardiac death-bH.T3#The
present analysis expands those findings by exposing the need for a different interpretation of
postPCI FFR according to the coronary artery. Low g&&t FFR values in the LAD are

common, and despite their association with outcomes, its predictieeitafor events was
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poor. In contrast, pofRCI FFR in noALAD appears to bear superior predictive capacity for
TVF than in the LAD.

Two fundamental mechanisms contribute to differential FFR values in LAD versus
nonLAD: the difference in subtended myadal mass and the hydrostatic effedt? 2° The
LAD subtends larger mass, leading to higher blood feind pressure losses. Hydrostatic
effects arise in a supine patient because the mid to distal segment of the LAD runs
approximately 5 cm above the ostium of the left main stem, and when the digital sensor of wire
is placed in this location, a slight hydtatic gradient is invariably generated?’ 28
Conversely, the distal LCX and right posterolateral branches course abbaurh delow the
ostium and the opposite pimenon is observe&’These differences may explain circa 0.04
FFR units in a single vessel. These firgh have been observed with resting and hyperemic
pressure ratid8. Because of the range of the metrics, hydrostatic effect impadtypmraemic
pressure ratios almost twice as much as FFR, given the lower rang@o¥dtues during
resting condition® Notably, the average difference in our cohort between LAD ane non
LAD vessels was 0.064, consistent with the expectation regarding hydrostatie @fi&Dx
0.04 lower from a &£m elevation, LCX or RCA 0.02 higher, due to-4 8m depression; net
difference 0.06). The abovementioned mechanisms may influenced the predictive capacity of
postPCI FFR in LAD vs. nofLAD for TVF.

The primary goals of assssg intracoronary physiology are identifying large
epicardial gradients to explain clinical signs and symptoms and distinguishing focal gradients
(amenable to revascularization) from diffuse gradients (less suitable for revascularization). A
comprehensiveand carefully studied FFR pullback before initiating PCI and after stent
implantation will likely result in more personalized procedural planning, leading to better
patient selection and a higher degree of functional revascularization.

Limitations

The present IPD analysis has several limitations. First, information about the use of
intravascular imaging guidance was not available. Therefore, we can only hypothesize about
the impact of intravascular imaging on p&I FFR and clinical outcomes. Sedy FFR
pullback curves preor postPCIl were not accessible in all studies. Third, randomized and
observational data were combined for the analysis, and outcomes data were available only for
five studies (2 RCTs and three observational studies). Fowthalhoperators and event
adjudication processes were blinded to the-pd3t FFR results. This may have introduced
bias in the management of patients after PCI. Fifth, FFR tracings were not analysed by an

independent Core Laboratory.
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Conclusion and Reconmendations

We believe that the current data on pB&l FFR support the following
recommendations:

1. PostPCl FFR should be interpreted in a vessgmcific manner. Due mainly to
hydrostatic effects and myocardial mass, the LAD coronary artery is dssoaigh a lower
postPCI FFR than noi,AD arteries.

2. PostPCl FFR can be considered a metric of functional revascularization. While
influenced by procedural technique, pB€1 FFR is largely determined by the coronary artery
(LAD vs. nonLAD) and, asshown by other studies, by the baseline phenotype of CAD (focal
vs. diffuse).

3. Although a higher po$RCl FFR reduces the probability of adverse events, its
predictive value was poor for the LAD and moderate for-bAD. There is insufficient
evidence @ support posPCI FFR as a surrogate marker of outcomes in clinical practice.
Further investigation is necessary to understand if additional PCI in responseRCpEFR

data can improve clinical outcomes.
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Table 1. Anatomical and functional charaistcs stratified by vessel.

Variables LAD LCX RCA P-value
Number of vessels 1872 630 834
Diameter stenosis (%), mean = 8D 64.4 +13.9 70.1+14.0 69.8 +13.7 <0.001
Lesion length (mm), mean + $D 20.6 £11.5 16.8+9.1 18.8+115 <0.001
FFRpre-PCI, mean + SH1 0.66 £0.13 0.65+0.14 0.64 £0.15 0.003
FFR postPCl, mean + SD 0.86 £ 0.06 0.93+0.06 0.91 +0.06 <0.001
Functional gain*, mean + Sy 0.20+0.13 0.28 +0.15 0.27 £ 0.16 <0.001
Relative functional gain**, mean * SD | 54.01 +21.39| 75.82 +22.37| 71.73 +21.12 <0.001
Number of stents, mean + SD 1.28+054 | 115+042 | 1.32+0.67 <0.001
Total stent length (mn¥}& mean + SD | 28.82 + 14.24| 23.32 +10.91| 30.14 + 17.62 <0.001

LAD Left anterior descending artery. LQReft circumflex. RCA Right coronary artery. FFR

Fractional flow reserve. PCI Percutaneous coronary interventions. SD Standard deviation.

* Post PCI FFR minus pfBClI FFR.

** Post PCI FFR minus pr@CIl FFR / (1 minus prCIl FFR).

TData available fol,848 vessels.

MData available for 1,815 vessels.

MM Data available foR,734 vessels.

~ Data available for 2,731 vessels.

88Data available foB,282 vessels.
888pData available foB,272 vessels.
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Table 2. Clinical events stratified by study.

revascularization, n (%)

, 3V FFR ARKANSAS COE-
Variables Overall ) FAME 2 TARGET -FFR
FRIENDS Registry PERSPECTIVE
Number of patients 1,864 266 330 742 287 239
Number of vessels 2,184 337 347 937 324 239
Targetvessel failure, n (%) 161 (8.6) 19 (7.1) 57 (17.3) 33 (4.4) 51 (17.8) 1(0.4)
Cardiac death or myocardig
_ _ 66 (3.5) 2(0.8) 31(9.9) 7 (0.9) 25 (8.7) 1(0.4)
infarction, n (%)
Cardiac death, n (%) 24 (1.3) 0 (0.0) 12 (3.6) 6 (0.8) 5(1.7) 1(0.4)
Myocardial infarction, n (%) 43 (2.3) 2(0.8) 20 (6.1) 1(0.1) 20 (7.0) 0 (0.0)
Target vessel
132 (7.2) 19 (7.1) 46 (13.9) 27 (3.6) 40 (13.9) 0 (0.0)
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Table 3.

Variables No TVF TVF P- value
Number ofpatients 1703 161
Age (yrs), mean + SD 63.17+9.44 | 65.50*8.45 0.003
Gender (male), n (%) 1420 (83.4) 136 (84.5) 0.807
BMI, mean £ SD 29.06 + 4.93 28.84 + 4.45 0.755
Hypertension, n (%) 1156 (67.9) 130 (80.7) 0.001
Dyslipidemia, n (%) 1074(63.1) 125 (77.6) <0.001
Diabetes mellitus, n (%) 579 (34.0) 73 (45.3) 0.005
Smoking, n (%) 587 (34.5) 52 (32.3) 0.636
Family history of CAD, n (%) 273 (57.6) 18 (34.6) 0.003
Prior PCI, n (%) 133 (28.1) 14 (26.9) 0.992
Prior M, n (%) 249(17.4) 28 (26.9) 0.022
Number of vessels 2014 170
Vessel (%) 0.280

LAD 1190 (59.1) 111 (65.3)

LCX 361 (17.9) 25 (14.7)

RCA 463 (23.0) 34 (20.0)
FFR prePCl, mean + SB 0.66 £ 0.13 0.67 £0.13 0.975
FFR postPCl, mean + SD 0.88 £ 0.07 0.86 + 0.07 0.001
High postPCI FFR, n (%) 1157 (57.4) 74 (43.5) 0.001
Functional gaiih mean + SB 0.21+0.14 0.20+0.14 0.237
Relative functional gaih, mean + SB 60.29 + 23.41| 54.97 +25.37| 0.008
Number of stents, mean + $D 1.24 +0.52 1.28 + 0.57 0.263
Total stent length (mm), mean + SD 29.92+14.87| 27.19+13.19| 0.021
Diameter stenosis (%), mean + 8D 67.26 + 14.08| 64.41+10.76| 0.139
Lesion length (mm), mean + ST 20.13+11.35| 20.87 £9.66 0.630

TVF Target vessefailure. BMI Body mass index. CAD Coronary artery

disease. Ml

Myocardial infarction. LAD Left anterior descending artery. LCX Left circumflex. RCA Right

coronary artery. FFR Fractional flow reserve. PCI Percutaneous coronary interventions. SD

Standard dewition.

High postPCI FFR was defined using FFR more than 0.83 and 0.93 cutoff for LAD ard non

LAD, respectively.
* Post PCI FFR minus prBCI FFR.

** Post PCI FFR minus prCIl FFR / (1 minus pr@CIl FFR).

T Data available for 526 patients.
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W Data available for 1,533 patients.

8 Data available fot,822 vessels.
88Data available foR,181 vessels.
888Data available fol,503 vessels.

8888Data available fol,481 vessels.
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Figure 1. Overview of included studies with p&&I FFR and functional gain stratified by vessel.
In the top panel, the type of study (randomized vs. observational), study name and number of patients and vesselsthecludgsem analysis.

In the lowest panels, A) shows the distribution of g&&t FFR stratified by coronary artery, B) box plbétpostPCI FFR stratified by coronary
artery.The thick black line in the box plot represents the median value, the box limits'ta@@5%' percentile, and the vertical line the range of

the valuesand C) functional gain (poftCl FFR minus prCl FRR) stratified per coronary artery.
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Figure 2. Receiveoperating characteristic (ROC) curves of pe€il FFR to predict target

vessel failure in all vessels and stratified by LAD versuslodD.
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Figure 3. Risk of targt vessel failure according to pd3C| FFR value stratified by vessel.

In the top panel, KaplaMeier curves for target vessel failure (TVF) in vessels with low FFR
(black) and high (purple) petCl FFR. From left to right, comparisons of TVF in vesgsis

low vs. high posPCI FFR, including all vessels, LAD, and RbAD, are displayed. PogtCI

FFR cutoff were 0.83 and 0.93 for LAD and ndA\D, respectively. The lowest panel shows

the distribution of posPCI values and risk of TVF. The colors (rétlje and green) identify

the tertiles of posPCIl FFR in all vessels, LAD, and ndAD, respectively. The grey bars
depict the distribution of events. The best fit line of the logistic regression analysis is shown

with its confidence interval (yellow shay
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Figure 4. Target vessel revascularization, clinicalljicated targetvessel myocardial
infarction and cardiac death in patients with high and low-Pa8tFFR.

Each row shows a component of target vessel failure (TVF); from top to bottom target vessel
revascularisation, target vessel myocardial infarction andazad#iath. From left to right, all
coronary vessels, only LAD and, in the right AoRD. Patients with high podeCl FFR are
depicted by the purple line, whereas low pgééll in represented by a black line in the survival
curves. Low and high po8tCl FFR vas defined using 0.830 and 0.93 cutoff for LAD and-non
LAD, respectively.
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