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Introduction Diffuse disease has been identified as one of the main reasons leading to low post-PCI fractional flow
reserve (FFR) and residual angina after PCI. Coronary pressure pullbacks allow for the evaluation of hemodynamic coronary
artery disease (CAD) patterns. The pullback pressure gradient (PPG) is a novel metric that quantifies the distribution and
magnitude of pressure losses along the coronary artery in a focalto-diffuse continuum.

Aim The primary objective is to determine the predictive capacity of the PPG for post-PCI FFR.

Methods This prospective, large-scale, controlled, investigator-nitiated, multicenter study is enrolling patients with at
least 1 lesion in a major epicardial vessel with a distal FFR < 0.80 intended to be treated by PCI. The study will include 982
subjects. A standardized physiological assessment will be performed pre-PCl, including the online calculation of PPG from
FFR pullbacks performed manually. PPG quantifies the CAD pattern by combining several parameters from the FFR pullback
curve. Post-PCl physiology will be recorded using a standardized protocol with FFR pullbacks. We hypothesize that PPG will
predict optimal PCl results (post-PCI FFR > 0.88) with an area under the ROC curve (AUC) > 0.80. Secondary objectives
include patientreported and clinical outcomes in patients with focal vs. diffuse CAD defined by the PPG. Clinical follow-up
will be collected for up to 36 months, and an independent clinical event committee will adjudicate events.

Results Recruitment is ongoing and is expected to be completed in the second half of 2023.
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Conclusion This international, large-scale, prospective study with pre-specified powered hypotheses will determine the
ability of the preprocedural PPG index to predict optimal revascularization assessed by post-PCI FFR. In addition, it will
evaluate the impact of PPG on treatment decisions and the predictive performance of PPG for angina relief and clinical

outcomes. (Am Heart ] 2023;265:170-179.)

Assessing the distribution of flow-limiting atheroscle-
rosis along a coronary artery adds a second dimen-
sion to evaluating lesion significance. Ascertainment of
the hemodynamic pattern of coronary artery disease
(CAD)—either as focal or diffuse—carries therapeutic
implications. Coronary angiography has historically been
used to assess CAD patterns. However, insights from in-
tracoronary pressure pullbacks and intravascular imag-
ing have underlined that coronary angiography underes-
timates the burden of atherosclerosis and can misjudge
the distribution of disease.!’> Moreover, CAD patterns
have been shown to influence treatment decisions con-
cerning myocardial revascularization; diffuse CAD has
been identified as 1 mechanism associated with per-
sistent angina after percutaneous coronary intervention
PCD.>4

Fractional flow reserve (FFR) is a hyperemic intracoro-
nary pressure measurement that correlates with myocar-
dial ischemia by providing a metric of peak flow reduc-
tion.” It has proven superior to an angiographic-based
strategy when selecting lesions for PCI for predicting
death, myocardial infarction or urgent revascularization®
as well as for cost effectiveness’. Nevertheless, the dis-
tal FFR value (also referred to as spot or single point
FFR) results from cumulative pressure loss along the en-
tire vessel due to focal or diffuse atherosclerotic disease
and, frequently, a combination of both.!:® Diffuse CAD is
associated with a lower FFR after PCI°°'° and a higher in-
cidence of clinical events.'! Currently, definitions of dif-
fuse CAD are heterogenous, commonly based on visual
assessment, and therefore subject to high interobserver
variability.® 2

Intracoronary pressure losses along the vessel reflect
the interplay between epicardial atherosclerotic burden
and coronary flow. A pullback maneuver reveals the dis-
tribution and magnitude of these pressure losses. This
pattern can be quantified along a focal-to-diffuse contin-
uum using a novel metric: the pullback pressure gradient
(PPG).®2 PPG quantifies the CAD pattern by combining
2 parameters: the maximal pressure gradient in the pull-
back and the amount of functional disease along the ves-
sel.

A preintervention evaluation of the pressure pullback
pattern may help predict the post-PCI FFR and thus indi-
vidualize revascularization decisions. '> When measured
immediately after PCI, a low residual FFR has been iden-
tified as an independent predictor of future vessel-related

adverse events.'“'° Likewise, the magnitude of improve-
ment in FFR after PCI has been associated with angina
relief, linking the clinical benefit of PCI to a reduction of
pressure gradients and improvements in epicardial con-
ductance. %1719

The PPG Global study will determine the capacity of
PPG to predict optimal functional revascularization as-
sessed by FFR after PCI. It will also explore the impli-
cations for clinical decision-making, its association with
angina improvement at one year, and clinical outcomes
up to 3 years.

Methods
Study design

This prospective, investigator-initiated, multicenter, in-
ternational, large-scale study with prespecified pow-
ered hypotheses, registered at clinicaltrials.gov as
NCT04789317, is enrolling subjects with at least 1 lesion
in a major epicardial vessel with a distal FFR < 0.80 in-
tended to be treated with PCI. Table 1 provides inclusion
and exclusion criteria. Briefly, subjects must be 18 years
or older at the time of inclusion with stable CAD or a non-
culprit vessel after an acute coronary syndrome (ACS).
Aorto-ostial lesions are excluded, given the challenges
of maintaining a suitable guide catheter position during
pressure wire pullback. A total of 25 centers with experi-
ence in coronary physiology are recruiting patients in Eu-
rope, the United Kingdom, Japan, the USA, and Australia
(Table S1). The trial follows the Declaration of Helsinki
and all applicable local regulations. Every subject must
give written informed consent before enrollment, and ev-
ery site must receive approval from its local institutional
review board before recruitment begins. Figure 1 details
the flow of patients included in the PPG Global registry.

Primary and secondary endpoints

The primary endpoint is the predictive capacity of the
PPG index for post-PCI FFR evaluated by area under
the curve (AUC) from receiver operating characteristic
(ROC) analysis. Secondary endpoints include the follow-
ing:

1. Impact of the PPG on treatment decisions assessed
by the rate of deferral from planned PCI to either
coronary artery bypass grafting (CABG) or medical
therapy;
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Figure 1

Stable patients with significant coronary artery disease (FFR < 0.80) and intention
to perform PCI

Initial strategy based on angiography and distal point physiology
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Study Flowchart. Detailed flow of the study, with first and second clinical decisions registered in dedicated questionnaires. The second
(or adapted) clinical decision is registered after FFR pullback with PPG calculation. PCl or deferral is at the operator’s discretion. Patients will
be followed up to 3 years. ACS, Acute coronary syndrome; FFR, Fractional flow reserve; SAQ-7, 7-point Seattle Angina Questionnaire; PCl,

Percutaneous coronary intervention; PPG, Pullback pressure gradient.; OMT, Optimized Medical Therapy; CABG, Coronary artery bypass
graft.

Descargado para Anonymous User (n/a) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en noviembre 16, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



American Heart Journal
Volume 265

Table 1. Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Munhoz etal 173

1. Age >18y

2. Provide written informed consent (IC)
3. Angiographic lesion amenable to PCI
4. Invasive FFR <0.80

Angiographic exclusion criteria:
1. Aorto-ostial lesions.
2. Severe vessel fortuosity*.
3. Vessel rewiring is deemed “difficult” by the operator.

4. Bifurcation with planned 2-stent strategy.
Concomitant contra-indications

. Acute STEMI

NO O NMNWN =

of normal

. NYHA class Il or IV, or last known left ventricular ejection fraction <30%

. NSTEMI culprit vessels

. Uncontrolled or recurrent ventricular tachycardia

. Prior myocardial infarction in the treated vessel

. History of any haemorrhagic stroke

. Active liver disease or hepatic dysfunction, defined as AST or ALT > 3 times the upper limit

8. Severe renal dysfunction, defined as an eGFR <30 mL/min/1.73 m?
Other exclusion criteria
1. Known pregnancy or breastfeeding at the time of randomization.

*Tortuosity is defined as 1 or more bends of 90° or more, or 3 or more bends of 45° to 90° proximal of the diseased segment.

2. Relationship between the baseline PPG and im-
provement in angina symptoms 1 year after PCI as-
sessed by the Seattle Angina Questionnaire (SAQ-7)
both in the overall population and in patients with
symptoms at baseline;

3. Relationship between baseline PPG and health-
related quality of life improvement assessed by the
SAQ-7;

4. Proportion of patients with focal and diffuse disease
free from angina after PCI (defined by the SAQ-7
angina frequency domain) both in the overall popu-
lation and in patients with symptoms at baseline;

5. Proportion of patients with focal and diffuse disease
with post-PCI FFR > 0.90 or > 0.80;

6. Rates of TVF defined as a composite of car-
diac death, target-vessel myocardial infarction, and
ischemia-driven target vessel revascularization be-
tween patients with focal and diffuse disease at 1,
2 and 3 years;

7. Rates of the individual components of TVE includ-
ing periprocedural MI, in patients with focal and dif-
fuse disease defined by PPG;

8. Impact of intracoronary imaging guidance during
PCI on TVF stratified by focal and diffuse disease
defined by the PPG index.

In addition, subanalyses are planned to address the as-
sociation between microvascular assessment and PPG,
comparison of PPG derived in resting and hyperemic
conditions, impact of serial lesions on the post-PCI FFR
prediction, and a comparison between stable and ACS
patients.

Clinical event definitions
Cardiovascular death represents a death resulting from
cardiovascular or undetermined causes. Myocardial in-

farction (MD) includes both spontaneous and periproce-
dural. Spontaneous MI represents an infarct after the first
48 hours following PCI or CABG and unrelated to the
revascularization procedure.?’ Periprocedural MI occurs
within the first 48 hours following PCI or CABG. The cri-
teria for periprocedural MI are shown in Supplemental
material Table $2.%%?! Target-vessel MI is defined as an MI
in the vessel that underwent FFR and PPG measurement
during the index procedure. Target vessel revasculariza-
tion (TVR) is defined as repeat PCI or CABG of any seg-
ment of a target vessel, including the target lesion. Target
lesion revascularization is defined as a reintervention up
to 5 mm proximally or distally to the index lesion. Revas-
cularization is considered ischemia-driven if associated
with any of the following: (1) positive noninvasive stress
test or invasive FFR < 0.80; (2) angiographic diameter
stenosis >50% by core laboratory quantitative coronary
angiography (QCA) with ischemic clinical symptoms or
angiography-derived FFR < 0.80; or (3) angiographic di-
ameter stenosis >70% by core laboratory QCA without
angina. Completeness of revascularization will be quan-
tified by the residual SYNTAX score (1SS) with complete
revascularization indicating an rSS of 0.

Catheterization laboratory protocol

Vascular access and size of the guiding catheter are left
to the operator’s discretion. All subjects will receive 100
to 200 ug of intracoronary nitroglycerin at the beginning
of the procedure. An 0.014” coronary wire with a distal
pressure sensor (PressureWire X, Abbott Vascular, Santa
Clara, CA) will be introduced into the target vessel after
pressure equalization at the tip of the guiding catheter.?
The pressure wire will be positioned in the distal coro-
nary artery in a segment > 2 mm and at least 15 mm
beyond the most distal stenosis by visual estimation and
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its position recorded by contrast angiography. Resting
full cycle ratio (RFR) and FFR will be measured at the
distal wire position. Hyperemia can be induced by var-
ious pharmacologic agents (eg, Adenosine, Papaverine,
Nicorandil, ATP, etc.) according to local practice. The
most commonly used hyperemic agents are intracoro-
nary (IC) Papaverine, Adenosine IV, and Nicorandil IC.
It is important to note that IC Adenosine cannot be
used for PPG assessment because the hyperemic time is
not long enough to perform a pullback maneuver. The
operator will then record 3 items of the initial strategy
in a dedicated pre-PPG questionnaire: (1) the segment
to be treated, (2) the number of stents, and (3) the
total stent length. Subsequently and during maximal
hyperemia, a manual pullback will be performed at a
steady speed over 20 to 30 seconds. All operators will be
trained via movies on how to perform the manual pull-
back maneuver.'> PPG will be calculated online using
CoroFlow software (version 3.5.1, Coroventis Research,
Uppsala, Sweden). After the calculation of the PPG, the
operator will answer a dedicated post-PPG questionnaire
with the same 3 questions regarding the treatment plan.
After the calculation of PPG, deferral of PCI to either
CABG or medical therapy is permitted. Measurement
of microvascular function (coronary flow reserve [CFR]
and index of microvascular resistance [IMR]) pre- and
post-PCI will be performed optionally in selected cen-
ters. PCI will be performed at the operator’s discretion;
the use of intravascular imaging for PCI guidance will be
encouraged. After PCI, RFR and distal FFR will again be
assessed with the pressure wire in the same position as
before the PCI. Finally, an FFR pullback will be repeated,
with markers placed at the distal and proximal stent
edges to allow for coregistration with residual pressure
gradients and stent position. The quality of the pressure
pullback tracings and compliance with the physiology
protocol will be controlled by the core laboratory,
providing feedback to the investigators on the adequacy
of the tracings during the first ten cases at every site.

Calculation of the PPG

The formula for PPG has been described and modified
previously.!> Its equation combines 2 equally-weighted
parameters:

Maximal Pressure Gradient over 20% pullback duration +
Vessel FFR gradient

PPG =

American Heart Journal
November 2023

Coroventis Research, Uppsala, Sweden). Figure 2 shows
the diffuse to focal functional CAD spectrum.

The 7 items Seattle angina questionnaire

The 7-items Seattle Angina Questionnaire (SAQ-7) is
a shortened version of a commonly-used tool to mea-
sure health status by quantifying anginal symptoms, func-
tional limitations due to angina, and the impact of angina
on quality of life. The SAQ-7 summary score and scores
from its individual domains will be used to quantify
angina frequency, physical limitation, and quality of life.
In addition, angina frequency scores will be categorized
into daily or weekly (< 60), monthly (>60, < 100), or
none (= 100), and for the domains of physical limitation
and quality into poor or fair (< 50), good (=50, < 75),
or excellent (>75) categories.>*

Clinical decision and treatment

While an FFR < 0.80 is considered abnormal and revas-
cularization deemed appropriate, there is no guidance on
a PPG threshold; therefore, no threshold was provided to
operators regarding the PPG value. As the first clinical de-
cision is registered before the pullback, this clinical deci-
sion resembles a strategy without access to the PPG value
or the pullback curve pattern, as is common in clinical
practice. Based on prior work, we hypothesize that PCI
of lesions in vessels with low PPG (representing more
diffuse disease) will lead to low post-PCI FFR, less angina
relief, and more frequent target vessel failure (TVF).

Clinical follow-up

Patients will be followed up to 36 months. Follow-up
can occur either by a clinical visit or by telephone con-
tact. During the first-year follow-up interview, an SAQ-
7 will be readministered, and clinical status will be col-
lected at 12, 24, and 36 months. Documentation of hospi-
tal records will be reviewed for all subjects admitted for
major adverse coronary events (cardiac death, periproce-
dural and spontaneous myocardial infarction, target ves-
sel revascularization, and stent thrombosis). Based on the
documentation provided by the local site, clinical end-
points will be adjudicated by an independent clinical
events committee (CEC).

(1 — proportion of pullback time with FFR deterioration)

The maximal pressure gradient over 20% of the pull-
back duration calculates the pressure drop over a fixed
time window lasting 20% of the total pullback dura-
tion. Likewise, the proportion of puliback time with
FFR deterioration uses an FFR threshold of 0.0015 units
per time. The adapted formula has been incorporated
into a commercial console and allows for calculation of
the PPG after a manual pullback manuever (CoroFlow,

Statistical analysis and sample size

We hypothesize that PPG will predict optimal revas-
cularization defined as post-PCI FFR > 0.88 with an ex-
pected area under the ROC curve (AUC) of 0.80. 4 Under
the assumptions of power of 90%, 2.5% 2-sided alpha, a
sample size of 128 patients will be required. The study
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Figure 2
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Diffuse to Focal functional CAD spectrum. Fractional flow reserve (FFR) pullbacks with a pullback pressure gradient (PPG) ordered
from panel A showing diffuse (low PPG) to panel F depicting focal disease (high PPG).

will also be powered for the key major secondary objec-
tive of the impact of PPG on treatment decisions expect-
ing a 20% change in revascularization decisions from the
initial intention to perform PCI to either CABG or medi-
cal therapy. Considering a width of the 95% confidence
interval of 5%, a sample size of 982 patients will be re-
quired to detect this change.

The analysis cohort for the primary outcome will con-
sist only of patients who received PCI. For the primary
objective, we will calculate the area under the receiver
operating characteristic (AUC) curve, adjusted by vessel
type and pre-PCI FFR, and its 95% bias-corrected boot-
strapped confidence interval (CI) as a measure of PPG
discrimination of patients achieving optimal revascular-
ization (post-PCI FFR > 0.88). If this interval excludes
0.60 and contains > 0.80, the study will have met its
primary endpoint. We will then calculate sensitivity,

specificity, positive and negative likelihood ratios to
identify the most appropriate baseline PPG cut-off(s) to
identify patients who will likely achieve optimal revas-
cularization. We will use 2 different linear regression
models to predict post-PCI FFR: one using baseline PPG
dichotomized according to the selected cut-off, and the
other using baseline PPG on a continuous scale as predic-
tor, with both models including vessel type and pre-PCI
FFR as additional predictors. Discrimination based on
AUC, likelihood ratios associated with identified cut-
off(s) of baseline PPG, calibration of predicted post-PCI
FFR from dichotomized baseline PPG, and calibration
of predicted post-PCI FFR from baseline PPG will be
internally validated in the temporally defined derivation
cohort based on 500 bootstrap samples with replace-
ment (primary validation), and then validated in the
temporally defined validation cohort (secondary valida-

Descargado para Anonymous User (n/a) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en noviembre 16, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



176 Munhoz et dl

Figure 3
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A Focal CAD: Pre-PCI FFR Pullback
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Case examples. Panel A shows the pre-PCl FFR pullback of a mid LAD lesion with a distal FFR of 0.73 and a PPG of 0.66 (calculated
with the average of 2 components of a maximal pressure gradient within 20% of the pullback length of 76% and 43% of disease length).
The dashed box, for illustration purposes, shows the location of the maximal pressure gradient detected in the pullback curve. Panel B shows
the baseline angiography, and panel C shows the post-PCl angiographic results (the white dashed line indicates the position of the stent).
Panel D shows the post-PCI FFR pullback with a distal FFR of 0.86. Panel E shows another case with diffuse disease; the pre-PCl FFR was
0.71 with a PPG 0.37. Panel F and G show the pre- and post-PCl angiography (the white dashed line indicates the position of the stent).
Panel H shows a post-PCl FFR of 0.69 with residual diffuse disease. LAD, Left anterior descending artery; FFR, Fractional flow reserve; PG,

Pressure gradient; PPG, Pullback pressure gradient.

tion).%> Calibration is defined as the agreement between
observed and predicted values and will be assessed using
calibration plots, ratio of predicted to observed post-PCI
FFR, and calibration-in-the-large.”® Therefore, this anal-
ysis will provide a PPG threshold for the prediction of
optimal revascularization based on post-PCI FFR. For the
secondary endpoints, the definition of focal and diffuse
coronary artery disease will be based on the baseline
PPG threshold derived from the AUC analysis.” Patients
reported-outcomes will be evaluated by comparing

focal and diffuse disease using linear regression models
adjusted by baseline values and medication use. Clini-
cal outcomes between patients with focal and diffuse
disease will be assessed using adjusted multivariable
logistic regression and Cox regression analyses.

Study limitations

Because of the nonrandomized, observational, and
nonblinded design, certain limitations apply. The pri-
mary objective will be assessed using the AUC method
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and a post-PCI FFR cut-off of 0.88.'* However, after start-
ing this study a large pooled analysis indicated an optimal
post-PCI FFR threshold of 0.86 to predict target vessel
failure, very similar to the 0.88 prospectively chosen in
this registry.”” Clinical thresholds for PPG have not yet
been fully determined; therefore, there is no guidance
regarding treatment decisions based on the PPG value at
the current stage.

Role of the funding source and study oversight

The PPG Global Registry is an investigator-initiated
trial sponsored by the Cardiac Research Institute Aalst
with an unrestricted grant from Abbott Vascular. The
grant giver will not be involved in the study de-
sign, data collection, and data analysis. A core labora-
tory (CoreAalst BV, Aalst, Belgium) will analyze imag-
ing and physiological data. An independent CEC will
adjudicate all endpoints, blinded to the physiological
data.

Results

Recruitment is ongoing, and the primary endpoint is
anticipated in the second half of 2023. Figure 3 shows
2 case examples from the PPG global registry with FFR
pullback before and after PCI in focal and diffuse CAD.

Discussion

Studies in which the indication of PCI has been set
on the grounds of intracoronary physiology have shown
that, after an angiographically successful procedure, ap-
proximately one-fourth of patients show residual flow-
limiting epicardial vessel disease.!>?®:2° The main rea-
sons for low FFR after PCI relate to residual atheroscle-
rotic disease or suboptimal stent deployment.’’ By an-
ticipating the impact of residual disease after PCI, PPG
provides a tool to predict post-PCI FFR and angina im-
provement, thereby allowing personalized revasculariza-
tion decisions. PPG pullback augments the single value
distal FFR evaluation by quantifying the CAD pattern
and identifying focal pressure gradients amenable to PCI.
The present study will determine PPG’s predictive ca-
pacity for post-PCI physiology. In addition, the change
in treatment decision after systematic longitudinal ves-
sel investigation with hyperemic manual pullbacks will
be defined. Furthermore, the impact of focal and diffuse
disease quantified based on intracoronary hemodynam-
ics on patient-reported and clinical outcomes will be as-
sessed at mid-term follow-up.

The field of coronary physiology continues to evolve,
and longitudinal pressure evaluation obtained by manual
pullback manuevers has been shown to have clinical
implications and predict the interventions’ results."
Pullback maneuvers can be performed in resting or
hyperemic conditions to define the disease as focal
or diffuse. In addition to PPG Global, a randomized
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clinical trial, Distal Evaluation of Functional Performance
With Intravascular Sensors to Assess the Narrow-
ing Effect: Guided Physiologic Stenting (DEFINE-GPS
NCT04451044), which uses coregistration of instanta-
neous wave-free ratio (iFR) with angiography, is also
utilizing systematic pullback evaluations to plan and
guide PCI. These trials will shed light of the effects of
PCI in focal vs. diffuse CAD.

Conclusion

This international, large-scale, controlled, prospective
study with pre-specified powered hypotheses will deter-
mine the ability of the PPG index to predict post-PCI FFR.
In addition, it will evaluate the impact of PPG on treat-
ment decision-making and the predictive performance
of PPG for angina relief and clinical outcomes. A subse-
quent randomized clinical trial will be required to assess
the clinical benefit of a PPG-guided PCI strategy.
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