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ABSTRACT

Fractional flow reserve is the most widely used physiologic index to establish the functional significance of epicardial
coronary artery disease (CAD). Fractional flow reserve guides clinical decisions toward or against coronary revasculari-
zation based on a single binary decision threshold indicative of myocardial ischemia. CAD pathophysiological patterns can
be evaluated by assessing the distribution of pressure losses along the coronary vessel, often displayed as a “pullback
curve." Until recently, the information provided by the pullback curves was visually and subjectively interpreted, which is
associated with interobserver variability. The pullback pressure gradient is a novel index that addresses this gap by
assessing the longitudinal distribution of the CAD, quantifying it on a scale from O to 1, with higher values indicative
of predominantly focal CAD and lower values of predominantly diffuse CAD. This review provides a comprehensive
analysis and critical appraisal of pullback pressure gradient and future directions. (JACC Adv. 2025;4:101679)
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ractional flow reserve (FFR)—an index that

represents the relative coronary flow reduc-

tion compared with the same vessel hypothet-
ically without coronary artery disease (CAD)—is the
most extensively studied physiologic index to eval-
uate the functional significance of epicardial CAD.
FFR is a flow index derived from pressure measure-
ments obtained with a pressure wire during hyper-
emia."* More recently, other image-based modalities
have been used to compute FFR.>° The use of FFR is
associated withimproved clinical outcomes by guiding
revascularization decisions and identifying patients
who benefit from percutaneous coronary intervention
(PCI) or coronary artery bypass grafting surgery. The
presence or absence of functional significance is most
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commonly based on a threshold value of 0.80.%7
FFR informs on the epicardial resistance to hyperemic
flow, and even though it is a result of cumulative pres-
sure losses along the vessel, the CAD pattern—for
example, focal or diffuse CAD—is not quantified by
the metric.

FFR measures the total epicardial resistance along
the coronary artery, correlates with myocardial
ischemia, and informs about the potential for revas-
cularization.'® FFR-guided PCI is superior to
angiographic-guided PCI in reducing major adverse
cardiovascular events.*’° Distal FFR, however, does
not assess the distribution of pressure losses along
the vessel, and patients with similar distal FFR mea-
surements can have different CAD phenotype
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The Pullback Pressure Gradient

ABBREVIATIONS
AND ACRONYMS

CAD = coronary artery disease

CCTA = coronary computed
tomography angiography

FFR = fractional flow reserve

FFRcr = coronary computed
tomography angiography-
derived fractional flow reserve

iFR = instantaneous wave-free
ratio

MSA = minimal stent area

PCI = percutaneous coronary
intervention

PPG = pullback pressure
gradient

QFR = quantitative flow ratio

TVR = target vessel
revascularization

TVF = target vessel failure

distributions. As compared with patients
with focal pressure loss, diffuse CAD is
associated with lower effectiveness of PCI
with low post-PCI FFR, higher residual
angina, and higher incidence of clinical
events.'>"?

A pressure “pullback,” which should be
routinely performed to check for drift, also
allows assessing the distribution of pressure
losses along the coronary vessel. The
inspection of the pullback curve allows the
identification of focal pressure gradients that
can be a target for PCI. The pullback ma-
neuver, however, lacks standardization, and
assessments are based on subjective in-
terpretations leading to interoperator
variability."'3'4

The pullback pressure gradient (PPG) is a
novel physiologic index that quantifies the
pattern of CAD by analyzing the longitudinal

distribution of epicardial resistance rather than the
total pressure losses (Central Illustration).”> PPG in-
corporates both the focality of coronary stenosis and
the extent of the vessel affected by CAD. This review

provides a comprehensive analysis and critical
appraisal of PPG and future directions.

FFR PULLBACKS: STATE-OF-THE-ART AND UNMET
NEEDS. Standardized methods to measure FFR have
been described.'* To acquire lesion-specific FFR, the
pressure wire sensor should be positioned at least 20
to 30 mm distal to the most distal stenosis at a dis-
tance where poststenotic laminar flow is restored. To
evaluate FFR, however, and establish whether a cor-

onary artery is responsible for myocardial ischemia in

the myocardial territory it supplies, the pressure
sensor should be positioned in the distal part of the
coronary artery where the vessel diameter is at least
2.0 mm by visual estimation.'* Studies addressing

PPG have positioned the pressure-wire sensor in the

distal coronary segment and recorded the position by
contrast angiography.'*>'® Hyperemia is subsequently
induced using hyperemic agents such as adenosine or
papaverine, and pressure tracings are recorded
(Figure 1). To determine the FFR value, the nadir of
the distal coronary pressure (Pd) is divided by the
aortic pressure (Pa).'*

To assess the distribution of epicardial resistance, a

slow manual pullback of the pressure wire is per-
formed over 20 to 30 seconds at a constant speed

without stopping wire withdrawal during maneuver.

The wire position and angiographic landmarks can
serve as markers. Drops in FFR along the pressure
tracing indicate changes in epicardial resistance.'*'”
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HIGHLIGHTS

e PPG provides insights into the epicardial
distribution of the CAD and predicts post-
PClI fractional flow reserve, the likelihood
of symptom relief, and improvement in
quality of life.

e Randomized studies comparing PPG-
guided PCI are needed. The ideal treat-
ment strategy for patients with diffuse
CAD according to the PPG remains un-
certain and requires further
investigation.

PRESSURE-WIRE BASED PPG: CONCEPT AND
CALCULATION. The PPG standardizes FFR pullback
analysis and allows the assessment of CAD patterns in
a continuum from predominantly focal to predomi-
nantly diffuse CAD with an excellent inter- and
intra-observer agreement. PPG is calculated from 2
components: 1) the largest FFR gradient measured in
the pullback; and 2) the extent of functional disease
in the vessel. Specifically, PPG considers the
maximum FFR gradient over 20% of the pullback
relative to the total delta FFR along the vessel.
Extension of functional disease is measured by FFR
deterioration across the vessel and is quantified as an
FFR drop above a threshold per percent of the pull-
back. The final equation to calculate the PPG index
has been defined as follows':

PPG formula using motorized pullback.

MaxPPG20mm
AFFRVessel
N (1 _ length of functional disease (mm)) } i
Total vessel length (mm) ’

PPGindex = {

PPG was initially validated using hyperemic
pressure wire-based motorized pullbacks. The pres-
sure wire (PressureWire X, Abbott Vascular) was
positioned in the distal coronary segments with at
least 2 mm diameter, estimated via angiographic
visualization. Intracoronary nitrates were adminis-
tered, followed by intravenous adenosine at 140 pg/
kg/min through a peripheral or central vein to
maintain a hyperemic state for at least 2 minutes. A
device gripped the pressure wire tip, and a motor-
ized pullback machine performed the maneuver at a
speed of 1 mm/s.'” Pressure gradients were recorded
along the vessel, and PPG was calculated using
code.
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CENTRAL ILLUSTRATION Pathophysiological Coronary Artery Disease Patterns and
Pullback Curves
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CAD = coronary artery disease; FFR = fractional flow reserve; PCl = percutaneous coronary intervention; PPG = pullback pressure gradient.
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FIGURE 1 Focal vs Diffuse Coronary Lesion Patterns

Focal coronary artery disease
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Diffuse coronary artery disease

-
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(A) Pre-PCl invasive angiography of the right coronary artery (RCA); (B) pre-PCl FFR pullback curve and PPG; (C) post-PCl invasive
angiography of the RCA; (D) post-PCl pullback curve showing optimal post-PCI FFR; (E) pre-PCl invasive angiography of the left anterior
descending artery (LAD); (B) pre-PCI FFR pullback curve and PPG; (C) post-PCl invasive angiography of the LAD; (D) post-PCl pullback curve
showing suboptimal post-PCI FFR. FFR = fractional flow reserve; PCl = percutaneous coronary intervention; PPG = pullback pressure
gradient.
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In the motorized pullback technique, MaxPPG,omm
is defined as maximum FFR variation over 20 mm.
AFFRyesser is the pressure difference between the
ostium and the distal vessel. The length with func-
tional disease was defined as length with an FFR drop
ofatleast 0.0015 per millimeter. Therefore, the PPGisa
continuous index where values close to 1 represent
focal CAD and values close to 0 indicate diffuse CAD."

Although the original validation used a motorized
device (Volcano R 100), this prolongs the procedure,
and motorized pullback devices are cumbersome to
use, not widely available, and may require longer
intravenous adenosine infusions. Therefore, PPG was
subsequently validated using manual pullbacks,
which are more convenient for routine clinical prac-
tice as they only take an additional 20 to 30 seconds
to perform with a constant and slow manual pullback
of the pressure wire. These have been proven to
correlate with procedural outcomes in the multi-
center PPG global study, which included 993 patients
across 23 centers worldwide.'®'® The PPG formula has
been simplified for manual pullbacks by adjusting the
distance values in millimeters to relative pullback
duration (seconds). In manual pullback formula,
MaxPPG 20 mm is defined as the maximum FFR
change in 20% of the pullback duration. FFRvessel is
the pressure difference between the ostium and the
distal vessel. The length with functional disease was
defined as length with an FFR drop of at least 0.0015
per millimeter. This approach is reproducible and is
not affected by the pullback duration."

PPG formula using manual pullback.

MaxPPG over 20% of the duration
AFFRVessel

+ (1— Proportion of pullback with

FFR deterioration) 2

ALTERNATIVES TO WIRE-BASED PPG. CCTA-based
PPG. As shown in Table 1, PPG can be derived from
any pressure pullback curve. Coronary computed to-
mography angiography (CCTA)-derived FFR (FFRcrt)
uses computational fluid dynamics to mathematically
model coronary flow and vessel resistance (Figure 2).
Therefore, FFRcr pullbacks can be used to calculate
PPG. In a study by Dai et al,” FFRcr was assessed
using dedicated software (RuiXin-FFR, Raysight
Medical). FFRcr pullback curves were digitized from
the FFRcr system, and the PPG index was calculated
as mentioned above.

Angiographic-based FFR PPG. Angiographic data
can also be used to derive an angiographic FFR pull-
back across the vessel length, and hence PPG can also
be estimated from angiographic-based FFR (Figure 2).
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This technique employs a computational model based
on a 3-dimensional vessel reconstruction to deter-
mine FFR and build pullback curves.® Another option
is using Murray law-based quantitative flow ratios
(QFRs), which applies a computational method to a
single angiographic view, considering side branch
diameters and fractional flow division (Medis Medical
Imaging System).®-2°23

In a pooled analysis of the P3 (Precise Percutaneous
Coronary Intervention Plan; NCT03782688) study and
the TARGET-FFR (Trial of Angiography vs Pressure-
Ratio-Guided Enhancement Techniques—Fractional
Flow Reserve; NCT03259815) randomized clinical
trial, Seki et al** evaluated the accuracy of
angiography-derived FFR (virtual FFR [VFFR], CAAS
Workstation 8.5, Pie Medical Imaging) compared to
wire-based FFR pullbacks. The analysis revealed
moderate agreement between the 2 modalities, with
42.3% of vessels with diffuse disease and 26.4% of
vessels with focal disease being misclassified by
vFFR-based PPG. This could be explained by a limi-
tation of coronary angiography in detecting diffuse
disease, leading to an underestimation of pressure
losses.”” Nonetheless, patients with high PPG derived
from vFFR curves reported less angina after PCL.**

MORPHOLOGICAL CORRELATES

PPG AND PLAQUE PHENOTYPE. PPG has been asso-
ciated with lesion and plaque characteristics. In the
P3 study, PPG was cross-matched with plaque
morphology obtained through CCTA and optical
coherence tomography. The higher the PPG (eg, the
more focal the disease), the greater the plaque burden
at the minimum luminal area region and the low-
attenuation plaque burden. Lipid-rich plaques and
thin-cap fibroatheromas were more common in focal
than diffuse disease.?° In patients with PPG >0.65 and
FFR =0.70 the prevalence of vulnerable plaques was
as high as 88.2%.?” These plaque characteristics are
associated with higher risk of future ischemic adverse
events, and intervention may be beneficial.?®-*°
Similar results were observed in the Global PPG
study (NCT04789317).%° In a subgroup analysis of 261
patients (264 vessels) with pre-PCI FFR and intra-
vascular ultrasound pullbacks, patients with focal
disease (high PPG) had a higher prevalence of small
minimum luminal area (<4 mm?), lipid-rich plaque,
and attenuated plaques compared with those with
diffuse disease (high PPG). Conversely, patients with
diffuse disease had a higher prevalence of calcified
plaque (77.5% Vs 59.5%; P = 0.003) and a higher,
though not statistically significant, prevalence of
calcified nodules (40.5% vs 32.0%; P = 0.195).%° In a
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TABLE 1 Comparison Between PPG Derived From Different Modalities

Modalities

Pressure-Wire FFR

Angiography-Derived FFR FFRcr

Pros Robust evidence

Manual or motorized pullback with

similar results
Cons Wire-based
Hyperemia needed

Pressure-wire

Hyperemia

+Q

FFR drop threshold to define the length of 0.0015/mm

functional disease
Technologies used in the published studies

Certainty of the evidence

FDA-cleared

Clinically available Q

PressureWire X (Abbott Vascular)

+++

Wireless physiological assessment Wireless physiological assessment
Available before cardiac

catheterization

Assessed in the catheterization Highly dependent on image quality
laboratory Lacks validation
Lacks validation

X X
X X

0.0015/mm 0.0015/mm
0.0250/mm?

QFR (Medis Medical Imaging System)
WQFR (version V2, Pulse Medical)
VFFR (CAAS 8.5 Workstation, Pie Medical

Imaging)

RuiXin-FFR (Raysight Medical)

<< By

1 study considered a major gradient when QFR drop was =0.025/mm; however, a 0.0015 threshold was used to calculate PPG.
FDA = Food and Drug Administration; FFR = fractional flow reserve; FFRCT = coronary computed tomography angiography-derived fractional flow reserve; QFR = quantitative flow ratio.

subanalysis of the P3 study by Sakai et al,*® patients
with diffuse CAD (low PPG) had higher calcium score,
longer calcium length, and higher calcium burden.
These plaque phenotyping findings suggest that pa-
tients with focal disease are at a greater risk of
ischemic events and are more likely to benefit more
from PCI, whereas patients with diffuse disease have
higher calcium burden associated with stent under-
expansion, stent malapposition, and stent delivery
failure and lower post-PCI FFR.*

Using FFRcr to calculate PPG in 359 patients pre-
PCI, Dai et al® evaluated high-risk plaque character-
istics according to CCTA and PPG to predict outcomes.
In this study, high-risk plaque and low PPG
were independently associated with periprocedural
myocardial infarction and postprocedural myocardial
injury. Patients with low PPG and more than 3 high-
risk plaque characteristics had the highest risk of
major adverse cardiac events.” The use of these pa-
rameters showed an incremental prognostic value as
compared with the use of solely pre-PCI clinical data.
PPG AND INTRAVASCULAR IMAGING CORRELATION.
PPG also correlates with intravascular imaging data
after PCI. Patients with focal CAD are more likely to
have larger minimal stent area (MSA) post-PCI, as well
as larger proximal and distal reference areas, and

require shorter stent length, as compared with those
with diffuse CAD.3? Kotuko et al measured PPG using
WQFR from pre-PCI angiograms in 206 patients with
chronic CAD: post-PCI MSA was larger in patients
with focal CAD according to PPG dichotomization
(mean difference: 1.09 mm?; 95% CI: 0.44-1.77 mm?).
Proximal and distal reference luminal areas were
also larger, and stent length was shorter in patients
with focal CAD (mean difference: —3.765 mm;
95% CI: —6.289 to —1.255 mm).>?

Similar findings were presented by Mizukami et al
showing that MSA was larger in patients with focal
disease (6.3 + 2.3 mm? vs 5.3 + 1.8 mm?, P = 0.015)
with significant correlation between MSA and PPG
(r = 0.25; P = 0.012). Stent length was also longer in
patients with diffuse disease (29.7 + 13.2 mm for focal
vs 37.2 +15.8 mm for diffuse disease, P = 0.012). Post-
PCI, stent edge dissections were more frequent in the
diffuse CAD group compared with the focal CAD
group but did not reach statistical significance
(5.4% focal and 15.4% diffuse; P = 0.10).%*

In a subanalysis of the P3 study by Ohashi et al,*?
the post-PCI optical coherence tomography assess-
ment identified higher rates of incomplete stent
apposition in patients with diffuse CAD (11.3% in the
focal subgroup vs 44.2% in the diffuse subgroup,
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FIGURE 2 Fractional Flow Reserve Pullback Curves of Pressure Wire and Angiography-Derived Fractional Flow Reserve
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Pullback pressure tracings using different modalities to assess the FFR including (A) pressure-wire FFR, (B) angiogram-derived FFR, and (C)
FFRCT. FFR = fractional flow reserve; FFRCT = coronary computed tomography angiography-derived fractional flow reserve.
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P = 0.002). In contrast, similar rates of stent edge
dissection, stent underexpansion, and irregular tissue
protrusion were found between groups.®

Overall, patients with focal disease achieved larger
post-PCI MSA compared with those with diffuse CAD.
Lower MSA is associated with a higher risk of stent
thrombosis, in-stent restenosis, target vessel revas-
cularization (TVR), and suboptimal post-PCI FFR.?#-3°
Whether the PPG index should be used as a contin-
uous or dichotomous binary decision threshold to
predict post-PCI MSA requires additional study.>?

CLINICAL OUTCOMES

PROCEDURAL OUTCOMES. PPG predicts post-PCI
FFR, and greater improvements in post-PCI FFR
have been associated with lower incidence of adverse
event rates and greater angina relief.?°® However,
even in patients with optimal stent expansion, post-
PCI FFR may be suboptimal, especially in those with
diffuse CAD.?° Suboptimal FFR post-PCI is linked to
higher rates of cardiac death, target vessel myocardial
infarction, and TVR.3%4°

In the study from Mizukami et al, post-PCI FFR was
higher in focal CAD (0.91 + 0.07 vs 0.86 + 0.05,
P < 0.001), and PPG accurately predicted post-PCI
FFR (area under the curve [AUC]: 0.81; 95% CI:
0.73-0.88).%° In a subanalysis of the TARGET-FFR, the
proportion of patients achieving post-PCI FFR =0.90
was higher in patients with focal disease (52.6% vs
15.8%; P < 0.001) as compared with diffuse CAD.
Multivariable analysis showed that PPG was inde-
pendently associated with post-PCI FFR.*'

Similar results were observed in PPG derived from
angiography-derived FFR virtual pullback curves. In a
study from Shin et al,” 234 patients with QFR
pullback curves were analyzed. Patients with pre-
dominantly focal disease (QFR-PPG =0.78) had a
higher mean post-PCI invasive hyperemic FFR as
compared with predominantly diffuse disease (<0.78)
(0.87 + 0.06 vs 0.82 4 0.06). Post-PCI analysis from
the PANDA III study (Comparison of BuMAeG Based
Biodegradable Polymer Stent With EXCEL Biode-
gradable Polymer Sirolimus-eluting Stent in “Real-
World” Practice; NCT02017275), which included 1,335
patients and 1,607 target vessels, showed that pa-
tients with optimal post-PCI QFR (>0.91) predomi-
nantly present residual disease with high QFR-PPG
(>0.78). In contrast, patients with suboptimal post-
PCI QFR (<0.91) mostly presented with residual
diffuse disease per QFR-PPG (=0.78).?°

The Global PPG study enrolled 1,004 (1,057 vessels)
patients and analyzed periprocedural and in-hospital
outcomes of patients with focal vs diffuse CAD
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according to the PPG index classification and showed
that PPG can be used to predict periprocedural out-
comes.'® In this study, periprocedural myocardial
infarction was higher in patients with diffuse CAD
(5.9% Vs 9.8%, P = 0.04) with a trend toward higher
risk for in-hospital target vessel failure (TVF) (6.2% vs
9.8%, P = 0.056). PPG altered decision-making in
13.9% of the patients: of those, 36.2% were referred to
surgical revascularization, and 63.8% to medical
therapy. These changes occurred mainly in patients
with diffuse CAD.

POSTPROCEDURAL OUTCOMES. The impact of PPG
on long-term outcomes is yet to be explored. In the
study from Ohashi et al, only 1 TVF event occurred in
a patient with a focal disease group at 2 years of
follow-up.*' In the study from Mizukami et al, after
12 months of follow-up, TVR rates were similar be-
tween groups (OR: 0.85; 95% CI: 0.58-1.24).%

In a subanalysis of the TARGET-FFR trial, residual
angina was present in 39.8% of patients overall, but
more common in patients with diffuse CAD (51.9%)
than in patients with focal CAD (27.5%) according to
the PPG. PPG moderately predicted post-PCI angina-
free status (AUC: 0.65; 95% CI: 0.52-0.78). In addition,
patients with focal CAD had significantly higher
scores on the Seattle Angina Questionnaire (SAQ)
(mean difference: 11.5 points; 95% CI: 2.8-20.3;
P =0.010).**

After 12 months of follow-up, the PPG global study
demonstrated that PPG was independently associated
with angina relief and target-vessel failure. The
angina frequency SAQ score was significantly higher
in patients with focal disease compared to those with
diffuse disease at 1 year post-PCI (95.3 + 9.9 Vs
92.5 4+ 15.0; P = 0.006). Additionally, 77% of patients
with focal CAD reported no angina at 1 year,
compared to 70.9% of patients with diffuse CAD
(P = 0.0280). Target-vessel failure was more preva-
lent in patients with diffuse CAD receiving PCI
compared with those with focal disease. Among pa-
tients with diffuse disease identified by PPG, those
treated with coronary artery bypass grafting or
optimal medical therapy had lower rates of target-
vessel failure compared to those receiving PCI.

Likewise, in the pooled analysis of the P3 study and
the TARGET-FFR trial, angiography-derived FFR
(VFFR) was used to calculate PPG. After 3 months of
follow-up, patients with focal disease according to
vFFR-based PPG had higher scores on the SAQ
compared to those with diffuse disease. However,
vFFR-based PPG demonstrated poor capacity to pre-
dict freedom from angina (AUC: 0.55; 95% CI: 0.46-
0.64), with no significant differences in quality of life
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post-PCI between focal and diffuse disease. These
results highlight the need for further validation using
noninvasive imaging and virtual-derived pullback
curves.”

In a substudy of a population derived from the
PANDA III study, PPG was calculated from QFR virtual
pullback curves. Low pre-PCI QFR-PPG (=0.78) was
associated with a higher cumulative incidence of a
composite outcome, including cardiac death, target-
vessel-related myocardial infarction, and ischemia-
driven target-vessel revascularization at a 2-year
follow-up (HR: 1.93; 95% CI: 1.08-3.44). This associ-
ation remained significant even after multivariate
adjustment for potential confounding factors.*

While FFR cutoffs determine the need for revas-
cularization, PPG provides insights into the epicardial
distribution of the disease and forecasts PCI out-
comes. PPG is also associated with periprocedural
myocardial infarction with low PPG values (diffuse
CAD) linked with higher periprocedural cardiac
troponin concentrations. Postprocedure, it predicts
post-PCI FFR, delta FFR, the likelihood of symptom
relief, and improvements in quality of life.

COMPARISON WITH OTHER APPROACHES

PPG has been more widely calculated using pressure-
wise (PressureWire X, Abbott Vascular)-based FFR.

In 2 large randomized controlled trials evaluating
nonhyperemic pressure ratios, instantaneous wave-
free ratio (iFR) (Philips) was noninferior to FFR to
guide PCI, leading to its widespread adoption given
its ease of use without the need for hyperemia.**>** In
PPG Global, a subgroup of patients underwent resting
and hyperemic pullback. PPG derived from resting
conditions showed an excellent agreement with PPG
derived from FFR.*> These results suggest the PPG
can be extracted from resting indexes with acceptable
accuracy.

The iFR pullback approach using the SyncVision
system (Philips) allows angiographic iFR coregistra-
tion. In addition, PCI planning can be achieved with
angiographic iFR pullback coregistration that facili-
tates prediction of post-PCI iFR and may influence
decision-making and guide revascularization.*®*7
The ongoing DEFINE GPS (Distal Evaluation of
Functional Performance With Intravascular Sensors
to Assess the Narrowing Effect: Guided Physiologic
Stenting; NCT04451044) randomized controlled trial
is investigating the role of PCI guided by iFR cor-
egistered with the angiogram vs angiographic guid-
ance alone.*® There may be opportunities for

comparative studies evaluating contemporary
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pullback approaches including iFR with angiographic
coregistration vs FFR with PPG pullbacks.

In studies utilizing pressure-wire FFR, PPG was
calculated using the CoroFlow software (Coroventis
Research AB). The derivation from other modalities,
including angiography-derived and FFRcp, could
promote broader adoption of the PPG concept.
Opportunities also exist to better define the length of
functional disease as determined by an FFR drop of at
least 0.0015 per millimeter, as only modalities that
provide such granularity can accurately reproduce
the PPG calculations as originally derived.

FUTURE DIRECTIONS

In patients classified with diffuse CAD according to
PPG, the benefit of PCI remains uncertain. When PCI
is pursued, diffuse CAD is associated with the use of
more and longer stents, increasing the likelihood of
side branch occlusion, stent-induced dissection, per-
iprocedural myocardial infarction, and potentially
TVF. Even with surgical revascularization, diffuse
CAD is associated with higher rates of graft occlu-
sion.*®°° Therefore, PPG is an emerging index that
may enhance decision-making based on the diffuse-
ness of CAD (Figure 2).

PCI
increases myocardial perfusion, and improves symp-
toms.?° Post-PCI, however, residual angina is com-
mon and significantly impacts quality of life and
predicts mortality.”" Diffuse atherosclerosis is one of
the key causes of residual angina.>° In patients with
stable CAD, large randomized controlled trials
comparing an initial invasive strategy with PCI vs
optimal medical therapy have not shown benefits of
PCI. For these patients, assessing disease diffusive-
ness using PPG is even more important, may com-

reduces epicardial coronary resistance,

plement decision-making, and help identify patients
most likely to derive a benefit from PCIs.>>

The main limitation of the evidence supporting
PPG is the process of patient selection. In most
studies, patients intended to be treated with PCI were
included. Therefore, the applicability of PPG in more
complex patients, for example, diffuse multivessel
disease, requires further investigation. Prospective
studies are limited by short follow-up periods and the
lack of prespecified PPG cutoff for decision-making.
To date, there is no randomized controlled trial
analyzing the impact of PPG-guided revasculariza-
tion. Despite that, studies have shown increased rates
of procedural adverse events in patients with low
PPG.'®33 Given the potential of PPG to influence de-
cisions in patients considered for PCI, this approach
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TABLE 2 PPG Studies’ Design and Main Findings

First Author, Year (Ref #)

Sample Size

Modality

Focal vs Diffuse Cutoffs

Clinical Value

Pressure-wire FFR
Collet et al 2019 (P3 study)™

Sonck et al 2022 (single-center
study)'®

Candreva et al 2021 (P3 study)>”

Collet et al 2022 (TARGET FFR
trial)*?

Mizukami et al 2022 (P3 study)

Ohashi et al 2023 (TARGET FFR
trial)*!

Sakai et al 2023 (P3 study)*®

Yang et al 2024 (P3 study)?’

Ohashi et al 2024 (P3 study)®®

Collet et al 2024 (PPG Global)'®

Angiographic-derived FFR

Dai et al 2021 (single-center study)®

Biscaglia et al 2021 (HAWKEYE
study)®

Dai et al 2021 (PANDA Il study)®*

117 patients (158 vessels)

116 maneuvers (96 manual
and 20 motorized)

72 patients (85 vessels)

103 patients

113 patients (116 vessels)

114 patients

117 patients (120 vessels)

95 patients

102 patients (105 vessels)

1,004 patients (1,057 vessels)

103 patients (143 vessels)

111 patients (120 vessels)

1,003 patients (1,044 vessels)

Invasive Hyperemic FFR with
motorized pullback

Invasive Hyperemic FFR with
motorized or manual
pullback

Invasive Hyperemic FFR with
motorized pullback

Invasive Hyperemic FFR with
manual pullback

Invasive Hyperemic FFR with
motorized pullback

Invasive Hyperemic FFR with
motorized pullback

Invasive Hyperemic FFR with
motorized pullback
Invasive Hyperemic FFR with

motorized pullback

Invasive Hyperemic FFR with
motorized pullback

Invasive Hyperemic FFR with
manual pullback

QFR virtual pullback

QFR virtual pullback

QFR virtual pullback

Not specified a cutoff, but
analyzed outcomes per
tertiles

Not applicable

Not applicable

Median value—focal (=0.66)
and diffuse (<0.66)

Highest tertiles (0.73)—focal
(>0.73) and diffuse
(=0.73)

Highest tertiles (0.74)—focal
(=0.74) and diffuse
(<0.74)

Median value—focal (>0.66)
and diffuse (=0.66)

Mean value—focal (>0.65)
and diffuse (=0.65)

Median value—focal (=0.69)
and diffuse (<0.69)

Median value—focal (=0.62)
and diffuse (<0.62)

Median value—focal (=0.74)
and diffuse (<0.74)

Validation of PPG as a tool to
discriminate focal vs diffuse
epicardial atherosclerosis

Validation of manual pullback
maneuvers to accurately allow
PPG calculation

PPG also accurately assesses serial
lesions and may be used to
inform revascularization
decision-making.

Patients with high PPG (focal
disease) reported greater angina
relief and quality of life as
compared with low PPG (diffuse
disease)

Study comparing motorized FFR and
OCT pullbacks before and after
PCI. Focal CAD (high PPG) was
associated with higher post-PCl
FFR and larger MSA

PPG correlated with post-PCl FFR
and delta FFR, with higher values
achieved in patients with focal
disease (high PPG)

Focal CAD (high PPG) is associated
with higher plaque burden and
lipid-rich plaques. Patients with
diffuse CAD (low PPG) had more
calcified plaques.

PPG correlation with CCTA and OCT
plaque analysis. PPG is a
predictor of vulnerable plaque,
especially lesions with low FFR.

Focal CAD (high PPG) is associated
with larger MSA and a higher
incidence of tissue protrusion.
Stent malaposition is more
frequent in diffuse CAD (low
PPG).

PPG correlated with post-PCI FFR
and predicted optimal
revascularization. PPG influenced
treatment decision in 14% of the
patients. Patients with low PPG
(diffuse disease) had a higher
incidence of periprocedural MI.
At the 1-y follow-up, residual
angina was more frequent in
patients with diffuse disease, and
TVF was more frequent among
patients with diffuse disease
undergoing PCI.

Study shows feasibility of PPG index

calculated from QFR virtual
pullback curves. QFR
demonstrated lower accuracy in
diffuse disease (low PPG).

Focal (>0.71 [highest tertile]) As observed in invasive hyperemic

and diffuse (=0.54
[lowest tertile])

Median value—focal (>0.769)

and diffuse (=0.769)

FFR, pre-PCI QFR pullback curve
has a strong correlation with
post-PCI QFR, with higher values
observed in patients with focal
disease.

Patients with low PPG had a higher
incidence of 2-y vessel-oriented
composite outcome. The
incidence of VOCO was similar
between patients with low PPG
receiving PCl (8.4%) as
compared with those treated
conservatively (7.8%).

Continued on the next page




JACC: ADVANCES, VOL. 4, NO. 5, 2025
MAY 2025:101679

Carvalho et al

The Pullback Pressure Gradient

TABLE 2 Continued

First Author, Year (Ref #) Sample Size

Modality

Focal vs Diffuse Cutoffs

Clinical Value

Shin et al 2021 (Combined 4
studies)?,”’

341 patients

Dai et al 2021 (PANDA Ill study)?> 1,395 patients (1,685 vessels)

Dai et al 2022 (PANDA IIl study)?® 1,335 patients (1,607 vessels)

Dai et al 2023 (CZT-SPECT
registry)>®

28 patients (34 vessels)

Kotuko et al 2023 (ASET-JAPAN
study)®?

206 patients (217 vessels)

Seki et al 2024 (P3 study and
TARGET-FFR trial pooled
analysis)*®

298 patients (300 vessels)

CCTA-derived FFR

Dai et al 2023 (single-center study)® 359 patients

QFR virtual pullback

QFR virtual pullback

QFR virtual pullback

QFR virtual pullback

MQFR virtual pullback

VFFR pullbacks

FFRcr (RuiXin-FFR) virtual
pullback

Median—focal (=0.78) and
diffuse (<0.78)

Used cutoff from Shin et al
2021 (0.78)

Used cutoff from Shin et al
2021 (0.78)

Not applicable

Used cutoff from Shin et al
2021 (0.78)

Median value—focal (=0.67)
and diffuse (<0.67)

Lower tertile 0.61—focal
(>0.61) and diffuse
(=0.61)

Incidence of TVF after PCl was
higher in patients with
predominantly diffuse disease.

Prognostic value of pre-PCl QFR-
PPG retained after PCI. Of note,
even in patients with high post-
PCI QFR, vessels with low pre-
PCI QFR-PPG presented a higher
risk of VOCO at 2'y.

Residual disease post-PCl assessed
using post-PCI QFR is
independently associated with
VOCO.

PPG-QFR correlates with myocardial
blood flow assessed by CZT-
SPECT.

Pre-PCI pQFR-PPG is an independent
predictor of post-PCl pQFR.
Diffuse CAD was associated with
smaller MSA and higher plaque
burden in the stented segment.

VFFR moderately agreed with wire-
based FFR pullbacks.
Nonetheless, patients with focal
CAD (high vFFR-PPG) reported
greater angina relief.

Low FFRcy is an independent
predictor of periprocedural MI,
especially in patients with high-
risk plaque characteristics.

°This study included data from the Samsung Medical Center Institutional Registry (Long-Term Outcomes and Prognostic Factors in Patient Undergoing CABG or PCl; NCT03870815), Heart Transplantation
Cohort (Physiologic Assessment of Microvascular Function in Heart Transplant Patients; NCT02798731), Algorithm-PCl registry (Automated Algorithm Detecting Physiologic Major Stenosis and Its Rela-
tionship with Post-PCl Clinical Outcomes study; NCT04304677), and COE-PERSPECTIVE (Influence of FFR on the Clinical OutcomEs of PERcutaneouS Coronary Intervention; NCTO1873560) studies.
CABG = coronary artery bypass grafting; CAD = coronary artery disease; CCTA = coronary computed tomography angiography; FFR = fractional flow reserve; FFRCT = coronary computed tomography
angiography-derived fractional flow reserve; MSA = minimal stent area; OCT = optical coherence tomography; PCl = percutaneous coronary intervention; PPG = pullback pressure gradient;
QFR = quantitative flow ratio; TVF = target vessel failure; VOCO = vessel-oriented composite outcomes.

may improve patient triage and enhance safety in PCI
procedures by reducing PCI-related adverse events.”*

It is important to interpret the PPG individually as
a continuous variable rather than a dichotomous
cutoff to differentiate between focal and diffuse CAD.
The higher the PPG index, the more focal the disease,
and the greater the likelihood that PCI will benefit the
patient. Conversely, a lower PPG index indicates
more diffuse disease, suggesting a lower benefit from
PCI revascularization. The cutoffs to define focal and
diffuse disease varied across studies and were based
on the population analyzed rather than a fixed value.
As shown in Table 2, the median value of the pop-
ulation’s PPG was used to distinguish between focal
and diffuse CAD in most studies. In the PPG global
study, the largest prospective study using PPG to
guide revascularization, a median-based cutoff of
0.62 was used to differentiate between focal CAD
(PPG =0.62) and diffuse CAD (PPG <0.62). In studies
with angiographic-derived FFR PPG, higher median
values were found and used to dichotomize focal vs
diffuse, with values ranging between 0.67 and

0.78.75?3?5 Dai et al analyzing 1,444 vessels, defined
0.769 QFR-derived PPG as the best cutoff to predict
vessel-oriented composite outcome at 2 years using
AUC data. These findings suggest an overestimation
of “focality” of angiographic-derived PPG.

The PPG represents a novel application of coronary
physiology that allows for the diagnosis of the pattern
and to predict the magnitude of flow improvement
with PCI. Several angiographic, lesion, and plaque
characteristics should be considered to determine
revascularization suitability and type. Further ran-
domized trials with long-term follow-up are war-
ranted to explore the current findings of
observational studies. The PPG Primetime trial will
randomize patients to PPG-guided revascularization
according to the PPG strategy vs standard of care.
Further studies are warranted, particularly,
PPG-guided PCI compared with FFR-guided PCIL.
Moreover, the best treatment for patients with diffuse
disease, according to the PPG, requires further
investigation. As most observational studies only
included patients with physiologically significant
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lesions (FFR =0.80), the role of PPG in guiding
decisions in lesions with FFR >0.80 is unknown.

Theoretically, PPG can be derived from any
pullback curve, including hyperemic and non-
hyperemic pressure ratios, CCTA-derived FFR,
angiographic-derived FFR, and even intravascular
imaging-derived FFR. Currently, only Coroflow
software (v3.7, Coroventis Research AB) has PPG
integrated, with PPG derived from other modalities
being mostly used for research purposes in a
retrospective fashion. There are opportunities to
integrate the PPG equation across different modal-
ities, which could lead to broader adoption in real-
world clinical practice.

While PPG data has mostly been validated using
pressure wires in the cardiac catheterization labora-
tory, preprocedural PPG assessment using CCTA re-
quires additional study as they may predict PCI
outcomes by forecasting plaque morphology, post-
PCI FFR, maintenance of angina, suboptimal stent
placement, and increased rates of periprocedural
outcomes.'®2%:29:33 PPG may complement FFRcr-
based virtual PCI planning and help inform preferred
revascularization strategies based on predicted post-
PCI FFRcr and procedural risks.

Widespread adoption of preprocedural PPG
enables a comprehensive physiologic characteriza-
tion of CAD before patients are referred to the cath-
eterization laboratory. This approach can aid in case
triage, shared decision-making, and preprocedural
PCI planning. Invasive PPG assessment is not ex-
pected to incur additional costs, as the same pressure
wire used to assess distal physiology can also perform
the pullback maneuver. Additionally, only an extra
20 to 30 seconds would be needed in cases requiring
hyperemic pressure ratios.'

Cost-effectiveness analyses have shown that
physiology-guided PCI resulted in a cost reduction in
the long-term analysis as compared with
angiography-guided PCI.°*°® Similar or even better
outcomes are anticipated with PPG-guided revascu-
larization. While FFR assess the severity of the
epicardial resistance, PPG evaluates the longitudinal
epicardial distribution of pressure loses. In practice,
PPG complements FFR assessment and may defer PCI
in some patients with hemodynamically significant
diffuse disease. As demonstrated in the PPG global
study, 14% of the patients had their treatment
modified after the PPG assessment, with most being
deferred from PCI to receive alternative treatments.*®
Therefore, PPG not only predicts PCI outcomes but
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also tailors the procedure, leading to greater symp-
tom relief, improved quality of life, higher post-PCI
FFR, and potentially lower rates of TVF.

CONCLUSIONS

PPG is an emerging approach that provides a stan-
dardized and objective method to distinguish focal
from diffuse CAD with predictive capability. It com-
plements FFR, and its measurement provides insights
about the underlying plaque morphology and informs
procedural risk and decisions about therapeutic stra-
tegies. As compared to patients with low PPG indic-
ative of diffuse CAD, those with high PPG have more
focal CAD that, following PCI, are more likely to have
favorable clinical outcomes and symptom relief and
result in higher post-PCI FFR values. PPG represents a
novel complementary approach to phenotype CAD
and forecast outcomes that may optimize PCI results
by improving patient selection.
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