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BACKGROUND: Coronary artery disease (CAD) patterns play an essential role in the decision- making process about revasculari-
zation. The pullback pressure gradient (PPG) quantifies CAD patterns as either focal or diffuse based on fractional flow reserve 
(FFR) pullbacks. The objective of this study was to evaluate the impact of CAD patterns on acute percutaneous coronary 
intervention (PCI) results considered surrogates of clinical outcomes.

METHODS AND RESULTS: This was a prospective, multicenter study of patients with hemodynamically significant CAD undergoing 
PCI. Motorized FFR pullbacks and optical coherence tomography (OCT) were performed before and after PCI. Post- PCI FFR >0.90 
was considered an optimal result. Focal disease was defined as PPG >0.73 (highest PPG tertile). Overall, 113 patients (116 vessels) 
were included. Patients with focal disease were younger than those with diffuse CAD (61.4±9.9 versus 65.1±8.7 years, P=0.042). 
PCI in vessels with high PPG (focal CAD) resulted in higher post- PCI FFR (0.91±0.07 in the focal group versus 0.86±0.05 in the dif-
fuse group, P<0.001) and larger minimal stent area (6.3±2.3 mm2 in focal versus 5.3±1.8 mm2 in diffuse CAD, P=0.015) compared 
withvessels with low PPG (diffuse CAD). The PPG was associated with the change in FFR after PCI (R2=0.51, P<0.001). The PPG 
significantly improved the capacity to predict optimal PCI results compared with an angiographic assessment of CAD patterns (area 
under the curvePPG 0.81 [95% CI, 0.73– 0.88] versus area under the curveangio 0.51 [95% CI, 0.42– 0.60]; P<0.001).

CONCLUSIONS: PCI in vessels with focal disease defined by the PPG resulted in greater improvement in epicardial conductance 
and larger minimal stent area compared with diffuse disease. PPG, but not angiographically defined CAD patterns, distin-
guished patients attaining superior procedural outcomes.

REGISTRATION: URL: https://clini caltr ials.gov/ct2/show/NCT03 782688
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The success of percutaneous coronary interven-
tion (PCI) is assessed immediately after stent 
implantation using angiography or intravascu-

lar imaging. Large stent luminal area with adequate 
stent expansion has been associated with improved 
prognosis.1,2 Coronary physiology can also be used to 

assess PCI results by measuring post- PCI fractional 
flow reserve (FFR). Improvement in FFR after PCI has 
been associated with angina relief.3,4 Furthermore, 
both minimal stent area (MSA) and post- PCI FFR have 
been identified as independent predictors of target 
vessel failure.5,6
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Characterizing coronary artery disease (CAD) 
 patterns plays a central role in the management of pa-
tients with stable CAD, as treatment options may be 
more suited for a particular disease phenotype. The pat-
tern of CAD, that is, focal or diffuse, has been shown to 
 influence revascularization treatment decisions. Diffuse 
disease is considered a marker of poor prognosis with 
limited treatment options, and is one of the underlying 
mechanisms of persistent angina after PCI.7 In contrast, 
PCI in patients with focal CAD improves myocardial per-
fusion and relieves angina.8 Although results of PCI may 

logically be influenced by CAD patterns, the impact of 
diffuse or focal CAD on the efficacy and safety of PCI re-
mains poorly understood. One of the reasons is the lack 
of a reproducible metric standardizing the diagnosis of 
focal and diffuse CAD.

Pathophysiological patterns of CAD can be distin-
guished as focal versus diffuse using hyperemic intra-
coronary pressure pullback recordings. The pullback 
pressure gradient (PPG) provides a novel index based 
on FFR pullback curves that quantify CAD patterns. 
PPG values close to 1 represent focal disease, whereas 
PPGs approaching 0 characterize diffuse  disease.9 
PCI, a focal therapy for CAD, might be of greatest ben-
efit in vessels with high PPG. We investigated the effect 
of PCI in patients with focal and diffuse CAD defined by 
the PPG, in terms of procedural outcomes considered 
surrogates of adverse events.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Design
This substudy is a predefined analysis of the P3 (Precise 
PCI Plan), which study design and main results have 
been reported elsewhere.10,11 Briefly, the P3 study was 
a prospective, investigator- initiated, multicenter study of 
patients with stable CAD referred for PCI. Patients with a 
significant epicardial lesion based on an FFR ≤0.80 were 
considered for inclusion. Patients underwent an invasive 
protocol including motorized FFR pullbacks, and optical 
coherence tomography (OCT) assessment performed 
both before and after PCI for guidance and stent opt-
omization. Patients with severely calcified vessels, bifur-
cation or ostial lesions, left main disease, severe vessel 
tortuosity, previous revascularization, or atrial fibrillation 
were excluded.12 The study protocol was approved by 
the institutional review board or ethics committee at 
each participating center. All patients signed informed 
consent. Invasive anatomical and functional data were 
analyzed by a core laboratory (CoreAalst BV, Aalst, 
Belgium). The protocol was registered on ClinicalTrials.
gov, identifier NCT03782688. The study was sponsored 
by the Cardiac Research Institute Aalst (Aalst, Belgium).

To test the hypothesis that PCI offers the greatest 
benefit to patients with focal CAD, we divided the pop-
ulation according to  PPG tertiles. The highest tertile 
was considered to be focal disease, whereas the in-
termediate and lower PPG tertiles comprising patients 
with diffuse and combined (focal and diffuse) CAD 
were considered diffuse disease.

The study objective was to compare the success 
of PCI in focal and diffuse CAD defined functionally 

CLINICAL PERSPECTIVE

What Is New?
• Pullback pressure gradient (PPG) is a novel ap-

proach to quantify coronary artery disease (CAD) 
patterns as either focal or diffuse based on coro-
nary physiology; PPG is a continuous metric with 
values approaching 0 representing diffuse CAD 
and close to 1 characterizing focal CAD.

• Outcomes of percutaneous coronary interven-
tions (PCI) are superior in vessels with high PPG 
(focal disease) demonstrated by a higher post- PCI 
fractional flow reserve and larger minimal stent 
area, both markers of improved PCI durability.

• In contrast, PCI in vessels with low PPG (diffuse 
disease) is associated with low  post- PCI frac-
tional flow reserve and smaller MS; furthermore, 
the PPG, assessed as a continuous variable, is 
strongly associated with the change in FFR after 
PCI, a parameter predictive of angina relief after 
PCI.

What Are the Clinical Implications?
• The PPG adds a novel dimension to the evalu-

ation of patients with CAD and allows for risk 
stratification before stent implantation; this new 
differentiation of CAD into 2 endotypes paves the 
way for a more personalized clinical decision- 
making process about revascularization.

• Patients with high PPG (focal disease) are ideal 
candidates for PCI, whereas the best treatment 
strategy for patients with diffuse disease re-
mains to be determined.

• Future clinical trials will investigate the benefit of 
PCI compared with medical therapy stratified by 
CAD patterns (focal versus diffuse).

Nonstandard Abbreviations and Acronyms

FFR fractional flow reserve
MSA minimal stent area
PPG pullback pressure gradient
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by measuring post- PCI FFR and morphologically by 
 assessing MSA using OC.

Fractional Flow Reserve Pullbacks
FFR measurements were performed in accordance 
with published standards, before and after PCI.13 The 
pressure wire sensor was positioned in a distal cor-
onary segment >2 mm in diameter by visual estima-
tion. A continuous intravenous adenosine infusion was 
given at a dose of 140 mcg/kg per minute via a periph-
eral or central vein for at least 2 minutes. A pullback de-
vice (Volcano R 100, San Diego, CA), adapted to grip 
the coronary pressure wire (PressureWire X, Abbott 
Vascular, St. Paul, MN, USA), was set to pull back the 
pressure wire at a speed of 1 mm/s during continuous 
recording. If drift >0.03 was observed, the hyperemic 
pullback was repeated. To account for baseline dis-
ease severity, delta FFR was defined as the difference 
between post-  and pre- PCI FFR divided by 1 minus 
pre- PCI FFR. Post- PCI FFR >0.90 was considered an 
optimal result.14

Characterization of CAD Patterns
The PPG calculation has been described in detail 
elsewhere.9 In brief, PPG is calculated by combining 2 
parameters extracted from FFR pullback curves: the 
maximal pressure gradient over 20% of the pullback 
duration, and the relative length of functional dis-
ease. PPG values close to 1 represent focal disease 
and values close to 0 characterize diffuse CAD. PPG 

was calculated offline from motorized FFR pullbacks 
using a commercially available console (Coroflow 
v3.5, Coroventis Research, Uppsala, Sweden).

In addition, coronary angiograms were analyzed, 
blinded to the clinical and physiological data,  to de-
termine the anatomical pattern of CAD, adjudicated 
visually as focal or diffuse by 2 independent observers 
(H.O. and K.S.). Based on angiography, focal disease 
was defined as lesions ≤20 mm in length.9

Optical Coherence Tomography Analysis
OCT pullbacks of 75 mm were acquired using the 
Dragonfly OPTIS Imaging Catheter (Abbott Vascular, 
St. Paul, MN, USA). An automated algorithm defined 
minimal lumen area and MSA. Cases in which OCT 
was performed after predilatation were excluded from 
analyses necessitating minimal lumen area informa-
tion. Stent expansion was defined as the ratio between 
MSA and average reference lumen area. OCT images 
were analyzed using CAAS Intravascular version 2.1 
(Pie Medical Imaging, Maastricht, The Netherlands).

Procedure and Clinical Outcomes
PCI was guided by FFR and OCT, including both physi-
ology and imaging for stent optimization. Optimal pro-
cedural results were defined as MSA >5.5 mm2 and 
post- PCI FFR >0.90. Latest- generation drug- eluting 
stents were implanted. Cardiac biomarkers and an 
electrocardiogram were collected 6 to 24 hours after 
the procedure. To allow for comparison among different 

Figure 1. Study flow chart.
FFR indicates fractional flow reserve; OCT, optical coherence tomography; PCI, percutaneous coronary intervention; and PPG, 
pullback pressure gradient.



J Am Heart Assoc.  ;11:e026960. DOI: 10.1161/JAHA.122.026960 4

Mizukami et al PPG and PCI Outcomes

troponin assays, values were normalized to the assay- 
specific 99th percentile upper reference limit. Clinical 
follow- up was performed at 1 year. Prognostically rel-
evant major periprocedural myocardial injury was de-
fined as post- PCI troponin >5×99th percentile upper 
reference limit.15 Periprocedural myocardial infarction 
was defined according to the fourth universal defini-
tion of myocardial infarction (MI).16 Target vessel failure 
was defined as cardiac death, target- vessel myocar-
dial infarction and ischemia- driven target vessel revas-
cularization, as independently adjudicated by a clinical 
events committee.

Statistical Analysis
Continuous variables with normal distribution are pre-
sented as mean±SD and nonnormally distributed 
variables as median [interquartile range]. Categorical 
variables are presented as counts and percentages. 
Mann– Whitney U tests or t tests were used to compare 
groups according to the distribution of the variables. 
Pearson correlation coefficients assessed the relation-
ship between variables. The agreement between angi-
ography and physiology regarding CAD patterns (focal 
versus diffuse) was assessed using Cohen’s Kappa. The 

area under the receiving operating characteristic (AUC) 
curve quantified the predictive capacity of PPG for MSA 
(cutoff 5.5 mm2) and post- PCI FFR (cutoff 0.90). The De 
Long method was used to compare AUC. Multiple linear 
regression models adjusted by vessel type, lesion length, 
FFR, and PPG were used to assess the independent 
predictors of post- PCI FFR. Unadjusted logistic regres-
sion analysis examined the association between the 
PPG and target vessel failure. For the outcome analysis, 
patients with more than 1 treated vessel were classified 
according to the lowest PPG value. All analyses were 
performed using R statistical software (R Foundation for 
Statistical Computing, Vienna, Austria).

RESULTS
From February 2019 to December 2020, 113 patients 
(116 vessels) were included from 5 centers in 5 coun-
tries. The mean age was 63.9±9.2 years, 80% were 
men, and 23% had diabetes. Most patients (98%) 
presented with stable CAD. The study flow chart is 
shown in Figure 1. Patient characteristics in the overall 
population and stratified by CAD patterns are shown 
in Table  1. Mean PPG was 0.66±0.30 (median 0.66, 

Table 1. Patient Characteristics

Variables Overall Diffuse CAD Focal CAD P value*

Number of patients 113 74 39

Age, y, mean±SD 63.9±9.2 65.1±8.7 61.4±9.9 0.042

Sex, male, n (%) 90 (79.6%) 62 (81.6%) 28 (75.7%) 0.629

Weight, kg, mean±SD 80.7±13.2 79.6±13.0 83.0±13.3 0.207

Height, cm, mean±SD 172.8±9.2 172.5±9.8 173.3±7.7 0.661

Body mass index, mean±SD 27.0±3.4 26.7±3.2 27.5±3.7 0.203

Dyslipidemia, n (%) 88 (77.9%) 60 (78.9%) 28 (75.7%) 0.879

Hypertension, n (%) 65 (57.5%) 40 (52.6%) 25 (67.6%) 0.192

Diabetes mellites, n (%) 26 (23.0%) 18 (23.7%) 8 (21.6%) 0.995

Current smoker, n (%) 24 (21.2%) 16 (21.1%) 8 (21.6%) 1.000

Prior percutaneous coronary intervention, n (%) 6 (5.3%) 4 (5.3%) 2 (5.4%) 1.000

Peripheral artery disease, n (%) 5 (4.4%) 3 (3.9%) 2 (5.4%) 1.000

Previous stroke, n (%) 4 (3.5%) 4 (5.3%) 0 (0.0%) 0.380

Clinical presentation, n (%) 0.144

Silent ischemia 27 (23.9%) 22 (28.9%) 5 (13.5%)

Stable angina CCS I 35 (31.0%) 26 (34.2%) 9 (24.3%)

Stable angina CCS II 41 (36.3%) 23 (30.3%) 18 (48.6%)

Stable angina CCS III 7 (6.2%) 3 (3.9%) 4 (10.8%)

Stable angina CCS IV 1 (0.9%) 1 (1.3%) 0 (0.0%)

Unstable angina 2 (1.8%) 1 (1.3%) 1 (2.7%)

Creatinine, mg/dL, mean±SD 0.94±0.20 0.94±0.19 0.94±0.22 0.975

Creatinine clearance, mean±SD 79.4±23.6 76.5±21.1 85.5±27.6 0.066

Left ventricular ejection fraction (%), mean±SD 60.1±6.1 60.3±6.5 59.8±5.3 0.735

CAD indicates coronary artery disease; and CCS, Canadian Cardiovascular Society.
*For the comparison between focal and diffuse. Continuous variables were compared using t tests and categorical variables using chi square.
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interquartile range [0.55, 0.75]). Physiological pattern 
was dichotomized as focal and diffuse CAD based 
on the highest PPG tertiles (threshold 0.73). Patients 
with diffuse disease were older (61.4±9.9 years versus 
65.1±8.7 years, P=0.042) and tended to have reduced 
renal function (creatinine clearance 85.5±27.6 mL/min 
versus 76.5±21.1 mL/min; P=0.066) compared with 
patients with focal CAD. Other baseline clinical charac-
teristics were similar between patients with focal and 
diffuse CAD (Table 1).

The left anterior descending artery was more fre-
quently associated with the presence of diffuse dis-
ease (Table  2). Mean diameter stenosis was higher 
in focal compared with diffuse disease (59.9±11.2% 
versus 47.3±13.7%, P<0.001). Similarly, patients with 
focal CAD had more severe functional disease (FFR 
0.58±0.15 versus 0.70±0.11, P<0.001). Baseline angio-
graphic, OCT, and functional characteristics stratified 
by focal and diffuse CAD are shown in Table 2. On av-
erage, patients received 1.25±0.5 stents with no differ-
ences between disease phenotypes. Total stent length 
was longer for vessels with diffuse CAD (29.7±13.2 mm 
focal versus 37.2±15.8 mm diffuse, P=0.012), whereas 
mean stent diameter did not differ (3.25±0.95 mm 
focal versus 3.03±0.42 mm diffuse, P=0.081). There 
were no differences between groups in rates of pre- or 
postdilatation (Table 3).

Post- PCI Intravascular Imaging Findings 
by CAD Pattern
Overall, the mean MSA was 5.65±2.03 mm2 (Figure S1), 
but focal disease was associated with larger MSA 
compared with diffuse CAD (6.3±2.3 mm2 versus 
5.3±1.8 mm2, P=0.015). Moreover, analyzing both as 
continuous variables, there was a significant and weak 
correlation between the PPG and MSA (r=0.25 [95% CI, 
0.06– 0.42], P=0.012). Likewise, acute lumen area gain 
was higher in patients with focal CAD (5.6±2.1 mm2 versus 
3.5±1.6 mm2, P<0.001) and was significantly associated 
with PPG(r=0.46 [95% CI, 0.24– 0.64], P<0.001; Figure 2). 
Stent expansion was similar between focal and diffuse 
disease (84±13% versus 79±19%, P=0.254). Post- PCI 
stent edge dissections were more frequently observed 
in patients with diffuse disease (5.4% [2/37] focal versus 
15.4% [10/65] diffuse, P=0.10); however, this finding did 
not reach the statistical threshold for significance.

Post- PCI Physiologic Findings by CAD 
Pattern
Mean post- PCI FFR was 0.88±0.06 (Figure S2), but signif-
icantly higher post- PCI FFR was achieved in patients with 
focal disease than in cases with diffuse CAD (0.91±0.07 
versus 0.86±0.05, P<0.001, Figure 3). There was a signif-
icant and modest correlation between the pre- PCI PPG 

Table 2. Baseline Angiographic, OCT, and Functional Characteristics Stratified by Disease Pattern

Variables Overall Diffuse CAD Focal CAD P value*

Number of vessels 116 77 39

Vessel (%) <0.001

Left anterior descending 87 (75.0%) 69 (89.6%) 18 (46.2%)

Left circumflex artery 13 (11.2%) 4 (5.2%) 9 (23.1%)

Right coronary artery 16 (13.8%) 4 (5.2%) 12 (30.8%)

Baseline quantitative coronary angiography

Lesion length, mm, mean±SD 23.7±12.9 25.6±13.4 19.9±11.3 0.026

Reference lumen diameter, mm, mean±SD 2.7±0.5 2.7±0.5 2.7±0.5 0.928

Reference lumen area, mm2, mean±SD 6.0±2.2 6.0±2.3 5.9±2.1 0.887

Minimal lumen diameter, mm, mean±SD 1.31±0.44 1.43±0.43 1.1±0.4 <0.001

Minimal lumen area, mm2, mean±SD 1.5±1.0 1.7±1.06 1.0±0.7 <0.001

Diameter stenosis (%), mean±SD 51.5±14.2 47.3±13.7 59.9±11.2 <0.001

Baseline OCT

Number of vessels 103 71 32

Distal reference lumen area, mm2, mean±SD 5.6±2.4 5.4±2.4 6.1±2.5 0.182

Proximal reference lumen area, mm2, mean±SD 8.2±3.5 8.1±3.5 8.4±3.4 0.700

Lesion length, mm 30.8±3.9 32.4±14.1 27.2±12.9 0.084

Minimal lumen area, mm2, mean±SD† 1.7±0.7 1.9±0.8 1.4±0.6 0.020

Baseline physiology

Fractional flow reserve, mean±SD 0.66±0.13 0.70±0.11 0.58±0.2 <0.001

Pullback pressure gradient, mean±SD 0.66±0.13 0.58±0.09 0.80±0.06 <0.001

CAD indicates coronary artery disease; and OCT, optical coherence tomography.
*For the comparison between focal and diffuse. Continuous variables were compared using t tests and categorical variables using chi square.
†Available for 67 vessels (55 diffuse and 12 focal) before predilation.
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and post- PCI FFR (r=0.51 [95% CI, 0.37– 0.64], P<0.001). 
PPG predicted post- PCI FFR >0.90 with an AUC of 0.81 
(95% CI, 0.73– 0.88, best PPG cutoff of 0.60). A higher 
proportion of patients with focal CAD achieved a post- 
PCI FFR >0.90 compared with diffuse disease (57% focal 
versus 23% diffuse, P=0.001). In multivariable analysis, 
PPG and the left anterior descending artery emerged 
as independent predictors of post- PCI FFR (Table S1). 
Delta FFR was also significantly higher in patients with 
focal versus diffuse disease (0.33±0.14 versus 0.17±0.12, 
P<0.001). The change in FFR with PCI was largely deter-
mined by the PPG (R2=0.51, P<0.001). Changes in lumen 
area with PCI correlated with changes in FFR (r=0.39 
[95% CI, 0.15– 0.58], P=0.002). PCI in cases of diffuse 
CAD was associated with smaller improvements in both 
FFR and MSA. PCI in vessels with focal disease resulted 
in higher post- PCI FFR and larger MSA. Patients with dif-
fuse CAD had a higher rate of clustered morphological 
and functional suboptimal results (Figure 4).

Comparison Between Angiographic and 
Functional Patterns of CAD
Based on angiography, 67% (78/116) of the patients 
exhibited focal CAD. The agreement between anatomy 

and physiology for the CAD pattern was slight (Cohen’s 
Kappa 0.15 [95% CI, 0.01– 0.29]). Compared with the 
angiographic assessment of CAD patterns, the PPG 
significantly improved the capacity to predict optimal 
functional PCI results (AUCPPG 0.81 [95% CI, 0.73– 0.88] 
versus AUCangio 0.51 [95% CI, 0.42– 0.60]; P<0.001; 
Figure S3). Case examples of focal and diffuse disease 
are shown in Figure 5.

Clinical Outcomes in Patients With Focal 
and Diffuse CAD
After 12 months, the target vessel failure rate was 
16.8% and did not differ between patients with focal 
and diffuse disease (odds ratio [OR] 0.85 [95% CI, 
0.58– 1.24]; Table 4). Postprocedural troponin values 
were higher in patients with diffuse compared with 
focal CAD (normalized post- PCI troponin 0.99 [0.36, 
3.66] in the focal group versus 2.59 [1.03, 11.46] in 
the diffuse group, P=0.037; Figure S4). The rate of 
periprocedural MI, according to the fourth universal 
definition, was comparable between patients with 
focal and diffuse CAD (10% in patients with  focal 
CAD and 19% in patients with diffuse disease, 
P=0.35).

Table 3. Procedural Characteristics Stratified by Disease Pattern

Variables Overall Diffuse CAD Focal CAD P value*

Number of vessels 116 77 39

Procedural characteristics

Number of stents, mean±SD 1.3±0.5 1.3±0.6 1.2±0.4 0.290

Total stent length, mm, mean±SD 34.7±15.4 37.2±159 29.7±13.2 0.012

Stent diameter, mm, mean±SD 3.1±0.7 3.03±0.42 3.25±0.95 0.081

Predilatation, n (%) 102 (87.9%) 67 (87.0%) 35 (89.7%) 0.901

Postdilatation, n (%) 106 (91.4%) 69 (89.6%) 37 (94.9%) 0.546

Post- PCI quantitative coronary angiography

Reference lumen diameter, mm, mean±SD 2.87±0.48 2.85±0.47 2.91±0.49 0.501

Minimal stent diameter, mm, mean±SD 2.79±0.46 2.74±0.42 2.87±0.52 0.160

Residual diameter stenosis (%), mean±SD 2.49±10.51 3.19±10.09 1.10±11.31 0.313

Post- PCI optical coherence tomography

Number of vessels 102 65 37

Minimal stent area, mm2, mean±SD 5.64±2.04 5.27±1.79 6.29±2.30 0.015

Distal reference lumen area, mm2, mean±SD 5.70±2.30 5.33±2.21 6.35±2.34 0.030

Proximal reference lumen area, mm2, mean±SD 8.58±3.34 8.52±3.51 8.71±3.05 0.782

Stent expansion, mean±SD 0.81±0.17 0.79±0.19 0.84±0.13 0.254

Edge dissection, n (%) 12 (11.8%) 10 (15.4%) 2 (5.4%) 0.236

Number of vessels 60 48 12

Acute lumen gain, mean±SD 3.90±1.93 3.47±1.63 5.63±2.12 <0.001

Post- PCI physiology

Fractional flow reserve, mean±SD 0.88±0.06 0.86±0.05 0.91±0.07 <0.001

Relative functional gain, %±SD 0.61±0.24 0.52±0.22 0.79±0.16 <0.001

CAD indicates coronary artery disease; and PCI, percutaneous coronary intervention.
*For the comparison between focal and diffuse. Continuous variables were compared using t tests and categorical variables using chi- square.
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Figure 2. Relationships between pullback pressure gradient and morphological lesions characteristics 
before and after PCI.
The top row shows the relationship between the PPG (x- axes) and minimal lumen area (left), and minimal stent 
area (right). The mid- row shows the relationship between PPG and acute luminal gain (minimal stent area minus 
minimal lumen area) on the left side and stent expansion on the right side. The bottom panel shows the lumen area 
change achieved by PCI stratified by PPG (x- axis). The red arrows identify patients with diffuse disease, whereas 
the blue arrows focal disease with the corresponding mean acute lumen gain. PCI indicates percutaneous coronary 
intervention; and PPG, pullback pressure gradient.
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Figure 3. Relationships between pullback pressure gradient, post- PCI, and delta FFR.
The top row shows the correlations between the PPG (x- axes) and post- PCI FFR (left), and delta FFR (right). In the mid panel, 
the changes in FFR stratified by the PPG are presented. The red arrows categorize patients with diffuse disease, whereas the 
blue arrows identify focal disease. The bottom panel shows the distribution of the PPG. The red shaded area points to PPG 
values considered diffuse CAD, whereas the blue shade is focal CAD. The dashed vertical lines show each vessel analyzed. CAD 
indicates coronary artery disease; FFR, fractional flow reserve; PCI, percutaneous coronary intervention; and PPG, pullback 
pressure gradient.
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DISCUSSION
The PPG— a novel metric that characterizes CAD 
patterns— identified patients in whom PCI resulted in 
superior procedural success. PCI in vessels with high 
PPG (focal disease) was associated with higher delta 
FFR, higher post- PCI FFR, and larger MSA compared 
with vessels with low PPG (diffuse disease). The main 
determinant of functional improvement after PCI was 
the CAD pattern at baseline. Furthermore, CAD pat-
terns based on coronary physiology increased the 
predictive capacity for optimal functional PCI results 
compared with the angiographic assessment alone.

Revascularization is considered appropriate when 
guided by the presence of ischemia.17 Similarly im-
portant is the evaluation of CAD patterns (focal or 
diffuse). Coronary physiology with longitudinal ves-
sel assessment can distinguish focal versus diffuse 
CAD. Pullback maneuvers can be performed during 
resting and hyperemic conditions to inform about 
the functional pattern of disease. The main added 
value of PPG over other pullback technologies (eg, 

instantaneous wave- free ratio) is the quantification of 
the CAD pattern on a scale from 0 to 1, which may 
facilitate interpretation, and its use for clinical decision- 
making. PPG is the first physiologic metric to quantify 
atherosclerosis distribution, and leverages intracoro-
nary pressure gradients unmasked during hyperemic 
conditions. Characterizing disease patterns using cor-
onary physiology reclassifies up to one third of patients 
compared with invasive angiography.9 The presence of 
large, focal pressure gradients is the hallmark of focal 
CAD with high PPG values; conversely, their absence 
results in low PPG and typifies diffuse disease. In this 
way, PPG adds a second dimension to classical FFR 
measurements by providing information about the dis-
tribution of epicardial resistance. Thus, PPG appears 
useful after the hemodynamic significance of the total 
epicardial vessel has been established to further eval-
uate the appropriateness of PCI.

MSA and post- PCI FFR carry prognostic infor-
mation following PCI.2,5 MSA is a strong predictor of 
drug- eluting stent failure. Small MSA is associated 
with drug- eluting stent restenosis, stent thrombosis, 

Figure 4. Proportions of patients attaining optimal anatomical and functional outcomes stratified by CAD patterns.
In the top panel, the pie charts show the proportion of patients achieving high post- PCI FFR (defined as ≥0.90) and large MSA 
(>5.5 mm2). The stacked bars next to the pie charts show the proportion of patients with focal and diffuse CAD having high or low 
post- PCI FFR (right) and large or small MSA (right). At the bottom, the proportion of patients with focal and diffuse CAD in the different 
morphological and functional PCI outcomes combination are shown. A significantly higher proportion of patients with diffuse disease 
had small MSA and low post- PCI FFR. CAD indicates coronary artery disease; FFR, fractional flow reserve; MSA, minimal stent area; 
PCI, percutaneous coronary intervention; and PPG pullback pressure gradient.
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and target lesion revascularization.2,6,18 Furthermore, 
MSA has been used as a surrogate endpoint in clinical 
trials. In practice, intravascular imaging has been rec-
ommended to safely achieve the largest stent lumen 
possible.19 Likewise, low post- PCI FFR has been as-
sociated with adverse clinical outcomes in several ran-
domized and observational studies.5,20 Low post- PCI 
FFR has been associated with an increased risk of tar-
get vessel revascularization, MI, and cardiac death.20- 22 
Similar to MSA, post- PCI FFR has been proposed as 
a target for PCI optimization.4 The present study pro-
vided a unique opportunity to assess changes in mor-
phological and physiological parameters. Suboptimal 
PCI results based on  intravascular imaging (MSA 
≤5.5 mm2) and physiology (post- PCI FFR ≤0.90) were 
observed in 60% and 65% of patients, respectively. 

Furthermore, the presence of both suboptimal imag-
ing and functional findings were observed in 44% of 
the cases, and suboptimal PCI criteria were clustered 
in patients with diffuse CAD (58% diffuse versus 19% 
focal, P<0.001). Nonetheless, it should be highlighted 
that in the present study, there was no difference in 
clinical outcomes between patients with focal and dif-
fuse disease defined by the PPG.

The associations among CAD patterns quantified 
by PPG, MSA, and post- PCI FFR were observed when 
PPG was used as a continuous variable, suggesting 
that PPG should be interpreted as a continuous metric 
rather than using a dichotomous approach. The mech-
anisms underlying the association between low PPG 
and suboptimal PCI results relate to both the stented 
and nonstented segments. In diffusely diseased 

Figure 5. Case examples of focal and diffuse CAD.
Left panel: Functional focal CAD, Right panel: Functional diffuse CAD. (a) and (a’): pre- PCI FFR pullbacks. (b) and (b’): post- PCI 
FFR and FFR pullbacks. (c) and (c’): pre- PCI coronary angiography, white arrowheads show target lesions. (d) and (d’): post- PCI 
angiographies. (e) and (e’): post- PCI OCT with a cross- sectional view at MSA. (f) and (f’): post- PCI OCT longitudinal view indicating the 
position of the MSA. CAD indicates coronary artery disease; FFR, fractional flow reserve; MSA, minimum stent area; and OCT, optical 
coherence tomography; PCI, percutaneous coronary intervention; and PPG, pullback pressure gradient.

Table 4. Clinical Outcomes at 1- Year Follow- Up

Variables Overall Diffuse CAD Focal CAD P value*

Number of patients 113 74 39

Target vessel failure 19 (16.8%) 14 (18.9%) 5 (12.8%) 0.576

Cardiac death 0 (0%) 0 (0%) 0 (0%) NA

Myocardial infarction 18 (15.9%) 14 (18.9%) 4 (10.3%) 0.354

Spontaneous myocardial infarction 1 (0.9%) 1 (1.4%) 0 (0.0%) 1.000

Periprocedural myocardial infarction 18 (15.9%) 14 (18.9%) 4 (10.3%) 0.354

Major periprocedural injury 33 (29.2%) 26 (35.1%) 7 (17.9%) 0.091

Urgent target vessel revascularization 1 (0.9%) 0 (0.0%) 1 (2.6%) 0.744

Stent thrombosis 0 (0%) 0 (0%) 0 (0%) NA

CAD indicates coronary artery disease.
*For comparing focal and diffuse using chi square.
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vessels, lumen reduction due to atherosclerosis leads 
to smaller MSA.23,24 On the other hand, the main con-
tributor to low post- PCI FFR was the presence of pres-
sure losses proximal and distal to treated lesions.8,25 
Of note, the rate of stent edge dissections was numer-
ically higher in vessels with low PPG. This has been re-
lated to diffuse atherosclerosis present at stent edges.7 
OCT detection of stent edge dissections has also been 
identified as a major predictor of major adverse clinical 
outcomes at mid-  and long- term follow- up.6

Periprocedural MI is one of the shortcomings 
of PCI. In the ISCHEMIA (International Study of 
Comparative Health Effectiveness With Medical and 
Invasive Approaches) study, PCI- related MI (ie, type 4a 
according to the fourth universal definition) significantly 
influenced the results of the study, offsetting the re-
duction in spontaneous MI observed with an invasive 
strategy.26,27 Consequently, strategies aiming at reduc-
ing periprocedural PCI risk could translate into patient 
benefit. Compared with focal CAD, PCI in diffusely dis-
eased vessels usually requires longer and more stents, 
thereby increasing the risk of side branch(es) occlusion 
and stent- induced dissection. In the present study, 
patients with diffuse disease, defined by a PPG<0.60, 
had significantly higher troponin levels after PCI and 
had a trend toward higher rates of major periproce-
dural injury (35% versus 18%, P=0.09) that in turn have 
been associated with adverse long- term outcomes.15 
However, there was no difference in the rate of peripro-
cedural MI (defined by the fourth universal definition) 
between patients with focal and diffuse CAD. It can 
be hypothesized that a strategy of thoughtful PCI in 
vessels with high PPG while deferring PCI in vessels 
with diffuse disease may increase procedural safety by 
reducing PCI- related myocardial injury.

Despite the long- standing awareness of the ad-
verse scenario that diffuse CAD poses for PCI, differ-
entiation of CAD patterns in clinical practice remains 
suboptimal, partly related to the lack of standardized 
criteria. Coronary pressure pullbacks have been used 
since the early days of interventional cardiology be-
cause they help in depicting the distribution of epi-
cardial resistance and select an optimal interventional 
strategy.28 The PPG allows stratificatifyingpatients 
with hemodynamically significant lesions into focal 
or diffuse CAD using a scale from 0 to 1. PPG is an 
objective, operator- independent method that can be 
obtained with high reproducibility after manual FFR 
pullback maneuvers.29 This additional level of disease 
discrimination opens the door for personalized man-
agement of patients with CAD. Based on the results 
of the present study, patients with high PPG appear 
to derive the greatest benefit from PCI. Long- term 
follow- up in a larger population is required to assess 
whether patients with focal disease have an improved 
prognosis after PCI compared with those with diffuse 

CAD. This is currently being investigated in the PPG 
Global registry (NCT04789317), where approximately 
1000 subjects undergoing PCI will be assessed by the 
PPG and will be followed clinically for 3 years.

Limitations
First, a relatively small number of patients was in-
cluded; this resulted in limited statistical power to as-
sess differences in clinical outcomes between focal 
and diffuse CAD. Nonetheless, we evaluated post- PCI 
FFR and MSA, 2 surrogate markers of adverse events 
after PCI. Second, motorized FFR pullbacks were used 
for the PPG calculation which is unpractical for daily 
practice. However, the PPG can be similarly derived 
from manual FFR pullbacks with excellent reproduc-
ibility.29 Third, the definition of focal CAD was based on 
the highest tertile of the PPG distribution rather than 
a threshold. . The investigation of a PPG cutoff and 
the clinical impact of focal and diffuse CAD in a larger 
population is currently ongoing in the PPG Global 
registry (NCT04789317).

CONCLUSIONS
PCI in patients with focal CAD defined by the PPG re-
sulted in greater improvement in FFR and larger MSA 
compared with patients with diffuse disease. Optimal 
PCI results (high post- PCI FFR and large MSA) were 
clustered in patients with focal disease. By identifying, 
before treatment, in which patients PCI will achieve su-
perior results, the PPG may be useful in enhancing 
patients’ selection for revascularization. Further ran-
domized clinical trials are required to investigate the 
value of a PPG- guided PCI strategy.
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SUPPLEMENTAL MATERIAL 

  



Table S1. Univariate and multivariate linear regression analysis for the association with post-PCI FFR and relative functional gain 

Variables Univariate analysis Multivariate analysis 

Estimate CI P value Estimate CI P value 

FFR post PCI 

PPG 0.25 0.17 – 0.32 <0.001 1.08 1.00 – 1.16 0.042 

LAD -0.10 -0.12 – -0.08 <0.001 0.92 0.90 – 0.94 <0.001 

Pre-PCI FFR  0.05 -0.04 – 0.13 0.269 - - - 

Lesion length 0.00006 -0.0008 – 0.0009 0.894 - - - 

Relative functional gain 

PPG 1.31 1.07 – 1.54 <0.001 1.95 1.50 – 2.52 <0.001 

LAD -0.36 -0.43 – -0.28 <0.001 0.80 0.74 – 0.85 <0.001 

Pre-PCI FFR  -0.82 -1.11 – -0.54 <0.001 0.62 0.50 – 0.76 <0.001 

Lesion length -0.0001 -0.0034 – 0.003 0.953 - - - 

 



Figure S1. Distribution of minimal stent area (MSA) 

  



Figure S2. Distribution of post-PCI FFR 

  



Figure S3. Comparison of receiver operating characteristic (ROC) curve between pullback 

pressure gradient (PPG) and angiographic assessment of CAD patterns to predict post-PCI 

FFR >0.90 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure S4. Myocardial injury after PCI stratified by CAD patterns 
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