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Intravascular Imaging Findings After PCI in 
Patients With Focal and Diffuse Coronary 
Artery Disease
Hirofumi Ohashi , MD, PhD; Takuya Mizukami , MD, PhD; Jeroen Sonck , MD, PhD; 
Frederic Boussiet , MD; Brian Ko , MD, PhD; Bjarne L. Nørgaard , MD, PhD; Michael Mæng , MD, PhD; 
Jesper Møller Jensen, MD, PhD; Koshiro Sakai , MD, PhD; Hirohiko Ando , MD, PhD;  
Tetsuya Amano , MD, PhD; Nicolas Amabile , MD, PhD; Ziad Ali , MD, DPhil; Bernard De Bruyne , MD, PhD; 
Bon-Kwon Koo , MD, PhD; Hiromasa Otake, MD, PhD; Carlos Collet , MD, PhD

BACKGROUND: Following percutaneous coronary intervention (PCI), optical coherence tomography provides prognosis informa-
tion. The pullback pressure gradient is a novel index that discriminates focal from diffuse coronary artery disease based on 
fractional flow reserve pullbacks. We sought to investigate the association between coronary artery disease patterns, defined 
by coronary physiology, and optical coherence tomography after stent implantation in stable patients undergoing PCI.

METHODS AND RESULTS: This multicenter, prospective, single-arm study was conducted in 5 countries (NCT03782688). 
Subjects underwent motorized fractional flow reserve pullbacks evaluation followed by optical coherence tomography-guided 
PCI. Post-PCI optical coherence tomography minimum stent area, stent expansion, and the presence of suboptimal findings 
such as incomplete stent apposition, stent edge dissection, and irregular tissue protrusion were compared between patients 
with focal versus diffuse disease. Overall, 102 patients (105 vessels) were included. Fractional flow reserve before PCI was 
0.65±0.14, pullback pressure gradient was 0.66±0.14, and post-PCI fractional flow reserve was 0.88±0.06. The mean minimum 
stent area was 5.69±1.99 mm2 and was significantly larger in vessels with focal disease (6.18±2.12 mm2 versus 5.19±1.72 mm2, 
P=0.01). After PCI, incomplete stent apposition, stent edge dissection, and irregular tissue protrusion were observed in 27.6%, 
10.5%, and 51.4% of the cases, respectively. Vessels with focal disease at baseline had a lower prevalence of incomplete stent 
apposition (11.3% versus 44.2%, P=0.002) and more irregular tissue protrusion (69.8% versus 32.7%, P<0.001).

CONCLUSIONS: Baseline coronary pathophysiological patterns are associated with suboptimal imaging findings after PCI. 
Patients with focal disease had larger minimum stent area and a higher incidence of tissue protrusion, whereas stent malap-
position was more frequent in patients with diffuse disease.
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The pattern of coronary artery disease (CAD) is a 
key factor in selecting the treatment strategy for 
patients being considered for revascularization. 

Percutaneous coronary intervention (PCI) is useful in 
relieving symptoms, particularly in patients with focal 

CAD.1 However, a significant number of patients still 
experience symptoms after PCI; this is mainly driven by 
the presence of diffuse disease.2 Furthermore, there 
are distinct differences in plaque characteristics be-
tween focal and diffuse CAD. Atherosclerotic plaques 
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in vessels with focal disease are predominantly lipidic, 
whereas calcifications are more common in vessels 
with diffuse pressure losses.3

Intravascular imaging with intravascular ultrasound 
or optical coherence tomography (OCT) helps to as-
sess lesion characteristics and enhance stent implan-
tation.4 Use of intravascular imaging (IVI) guidance for 
stent optimization has been linked to improved clini-
cal outcomes compared with angiographic guidance 
alone.5–7 Nonetheless, despite IVI, a sizable proportion 

of patients remain with suboptimal PCI findings.8 This 
is partly attributed to the underlying plaque phenotype. 
Furthermore, various OCT findings following stent im-
plantation have been identified as independent predic-
tors of stent failure.9–12

The pullback pressure gradient (PPG) is a recently 
developed metric that quantifies CAD patterns as focal 
or diffuse based on coronary physiology. Significant 
focal pressure gradients are the hallmark of focal dis-
ease, whereas the absence of such gradients charac-
terizes diffuse CAD.13 Due to the differential underlying 
plaque morphology, post-PCI OCT findings are ex-
pected to differ between patients with focal versus dif-
fuse disease; however, this remains to be described. 
We sought to investigate the association between CAD 
patterns defined by coronary physiology and post-PCI 
OCT findings in stable patients undergoing PCI.

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

Study Population
This is a subanalysis of the P3 (Precise PCI Plan) study 
(NCT03782688). The P3 study was a multicenter, pro-
spective, controlled, single-arm study conducted in 
5 countries. The main results have been published 
elsewhere.14 Patients with stable CAD and invasive 
fractional flow reserve (FFR) ≤0.80 were eligible for 
inclusion. Patients underwent an invasive procedure 
with motorized intracoronary pressure recordings for 
longitudinal vessel evaluation followed by OCT. The 
P3 study validated a coronary computed tomography 
angiography-based revascularization planning tool in 
predicting post-PCI FFR. For this analysis, we included 
patients with pre-PCI FFR pullbacks and post-PCI 
OCT. The study protocol was approved by the institu-
tional review board or ethics committee at each par-
ticipating center. All patients signed informed consent 
before the study procedures.

The objective of the present study was to compare 
post-PCI OCT findings, namely, minimum stent area 
(MSA), stent underexpansion, stent edge dissection, ir-
regular tissue protrusion (IP), and incomplete stent ap-
position (ISA) between patients with focal and diffuse 
CAD defined by PPG.

Invasive Procedure
Intracoronary nitroglycerin injection (100–200 μg) was 
administered before angiography. At least 2 projections 
separated by at least 30° were obtained. Coronary angi-
ography was analyzed with 3-dimensional quantitative 
coronary angiography software (CAAS 8.2 software; 

CLINICAL PERSPECTIVE

What Is New?
•	 This study investigated the impact of coronary 

artery disease patterns, defined by the novel 
pullback pressure gradient (PPG), on post-
percutaneous coronary intervention (PCI) opti-
cal coherence tomography findings in patients 
with stable coronary artery disease.

•	 Notably, patients with focal coronary artery dis-
ease, characterized by higher PPG values (focal 
disease), achieved larger minimal stent areas 
and had a higher incidence of irregular tissue 
protrusion, whereas those with diffuse coronary 
artery disease (lower PPG) exhibited more in-
complete stent apposition.

•	 The findings suggest that PPG could serve as 
a predictive tool for identifying suboptimal intra-
vascular imaging outcomes post-PCI.

What Are the Clinical Implications?
•	 These results underscore the growing signifi-

cance of coronary physiology in guiding and 
optimizing PCI procedures. Furthermore, they 
contribute to the body of evidence connecting 
vessel hemodynamics with plaque morphology 
and intravascular imaging outcomes following 
PCI.

•	 This research provides valuable insights into the 
potential use of PPG in enhancing PCI planning 
and improving post-PCI outcomes, highlight-
ing the need for additional investigations into its 
clinical applicability.

Nonstandard Abbreviations and Acronyms

FFR	 fractional flow reserve
IP	 irregular tissue protrusion
ISA	 incomplete stent apposition
IVI	 intravascular imaging
MSA	 minimum stent area
PPG	 pullback pressure gradient
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Pie Medical Imaging, Maastricht, the Netherlands). Pre-
PCI FFR was performed with motorized pullbacks at a 
speed of 1 mm/s using a pullback device (Volcano R 
100, San Diego, CA) during continuous adenosine infu-
sion at 140 μg/kg per minute. Subsequently, OCT was 
performed to assess lesion characteristics and define 
the PCI strategy. All patients underwent PCI with the lat-
est generation drug-eluting stents. Following PCI, OCT 
was performed to assess stent implantation. A final 
OCT pullback was required if an additional intervention 
was performed based on the OCT findings. Afterward, 
FFR with a motorized pullback was repeated. Thus, 
physiology and imaging were used for PCI optimiza-
tion. Optimal procedural results were defined as MSA 
>5.5 mm2 and post-PCI FFR >0.90.15 Cardiac biomark-
ers and an ECG were collected 6 to 24 hours after 
the procedure. To allow for comparison among dif-
ferent troponin assays, values were normalized to the 
assay-specific 99th percentile upper reference limit. 
Prognostically relevant major periprocedural myocar-
dial injury was defined as post-PCI troponin >5×99th 
percentile upper reference limit. Periprocedural myo-
cardial infarction was defined according to the fourth 
universal definition of myocardial infarction.16,17

Physiological Assessment of CAD 
Patterns
From the FFR pullback curves, the PPG was calculated 
using a commercially available console (Coroflow ver-
sion 3.5; Coroventis Research AP, Uppsala, Sweden). 
The PPG calculation has been described in detail else-
where.13 Briefly, the PPG combines 2 parameters ex-
tracted from FFR pullback curves, namely, the maximal 
pressure gradient over 20% of the pullback and the 
extent of functional disease. The PPG values range 
from 0, indicating diffuse disease, to 1, pointing to 
focal CAD. This analysis used the median PPG value 
to define focal from diffuse CAD. After PCI, the residual 
PPG was calculated and was defined as the maximal 
residual pressure gradient (in FFR units) over 20% of 
the pullback. The quality of pressure tracings address-
ing the pressure tracings without a dicrotic notch, 
ventricularization, drift of >0.05 FFR units, unstable hy-
peremic conditions during the pullback maneuver, and 
pullback curves with major artifacts were adjudicated 
by a core laboratory.

OCT Assessment
A frequency domain ILUMIEN OPTIS system using a 
Dragonfly OPTIS Imaging Catheter (Abbott Vascular, 
St. Paul, MN) was used in the present study. An au-
tomated OCT pullback with a speed of 36 mm/s was 
performed during continuous intracoronary injec-
tion of 100% contrast medium, acquiring images at 
a rate of 180 frames/s. OCT was mandated before 

and after stent implantation. Additional maneuvers 
for stent optimization based on OCT were left to the 
operator’s discretion. OCT images were analyzed by 
the Core Laboratory using a dedicated offline review 
system (CAAS Intravascular version 2.1; Pie Medical 
Imaging) blinded to the angiographic data and clini-
cal information. The quantitative measurements of 
cross-sectional OCT images were performed at 200-
μm intervals throughout the stent and 5 mm proximally 
and distally. An automated algorithm defined minimal 
lumen area and MSA. Stent expansion was defined as 
the ratio between MSA and average reference lumen 
area. The mean stent area was calculated from the 
total stent volume divided by the entire stent length. 
ISA was defined as the separation of the inner sur-
face of a stent strut from the inner vessel wall, in seg-
ments without a side branch, by a distance greater 
than or equal to the axial resolution of OCT plus the 
width of the stent strut of each stent type, including 
the polymer coating (>300 μm).10 IP was defined as 
material protrusion with an irregular surface into the 
lumen with a maximal height ≥100 μm. When throm-
bus could not be distinguished from IP, it was catego-
rized as IP.10 Details of OCT definitions are shown in 
Table S1.4,10,18–25

Statistical Analysis
Variables are expressed as mean±SD and median 
(interquartile range [IQR]) for normally and nonnor-
mally distributed data. Categorical variables are ex-
pressed as frequencies and percentages. Continuous 
variables were compared using the Student t test or 
Mann-Whitney tests, as appropriate, and categorical 
variables were compared using the χ2 or Fisher exact 
test, as applicable. None of the P values were adjusted 
for multiple comparisons. Univariate and multivariable 
mixed-effects logistic regression analyses were used 
primarily for hypothesis testing, focusing on investi-
gating the association between CAD patterns defined 
by the PPG and OCT findings after PCI. The univari-
ate analysis incorporated clinical, procedural, and 
physiological characteristics based on their identified 
association with the outcomes.26–29 In multivariable 
analysis, 2 distinct models were developed for each 
outcome (ISA, stent edge dissection, IP, stent under-
expansion). Although both models incorporated clini-
cal covariates, Model 1 included PPG alongside age, 
hypertension, dyslipidemia, and renal function. Model 
2 focused on plaque characteristics, adding variables 
such as calcified plaque and plaque rupture to the 
model.26–29 PPG and FFR were analyzed as continu-
ous variables, with values increasing by 0.1 in univari-
ate and multivariable mixed effects logistic regression 
analyses. Receiver operating characteristics curve 
analyses were used to assess the capacity of PPG 
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for predicting adverse OCT findings. A P value ≤0.05 
was considered to indicate statistical significance. All 
statistical analyses were performed using R statisti-
cal software (R Foundation for Statistical Computing, 
Vienna, Austria).

RESULTS
From February 2019 to December 2020, 259 patients 
were screened, and 102 patients (105 vessels) were 
included. The study flowchart is shown in Figure 1.

Figure 1.  Study flowchart.
Focal CAD is defined as PPG ≥0.69 and diffuse CAD as PPG <0.69. CABG indicates coronary artery bypass grafting; CAD, coronary 
artery disease; CCTA, coronary computed tomography angiography; CT computed tomography; FFR, fractional flow reserve; OCT, 
optical coherence tomography; P3, Precise PCI Plan; PCI, percutaneous coronary intervention; and PPG, pullback pressure gradient.

Table 1.  Baseline Clinical Characteristics

Variables All
Focal CAD  
(PPG ≥0.69)

Diffuse CAD  
(PPG <0.69) P value

No. of patients* 102 51 51

Clinical characteristics

Age, y, mean±SD 63.6±9.6 61.7±9.8 65.5±9.1 0.046

Sex (men), n (%) 80 (78.4) 40 (78.4) 40 (78.4) 1.00

BMI, mean±SD 27.0±3.4 27.1±3.4 27.0±3.4 0.94

Dyslipidemia, n (%) 83 (81.4) 39 (76.5) 44 (86.3) 0.31

Hypertension, n (%) 57 (55.9) 29 (56.9) 28 (54.9) 1.00

Diabetes, n (%) 24 (23.5) 11 (21.6) 13 (25.5) 0.82

Smoking, n (%) 21 (20.6) 11 (21.6) 10 (19.6) 1.00

Stroke, n (%) 3 (2.9) 2 (3.9) 1 (2.0) 1.00

Creatinine, mg/dL, mean±SD 0.94±0.20 0.94±0.23 0.94±0.17 0.90

LVEF, %, mean±SD 60.4±6.1 60.5±5.4 60.2±6.7 0.85

Clinical presentation, n (%) 0.03

Silent ischemia, n (%) 25 (24.5) 8 (15.7) 17 (33.3)

CCS I, n (%) 34 (33.3) 14 (27.5) 20 (39.2)

CCS II, n (%) 33 (32.4) 21 (41.2) 12 (23.5)

CCS III, n (%) 8 (7.8) 6 (11.8) 2 (3.9)

CCS IV, n (%) 2 (2.0) 2 (3.9) 0 (0.0)

*Three patients had 2 vessels assessed. The lowest PPG was used to classify the patients as focal or diffuse CAD. BMI indicates body mass index; CAD, 
coronary artery disease; CCS, Canadian Cardiovascular Society; LVEF, left ventricular ejection fraction; and PPG, pullback pressure gradient.
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Clinical characteristics stratified by CAD patterns are 
shown in Table 1. The mean age was 63.6±9.6 years 
and was lower in patients with focal CAD. Most pa-
tients were men, and 20% had diabetes without differ-
ences between groups. Clinical, lesion, and functional 
characteristics stratified by CAD patterns are shown 
in Table 2. The median PPG was 0.69 (IQR, 0.5–0.76). 
Diffuse disease was more frequently observed in the 
left anterior descending artery (LAD).

Procedural Characteristics
Procedural and post-PCI characteristics stratified 
by CAD patterns are shown in Table  3. Predilatation 
was more frequent in focal disease (64% versus 12%, 

P<0.001), whereas postdilatation was performed in 90% 
of the cases without differences between vessels with 
focal or diffuse CAD. In patients with diffuse disease, 
the stent diameter was smaller (3.25±0.85 mm versus 
3.00±0.37 mm, P=0.049), and the total stent length was 
longer (30.2±12.7 mm versus 34.8±11.3 mm, P=0.053) 
than in focal CAD. Post-PCI FFR and Δ FFR were signifi-
cantly higher in focal CAD (0.90±0.06 versus 0.85±0.05 
and 0.33±0.14 versus 0.13±0.08, respectively).

Post-PCI OCT Stratified by CAD Patterns
Post-PCI OCT findings stratified by CAD patterns are 
shown in Table  4. After OCT-guided PCI, the mean 
MSA was 5.69±1.99 mm2 and was significantly larger 

Table 2.  Baseline Lesion Characteristics

Variables All Focal CAD (PPG ≥0.69) Diffuse CAD (PPG <0.69) P value

No. of vessels 105 53 52

Vessels

LAD, n (%) 77 (73.3) 27 (50.9) 50 (96.2) <0.001

LCx, n (%) 12 (11.4) 11 (20.8) 1 (1.9)

RCA, n (%) 16 (15.2) 15 (28.3) 1 (1.9)

QCA

Minimum lumen diameter, mm, median [IQR] 1.27 [1.01–1.55] 1.04 [0.86–1.31] 1.44 [1.26–1.67] <0.001

Reference lumen diameter, mm, mean±SD 2.72±0.49 2.75±0.50 2.69±0.49 0.55

Minimum lumen area, mm2, median [IQR] 1.27 [0.81–1.89] 0.85 [0.58–1.36] 1.62 [1.25–2.21] <0.001

Mean reference lumen area, mm2, mean±SD 6.01±2.24 6.14±2.25 5.88±2.23 0.56

Percent diameter stenosis, %, mean±SD 51.7±14.4 59.5±11.3 43.7±12.7 <0.001

Percent area stenosis, mean±SD 74.6±14.8 82.5±9.86 66.7±14.8 <0.001

Lesion length, mm, mean±SD 23.1±12.2 21.0±11.7 25.2±12.5 0.077

Physiology

Resting Pd/Pa, mean±SD 0.82±0.14 0.76±0.14 0.88±0.06 <0.001

FFR, mean±SD 0.65±0.14 0.58±0.15 0.73±0.08 <0.001

Maximal pressure gradient, FFR, mean±SD 0.27±0.16 0.38±0.14 0.15±0.07 <0.001

Percent of disease, mean±SD 35±19 32±16 39±22 0.09

PPG, mean±SD 0.66±0.14 0.78±0.06 0.54±0.08 <0.001

Pre-PCI OCT

No. of vessels* 61 18 43

Minimum lumen area, mm2, median [IQR] 1.51 [1.18–2.25] 1.17 [0.90–1.54] 1.76 [1.40–2.34] 0.02

Lesion length, mm, mean±SD 29.9±12.3 26.6±11.8 31.3±12.4 0.17

Fibrocalcific plaque, n (%) 33 (54.1) 6 (33.3) 27 (62.8) 0.07

Lipid-rich plaque, n (%) 36 (59.0) 13 (72.2) 23 (53.5) 0.28

Circumferential lipid-rich plaque, n (%) 8 (13.1) 7 (38.9) 1 (2.3) 0.001

Calcium plaque, n (%) 48 (78.7) 12 (66.7) 36 (83.7) 0.25

TCFA, n (%) 13 (21.3) 8 (44.4) 5 (11.6) 0.01

Fibrous cap thickness, mm, mean±SD 0.08±0.03 0.06±0.01 0.09±0.03 0.002

Plaque rupture, n (%) 16 (26.2) 7 (38.9) 9 (20.9) 0.26

Microchannel, n (%) 21 (34.4) 6 (33.3) 15 (34.9) 1.00

Macrophage, n (%) 15 (24.6) 5 (27.8) 10 (23.3) 0.96

Layered plaque, n (%) 39 (63.9) 14 (77.8) 25 (58.1) 0.24

CAD indicates coronary artery disease; FFR, fractional flow reserve; IQR, interquartile range; LAD, left anterior descending; LCx, left circumflex; OCT, optical 
coherence tomography; Pa, aortic pressure; PCI, percutaneous coronary intervention; Pd, distal coronary pressure; PPG, pullback pressure gradient; QCA, 
quantitative coronary angiography; RCA, right coronary artery; and TCFA, thin-cap fibroatheroma.

*Thirty-eight vessels were excluded due to predilatation, and 6 vessels were excluded due to pre-OCT image quality.
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Table 3.  Procedural Characteristics Stratified CAD Patterns

Variables All
Focal CAD  
(PPG ≥0.69)

Diffuse CAD  
(PPG <0.69) P value

N 105 53 52

Procedural characteristics

Total stent length, mm, mean±SD 32.5±12.2 30.2±12.7 34.8±11.3 0.053

Mean stent diameter, mm, mean±SD 3.13±0.67 3.25±0.85 3.00±0.37 0.049

No. of stents, mean±SD 1.18±0.39 1.19±0.39 1.17±0.38 0.84

Predilatation, n (%) 93 (91.2) 48 (94.1) 45 (88.2) 0.487

Postdilatation, n (%) 94 (89.5) 46 (86.8) 48 (92.3) 0.55

Postdilatation balloon diameter, mm, mean±SD 3.52±0.53 3.60±0.49 3.45±0.57 0.069

Postdilatation balloon pressure, atm±SD 17.3±3.73 18.1±3.37 16.6±3.94 0.057

Post-PCI physiological assessment

Pd/Pa, mean±SD 0.94±0.05 0.96±0.04 0.93±0.04 <0.001

FFR, mean±SD 0.88±0.06 0.90±0.06 0.85±0.05 <0.001

FFR >0.90, n (%) 35 (33.3) 29 (54.7) 6 (11.5) <0.001

Functional gain FFR, mean±SD 0.23±0.15 0.33±0.14 0.13±0.08 <0.001

Residual PPG, mean±SD 0.05±0.03 0.05±0.03 0.06±0.03 0.019

CAD indicates coronary artery disease; FFR, fractional flow reserve; Pa, aortic pressure; PCI, percutaneous coronary intervention; Pd, distal coronary 
pressure; and PPG, pullback pressure gradient.

Table 4.  Post-Percutaneous Coronary Intervention Suboptimal Optical Coherence Tomography Findings

Variables All
Focal CAD  
(PPG ≥0.69)

Diffuse CAD  
(PPG <0.69) P value

No. of vessels 105 53 52

Minimum stent area, mm2, mean±SD 5.69±1.99 6.18±2.12 5.19±1.72 0.01

Stent expansion, %, mean±SD 81±19 81±14 81±19 0.97

Minimum stent area ≤5.5 mm2, n (%) 63 (60.0) 25 (47.2) 38 (73.1) 0.01

Minimum stent area ≤4.5 mm2, n (%) 30 (28.6) 12 (22.6) 18 (34.6) 0.25

Minimum stent area ≤3.5 mm2, n (%) 8 (7.6) 2 (3.8) 6 (11.5) 0.26

Total stent volume, mm3, mean±SD 242.0±98.9 235.0±103.0 249.1±95.0 0.47

Mean stent area, mm2, mean±SD 7.57±2.23 8.00±2.35 7.14±2.03 0.049

Malapposition, n (%) 40 (38.1) 12 (22.6) 28 (53.8) 0.002

Malapposition distance, μm, mean±SD 409.0±184.2 343.3±151.0 437.1±192.4 0.14

Malapposition distance ≥300 μm, n (%) 29 (27.6) 6 (11.3) 23 (44.2) <0.001

Malapposition length, mm, mean±SD 2.50±1.27 2.41±1.58 2.54±1.14 0.51

Malapposition arc, °, mean±SD 87.6±38.1 89.7±39.2 86.7±38.3 0.89

Any stent edge dissection, n (%) 11 (10.5) 3 (5.7) 8 (15.4) 0.19

Dissection proximal, n (%) 5 (6.0) 2 (3.8) 3 (5.8) 1.00

Dissection distal, n (%) 6 (5.8) 1 (1.9) 5 (9.6) 0.21

Dissection angle, mean±SD 37.8±37.4 24.3±26.0 42.8±41.3 0.41

Dissection length, mm, mean±SD 1.62±1.03 1.40±0.80 1.71±1.16 0.69

Dissection area, mm2, mean±SD 1.62±1.99 0.85±0.49 1.95±2.33 0.45

Maximum circumferential extension, mm, 
mean±SD

0.88±0.70 0.70±0.43 0.96±0.81 0.62

Maximum axial extension, mm, mean±SD 0.40±0.25 0.46±0.14 0.37±0.28 0.62

Irregular tissue protrusion, n (%) 54 (51.4) 37 (69.8) 17 (32.7) <0.001

Disrupted fibrous protrusion, n (%) 72 (68.6) 32 (60.4) 40 (76.9) 0.11

CAD indicates coronary artery disease; and PPG pullback pressure gradient.
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Figure 2.  Comparison of the frequency of suboptimal OCT findings between focal and diffuse CAD.
The bar plots show the suboptimal OCT findings stratified CAD pattern defined by PPG. Focal CAD is depicted in blue, whereas diffuse 
disease is in red. A, Left shows the prevalence of ISA stratified by focal (blue bars) and diffuse disease (red bars). The right panel 
shows the PPG density curve stratified by the presence of ISA (purple) and absence of ISA (gray). B, Left shows the prevalence of SED 
stratified by focal (blue bars) and diffuse disease (red bars). The right panel shows the PPG density curve stratified by the presence 
of SED (purple) and absence of SED (gray). C, Left shows the prevalence of IP stratified by focal (blue bars) and diffuse disease (red 
bars). The right panel shows the PPG density curve stratified by the presence of IP (purple) and absence of IP (gray). D, Left shows the 
prevalence of stent underexpansion stratified by focal (blue bars) and diffuse disease (red bars). The right panel shows the PPG density 
curve stratified by the presence of stent underexpansion (purple) and absence of stent underexpansion (gray). CAD indicates coronary 
artery disease; IP, irregular tissue protrusion; ISA, incomplete stent apposition; OCT, optical coherence tomography; PPG, pullback 
pressure gradient; SED, stent edge dissection; and SUE, stent underexpansion.
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in patients with focal CAD (6.18±2.12 mm2 versus 
5.19±1.72 mm2, P=0.01). In the regression analysis, 
PPG was significantly associated with MSA (B coef-
ficient, 0.38 [95% CI, 0.104–0.649]; P=0.007). There 
was no difference in stent expansion between vessels 
with focal and diffuse disease. ISA, stent edge dissec-
tion, IP, and stent underexpansion were observed in 
27.6%, 10.5%, 51.4%, and 28.6%, respectively. ISA 
was more frequently observed in diffuse CAD (11.3% 
versus 44.2%, P=0.002), whereas IP was more preva-
lent in patients with focal CAD (69.8% versus 32.7%, 
P<0.001, Figure  2). PPG was independently associ-
ated with plaque rupture and calcium plaque (odds 
ratio [OR], 2.12 [95% CI, 1.50–3.13]; P<0.001 and 
OR, 0.52 [95% CI 0.335–0.77]; P=0.002, respec-
tively). In addition, PPG was also associated with ISA 
and IP (Table S2). The predicted capacity of PPG to 
detect ISA showed an area under the curve of 0.72 
(95% CI, 0.61–0.82) and 0.66 (95% CI, 0.55–0.77) for 
IP (Figure S1). Representative cases of focal and dif-
fuse disease and post-PCI OCT findings are shown in 
Figure 3. Procedural outcomes in focal and diffuse dis-
ease are shown in Table S3.

DISCUSSION
This study compared intravascular imaging outcomes 
immediately after PCI in patients with focal versus dif-
fuse disease defined by PPG. The main results can be 
summarized as follows: (1) PCI guided by IVI in vessels 
with focal disease resulted in larger MSA compared 
with vessels with diffuse disease. (2) IP was observed 
in the majority of the cases with focal disease, and it 
was more prevalent than in vessels with diffuse dis-
ease. (3) Stent malapposition was 2 times more com-
mon in vessels with diffuse disease than in focal CAD 
(Figure 4).

The present study increases our understanding of 
the impact of the baseline pathophysiological CAD 
pattern on morphological IVI findings following PCI. 
These results were obtained using PPG to standard-
ize the diagnosis of focal versus diffuse disease before 
stenting. MSA, an independent predictor of stent fail-
ure, was significantly smaller in vessels with low PPG 
(diffuse disease).15,30 Interestingly, this was not driven 

by vessel size, because reference vessel diameter was 
similar between vessels with focal or diffuse disease. 
It can be hypothesized that the association between 
diffuse hemodynamic disease and small MSA was 
partly mediated by the underlying plaque. Vessels with 
diffuse disease have been shown to have greater cal-
cium arc and longer calcific plaques, which have been 
associated with small stent areas.3,31 It is crucial to 
acknowledge that the aforementioned findings were 
observed after IVI-guided PCI with high rates of stent 
postdilatation. The management of diffuse CAD re-
mains a therapeutic challenge, and future clinical trials 
should address the optimal treatment strategy.

Irregular protrusion arises as a consequence of 
the lipid core penetrating through the stent struts and 
has been identified after PCI in lipid-rich lesions.32 In 
the current study, IP was observed in 50% of the pa-
tients, with a 2-fold higher prevalence in vessels ex-
hibiting focal disease (high PPG). Importantly, IP has 
been identified as an independent predictor of target 
lesion revascularization, underscoring its clinical rele-
vance.10,33,34 However, it must be recognized that de-
spite the independent association between PPG and 
IP, the predicted capacity of PPG to detect IP was 
modest (area under the curve of 0.66). We also found 
that vessels with diffuse CAD (low PPG at baseline) 
had a higher prevalence of ISA after PCI. It is worth 
noting that ISA has been associated with late and very 
late stent thrombosis with the first-generation drug-
eluting stents.35 However, more contemporary studies 
involving second-generation drug-eluting stents have 
not found a significant association between ISA and 
adverse events.9,11 In addition to assessing the pres-
ence of stent malposition, the distance of incompletely 
apposed struts also appears to hold clinical relevance. 
Notably, larger malapposition distances (eg, >300 μm)  
result in flow disturbances and an increased risk of 
delayed strut coverage, with smaller distances of ISA 
facilitating a faster healing process, potentially en-
abling the safe discontinuation of double antiplatelet 
therapy.36,37 The potential benefit of prolonged double 
antiplatelet therapy in cases of diffuse disease requires 
further study. There is an ongoing debate on the asso-
ciation between ISA and adverse outcomes after PCI; 
the general consensus is that larger areas of malap-
position should be addressed during the procedure.8 

Figure 3.  Representative cases of irregular tissue protrusion with a high PPG and incomplete stent apposition with a low 
PPG.
A, A case with focal CAD (high PPG). B, A patient with diffuse CAD (low PPG). A1 and B1 show coronary angiography (the white 
arrowheads identify the lesion), the CCTA straight multiplanar reconstructions of the vessel, and the cross-section with and without 
tissue characterization, respectively. A2 and B2 present the pre-PCI FFR pullback tracings with the corresponding FFR and PPG values. 
The red bars depict the location and magnitude of pressure drops along the coronary vessel. A3 and B3 show cross-sectional and 
longitudinal OCT images, respectively. The white arrowheads show irregular tissue protrusion, and the asterisks (*) depict incomplete 
stent apposition. A4 and B4 present the post-PCI FFR pullback tracings with the corresponding FFR values. CAD indicates coronary 
artery disease; CCTA, coronary computed tomography angiography; FFR, fractional flow reserve; OCT optical coherence tomography; 
PCI, percutaneous coronary intervention; and PPG pullback pressure gradient.



J Am Heart Assoc. 2024;13:e032605. DOI: 10.1161/JAHA.123.032605� 10

Ohashi et al� PPG and Post-PCI OCT

Finally, the proportion of edge dissections was 3 times 
higher in vessels with diffuse disease (15.5% in diffuse 
versus 5.7% in focal); nonetheless, this finding was not 
statistically different between focal and diffuse dis-
ease. These findings suggest a different underlying 
atherosclerotic substrate leading to suboptimal  PCI 
outcomes that is identifiable using PPG. The long-term 
clinical impact of differential PCI outcomes between 
focal versus diffuse disease is being investigated in the 
PPG Global registry (NCT04789317).38

There is growing interest in the use of coronary phys-
iology to guide and optimize PCI. Moreover, there is in-
creasing awareness of the clinical value of longitudinal 
vessel assessment with pressure pullback maneuvers 
to define the appropriateness of PCI and tailor treatment 
strategies. The present study adds to the body of ev-
idence correlating vessel hemodynamics with plaque 
morphology and IVI outcomes after PCI. Furthermore, 
this study sheds light on the relationship between pre-PCI 
physiological assessment and the potential presence of 

suboptimal OCT findings. Diffuse disease, as determined 
by coronary physiology, is associated with lower post-
PCI FFR values, reduced Δ FFR, and the persistence of 
angina after PCI. This observation raises the hypothesis 
that pharmacological interventions may represent a more 
optimal therapeutic option for patients presenting with 
diffuse coronary disease. Consequently, there is a com-
pelling rationale for the initiation of a clinical trial aimed at 
elucidating the potential advantages of a precision treat-
ment approach, using PCI for patients with focal coro-
nary disease and pharmacological therapy for those with 
diffuse coronary disease.

LIMITATIONS
This study has several limitations. First is the relatively 
small sample size. Nonetheless, this cohort was sys-
tematically studied with OCT and motorized FFR pull-
backs, providing a unique opportunity to assess the link 

Figure 4.  Summary of current study findings.
CAD indicates coronary artery disease; OCT, optical coherence 
tomography; PCI, percutaneous coronary intervention; and PPG, 
pullback pressure gradient.
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between physiology and IVI findings after PCI. Second, 
baseline OCT was not available for all patients because 
of technical difficulties during image acquisition. Third, 
in the absence of a PPG cutoff, we used the median 
PPG value to define focal versus diffuse disease. To 
enhance the statistical validity of our findings, we have 
corroborated the results through division into tertiles 
(Table S4). A large-scale prospective study is ongoing 
to define the PPG cutoff. Fourth, we did not include pre-
PCI OCT plaque characteristics regression analysis due 
to the high attrition rate related to the high frequency 
of predilatation hampering accurate plaque evaluation. 
Finally, the present study is focused on the association 
between coronary hemodynamic and post-OCT sub-
optimal findings; the impact of these findings on clinical 
outcomes remains to be determined.

CONCLUSIONS
Post-PCI OCT findings correlate with baseline patho-
physiological CAD patterns. PCI in vessels with focal 
disease at baseline (high PPG) resulted in larger MSA 
and had a higher prevalence of in-stent irregular tis-
sue protrusion by OCT, whereas patients with diffuse 
disease (low PPG) had a higher prevalence ISA. PPG 
might be useful in predicting suboptimal intravascular 
imaging findings.
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