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BACKGROUND The interplay between coronary hemodynamics and plaque characteristics remains poorly understood.

OBJECTIVES The aim of this study was to compare atherosclerotic plaque phenotypes between focal and diffuse
coronary artery disease (CAD) defined by coronary hemodynamics.

METHODS This multicenter, prospective, single-arm study was conducted in 5 countries. Patients with functionally
significant lesions based on an invasive fractional flow reserve =0.80 were included. Plaque analysis was performed by
using coronary computed tomography angiography and optical coherence tomography. CAD patterns were assessed
using motorized fractional flow reserve pullbacks and quantified by pullback pressure gradient (PPG). Focal and diffuse
CAD was defined according to the median PPG value.

RESULTS A total of 117 patients (120 vessels) were included. The median PPG was 0.66 (IQR: 0.54-0.75). According to
coronary computed tomography angiography analysis, plaque burden was higher in patients with focal CAD (87% + 8%
focal vs 82% + 10% diffuse; P = 0.003). Calcifications were significantly more prevalent in patients with diffuse CAD
(Agatston score per vessel: 51 [IQR: 11-204] focal vs 158 [IQR: 52-341] diffuse; P = 0.024). According to optical

coherence tomography analysis, patients with focal CAD had a significantly higher prevalence of circumferential lipid-rich
plaque (37% focal vs 4% diffuse; P = 0.001) and thin-cap fibroatheroma (TCFA) (47% focal vs 10% diffuse; P = 0.002).
Focal disease defined by PPG predicted the presence of TCFA with an area under the curve of 0.73 (95% Cl: 0.58-0.87).

CONCLUSIONS Atherosclerotic plaque phenotypes associate with intracoronary hemodynamics. Focal CAD had
a higher plaque burden and was predominantly lipid-rich with a high prevalence of TCFA, whereas calcifications
were more prevalent in diffuse CAD. (Precise Percutaneous Coronary Intervention Plan [P3]; NCT03782688)

(J Am Coll Cardiol Img 2023;16:1452-1464) © 2023 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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oronary atherosclerosis can manifest as a

broad range of plaque phenotypes.' Plaque

differentiation and progression likely result
from the interaction between multiple genetic and
environmental factors, with the underlying inflam-
matory milieu playing an essential role.”* Vessel he-
modynamics, more specifically endothelial wall shear
stress and tensile stress, have also been associated
with specific plaque phenotypes.>® However, the
interplay between plaque morphology and local he-
modynamics remains incompletely understood.”

Atherosclerosis can be characterized by using
invasive and noninvasive imaging methods that
quantify volume, extension, and composition. Large
plaque burden and lipid-rich plaques (LRPs) have
been identified as predictors of adverse clinical
events.®'° Similarly, the presence of thin-cap fibroa-
theroma (TCFA) has been associated with plaque
rupture, clinically manifested as acute myocardial
infarction. Conversely, calcifications are considered
markers of plaque stability."

It has been postulated that the presence of focal
pressure gradients may influence plaque biology and
its propensity to rupture.””'* The pullback pressure
gradient (PPG) is a quantitative index to quantify
coronary artery disease (CAD) patterns into focal or
diffuse CAD based on intravascular hemodynamics.
Large-pressure gradients define focal disease,
whereas the absence of focal gradients characterizes
diffuse CAD."® We sought to investigate the
pathophysiological interplay between physiological
patterns and plaque characteristics using a combina-
tion of noninvasive and invasive imaging in patients
with CAD.

METHODS

STUDY POPULATION. The present study is a sub-
analysis of the P3 (Precise Percutaneous Coronary
Intervention Plan; NCT03782688) study. The main
results have been published previously.'® Briefly,
this multicenter, prospective, single-arm study
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was conducted in 5 countries. Patients
with stable CAD and invasive fractional
flow reserve (FFR) =0.80 were eligible for
inclusion. All patients underwent coronary
computed tomography angiography (CTA)
with quantitative plaque analysis. Patients
underwent an invasive procedure with
motorized intracoronary pressure recordings
for longitudinal vessel evaluation followed
by optical coherence tomography (OCT). The
P3 study validated a coronary CTA-based
revascularization planning tool in predicting
post-percutaneous coronary intervention
(PCI) FFR. The objective of this substudy was
to characterize atherosclerotic plaque phe-
notypes between focal and diffuse CAD

ABBREVIATIONS
AND ACRONYMS

CTA = computed tomography
angiography

FFR = fractional flow reserve
LRP = lipid-rich plaque
MLA = minimal lumen area

OCT = optical coherence
tomography
PAV = percent atheroma

volume

PCI = percutaneous coronary
intervention

PPG = pullback pressure
gradient

TCFA = thin-cap
fibroatheromas

defined by coronary hemodynamics using
PPG.

The study protocol was approved by the investi-
gational review board or ethics committee at each
participating center. All patients signed informed
consent before initiation of the study procedures.

CORONARY CTA. Coronary CTA was performed using
the latest-generation CT scanners. Imaging acquisi-
tion guidelines recommended nitrates before CT
acquisition and beta-blockers for heart rates >65
beats/min. Calcium scores were calculated by the
Agatston method at the vessel level. Absolute and
relative plaque volumes were measured for each
component.'”'® Plaque burden was defined as plaque
area divided by vessel area at the minimal lumen area
(MLA). Percent atheroma volume (PAV) was defined
as plaque volume divided by vessel volume.'” Plaque
composition was assessed by applying specific
thresholds as described previously.” Low-
attenuation plaque was defined as the presence of
plaque with <30 HU.’° Positive remodeling was
defined by a remodeling index >1.1.>"**

Coronary CTA images were analyzed by using
validated software (QAngio CT, Medis Medical
Imaging) by a core laboratory (CoreAalst BV) blinded
to the invasive data.
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TABLE 1 Baseline Clinical Characteristics

Focal CAD Diffuse CAD
Al (PPG >0.66) (PPG =0.66)
(N =117)°* (n =58) (n =59) P Value

Age, y 63.5+9.3 619 £ 9.7 65.1 + 8.7 0.062
Male 93 (79.5) 44 (75.9) 49 (83.1) 0.368
BMI, kg/m? 27.0 + 3.4 269 + 35 271 £33 0.771
Dyslipidemia 91 (77.8) 44 (75.9) 47 (79.7) 0.662
Hypertension 66 (56.4) 35 (60.3) 31 (52.5) 0.457
Diabetes mellitus 26 (22.2) 11 (19.0) 15 (25.4) 0.506
Smoking 24 (20.5) 13 (22.4) 11 (18.6) 0.653
Prior PCI 6 (5.1) 2(34) 4 (6.8) 0.679
PAD 5(4.3) 3(5.2) 2(3.4) 0.679
Stroke 4 (3.4) 3(5.2) 1(0.7) 0.364
Creatinine, mg/dL 0.94 + 0.2 0.93 + 0.22 0.95 + 0.18 0.546
Creatinine clearance, mL/min 80.1 +23.9 83.9 + 264 76.4 + 20.6 0.097
LVEF, % 60.3 +£6.2 60.4 £5.2 60.2 £ 7.0 0.826
Clinical presentation 0.041

Silent ischemia® 29 (24.8) 10 (17.2) 19 (32.2)

36 (30.8) 15 (25.9) 21 (35.6)

ccs i 41 (35.0) 25 (43.1) 16 (27.1)

ccs i 8(6.8) 6 (10.3) 2(3.4)

CCS IV 1(0.9) 0 (0.0) 1(0.7)

Unstable angina 2(1.7) 2(34) 0 (0.0)

Agatston score per patient 230 (81-708) 147 (55-453) 462 (141-996) 0.025

Values are mean + SD, n (%), or median (IQR), unless otherwise indicated. The lowest pullback pressure gradient
(PPG) was used to classify the patients as having focal or diffuse coronary artery disease (CAD). °3 patients
had 2 vessels assessed. PSilent ischemia is defined as asymptomatic patients with a positive noninvasive test
result.

BMI = body mass index; CCS = Canadian Cardiovascular Society; LVEF = left ventricular ejection fraction;
PAD = peripheral artery disease; PCl = percutaneous coronary intervention.

INVASIVE PROCEDURE. Invasive coronary angiog-
raphy was performed following a dedicated proto-
col. Intracoronary nitroglycerin (100-200 ug) was
administered before angiography. At least 2 pro-
jections separated by at least 30 degrees were
obtained. Coronary angiography was analyzed with
3-dimensional quantitative coronary angiography
(3D-QCA) software (CAAS 8.2 Software, Pie Medical
Imaging). The location of the lesions was deter-
mined by measuring the distance between the
ostium of the vessel and the MLA. Resting pressure
ratios and FFR were measured in the distal segment
of the vessel.

During intravenous adenosine infusion (140 pg/kg/
min), FFR pullbacks at a speed of 1 mm/s were per-
formed using a motorized device (R100, Volcano
Corporation) fixed to the pressure wire.'® From the
FFR pullback curves, PPG was calculated using
commercially available software (CoroFlow version
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3.5, Coroventis Research AB). The PPG calculation has
been described in detail elsewhere.”® Briefly, PPG
combines 2 parameters extracted from FFR pullback
curves: first, the maximal pressure gradient over 20%
of the pullback, and second, the length of functional
disease. PPG ranges from o0 (diffuse disease) to 1 (focal
disease). For the present analysis, the median PPG
value dichotomized focal vs diffuse CAD. Aortic
pressure tracings without a dicrotic notch, ven-
tricularization, drift >0.05 FFR unit, unstable hyper-
emic conditions during the pullback maneuver, and
pullback curves with major artifacts were excluded.

Optical coherence tomography (OCT) pullbacks of
75 mm were acquired using a Dragonfly OPTIS Imag-
ing Catheter (Abbott Vascular). An automated algo-
rithm defined MLA. OCT pullbacks were performed
before balloon predilatation when feasible; cases in
which OCT was performed after predilatation were
excluded from the OCT plaque analysis. LRPs were
defined as a low-signal region with a diffuse border of
at least 90 degrees with a length >1 mm.>* Circum-
ferential LRP was defined as lipid occupying 360 de-
grees. A fibrous cap was defined as a signal-rich
homogeneous layer overlying an LRP.** The thinnest
part of the fibrous cap was measured 3 times, and its
average thickness was defined as the fibrous cap
thickness. TCFA was defined as the presence of
fibrous cap thickness <65 pm overlying LRP.?® Plaque
rupture was defined as intimal tearing, disruption, or
dissection of the cap. Additional OCT definitions are
shown in Supplemental Table 1.2%27 OCT images were
analyzed by the core laboratory using CAAS Intra-
vascular version 2.1 (Pie Medical Imaging) blinded to
the physiological data.

STATISTICAL ANALYSIS. Variables are expressed as
mean + SD and median (IQR) for normally and non-
normally distributed data, respectively. Categorical
variables are expressed as frequencies and percent-
ages. Continuous variables were compared by using
the Student’s t-test (or Mann-Whitney tests as
appropriate), and categorical variables were
compared by using the chi-square (or the Fisher exact
test as appropriate). The Pearson correlation coeffi-
cient was used to assess the relationship between
continuous variables. Univariable and multivariable
regression analyses with logistic and generalized
linear models were used to assess the association
between CAD patterns defined by PPG (predictor
variable) and plaque characteristics derived from
coronary CTA and OCT (outcome variables). PPG and
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FFR were analyzed as continuous variables. Receiver-
operating characteristic curve analyses were used to
assess the capacity of PPG to predict adverse plaque
characteristics. In patients with multivessel interro-
gation (n = 3), the lowest PPG value was used to
classify the case for the patient-level analysis.

A value of P = 0.05 was considered to indicate
statistical significance. All statistical analyses were
performed by using R version 4.1.2 (R Foundation for
Statistical Computing).

RESULTS

STUDY POPULATION. From February 2019 to
December 2020, a total of 259 patients were screened,
and 117 patients (120 vessels) were included. The
study flowchart is shown in Supplemental Figure 1.
Coronary CTA plaque analysis was feasible for all
cases, and OCT plaque analysis was feasible in 57%
(68 of 120) of the cases.

BASELINE CHARACTERISTICS. Clinical characteris-
tics stratified according to CAD pattern are shown in
Table 1. Mean age tended to be lower in patients
with focal CAD, most of the patients were male, and
one-fifth had diabetes, all without differences be-
tween focal and diffuse disease. Procedural,
morphologic, and coronary physiology characteris-
tics stratified according to CAD patterns are shown
in Table 2. Diffuse CAD was more frequently
observed in the left anterior descending artery. The
median PPG was 0.66 (IQR: 0.54-0.75). PPG distri-
bution and its relationship with lesion severity are
shown in Figure 1. Patients with focal vs diffuse
disease CAD had greater lesion severity, represented
by smaller MLA in 3D-QCA and lower FFR. A
restricted to patients with
single-vessel interrogation is shown in Supple-
mental Table 2.

sensitivity analysis

PLAQUE MORPHOLOGY BASED ON CORONARY CTA
STRATIFIED ACCORDING TO CAD PATTERN. The mean
plaque burden (at the MLA) was 85% + 9% and was
significantly higher in patients with focal CAD.
Conversely, PAV (vessel level) was higher in patients
with diffuse CAD. Patients with diffuse CAD had a
higher Agatston score, longer calcium length, and
higher calcified plaque burden than those with focal
CAD (Table 3, Figure 2). Other plaque components
based on coronary CTA stratified according to the PPG
are shown in Supplemental Table 3.

FFR was associated with plaque burden at the MLA
(Supplemental Table 4). PPG was significantly asso-
ciated with plaque burden at the MLA, noncalcified
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TABLE 2 Imaging and Hemodynamic Vessel Characteristics
Focal CAD Diffuse CAD
Al (PPG >0.66) (PPG =0.66)
(N =120) (n =60) (n =60) P Value
Vessels <0.001
LAD 92 (76.7) 35 (58.3) 57 (95.0)
LCx 13 (10.8) 1 (18.3) 2(3.3)
RCA 15 (12.5) 14 (23.3) 10.7)
QCA analysis
Minimum lumen diameter, mm 1.3+£043 11+ 0.38 1.5 + 0.40 <0.001
Reference lumen diameter, mm 2.7+049 2.7+ 0.49 2.7+ 0.49 0.959
Diameter stenosis, % 51.6 + 14.0 58.8 + 11.4 445 +12.8 <0.001
Area stenosis, % 74.7 £ 14.4 81.9 +10.2 67.5 +14.6 <0.001
Location of the lesion, mm? 40.6 £ 18.0 401 £19.5 41.0 £16.4 0.789
OCT analysis
Number of vessels 68 19° 49¢
Lesion length, mm 29.8 £12.9 26.8 £11.5 31.0 £ 134 0.23
Minimum lumen area, mm? 1.8 + 0.76 1.4+ 071 2.0+ 0.74 0.007
Area stenosis, % 732+ 1.1 83.7 +£ 35 69.2 + 104 <0.001
Physiological analysis
Resting Pd/Pa 0.82+ 014 0.77+0.17 0.88+0.06 <0.001
FFR 0.65+0.14 059+015 0.72+0.09 <0.001
PPG 0.66 +£0.13 0.77+0.07 0.54+0.08 <0.001

advancement.

abbreviations as in Table 1.

Values are n (%) or mean + SD, unless otherwise indicated. *Distance between the ostium and minimal lumen
area assessed using quantitative coronary angiography. °41 vessels were excluded because predilatation
was performed before optical coherence tomography (OCT) acquisition to facilitate catheter advancement.
“11 vessels were excluded because predilatation was performed before OCT acquisition to facilitate catheter

FFR = fractional flow reserve; LAD = left anterior descending; LCx = left circumflex; Pa = aortic pressure;
Pd = distal coronary pressure; QCA = quantitative coronary angiography; RCA = right coronary artery; other

and calcified plaque burdens, low-attenuation plaque
burden, PAV, and Agatston score (Table 4); the higher
the PPG, the larger the plaque burden at the MLA, the
greater the low-attenuation plaque and noncalcified
plaque and the lower the calcified plaque burden. PPG
remained associated with plaque coronary CTA char-
acteristics independent of FFR (Supplemental
Table 5).

PLAQUE MORPHOLOGY BASED ON OCT STRATIFIED
ACCORDING TO CAD PATTERNS. LRPs were present
in 57% of cases, and circumferential LRP was signifi-
cantly more prevalent in patients with focal CAD.
Associations between PPG and OCT plaque features
are presented in Table 4 and Figure 3. PPG predicted
the presence of circumferential LRP with an area
under the curve of 0.82 (95% CI: 0.66-0.99). In vessels
with focal CAD, fibrous caps overlying fibroatheromas
were thinner (63 + 9.9 um focal vs 90.3 + 25.2 um
diffuse; P = 0.001) and TCFA more prevalent (47.4%
focal vs 10.2% diffuse; P = 0.002) than in vessels with
diffuse disease. PPG and fibrous cap thickness were
negatively correlated (r = -0.55 [95% CIL: -0.74 to
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r=-0.41, 95% CI -0.55 to 0.25; P < 0.001
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FIGURE 1 Distribution of PPG and Relationship With FFR and Diameter Stenosis
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The bottom shows the distribution of pullback pressure gradient (PPG) in the present cohort. The median value was 0.66 (IQR: 0.54-0.75);
values >0.66 defined focal disease (red shaded area), and PPG =0.66 represents diffuse coronary artery disease (green shaded area). The
top left displays the relationship between PPG and minimal lumen area derived from quantitative coronary angiography (QCA) analysis, and
the top right presents the relationship between PPG and fractional flow reserve (FFR). In the correlation plots, the box plots show the
median and IQR of the minimal lumen area and FFR, respectively. The solid black line represents the line of best fit, and the dashed line is

the CI.

-0.28]; P < 0.001). PPG was associated with fibrous
cap thickness independent of FFR and diabetes
mellitus (Supplemental Table 6). High PPG predicted
the presence of TCFA with an area under the curve of
0.73 (95% CI: 0.58-0.87). Independent of FFR, PPG
was significantly associated with the presence of
circumferential LRP, TCFA, and plaque rupture
(Supplemental Table 7). FFR was not associated with
OCT plaque characteristics (Supplemental Table 8).
Two case examples summarizing the association be-
tween plaque characteristics according to coronary
CTA and OCT and coronary physiology are shown in
Figure 4. The Central Illustration summarizes the

association between pathophysiology patterns of CAD
defined according to PPG and plaque characteristics
based on invasive and noninvasive imaging.

DISCUSSION

The present study describes the interplay between
coronary hemodynamics and atherosclerotic plaque
phenotypes. The main finding is the distinctive pla-
que features observed in patients with focal vs diffuse
CAD. Atherosclerotic lesions in vessels with focal
disease (high PPG) had a higher plaque burden and
were predominantly lipid-rich with a high prevalence
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of TCFA, whereas calcifications were the hallmark of
vessels with diffuse disease (low PPG). Furthermore,
translesion pressure gradients correlated inversely
with fibrous cap thickness.

Previous studies have shown that low FFR,
measured at the distal segment of the coronary ar-
tery,
particularly the presence of plaques at higher risk of

is associated with plaque characteristics,

rupture.'>?® However, these studies are limited by
the absence of longitudinal vessel hemodynamic in-
formation. PPG, derived from hyperemic pullback
pressure curves, quantifies the longitudinal distribu-
tion of epicardial resistance, thus providing a second
dimension to single-point FFR.> A unique feature of
our methodology is the use of motorized pullback
recordings, which increased the accuracy of the
analysis and allowed for the standardization of the
pressure-length relationship.?° Translesion pressure
gradients concentrated on a short segment of the ar-
tery (ie, high PPG) translate into increased plaque
tensile and compressive stresses.’’ Focal disease,
defined by coronary physiology with PPG, was
anatomically more severe and had a greater plaque
burden, explaining the lower FFR measured at the
distal coronary segment than vessels with diffuse
disease. These localized pressure gradients also
induce disturbance of laminar flow with eddies at the
lesion exit, producing areas of low and oscillatory
wall shear stress, which can lead to plaque progres-
sion and inflammation, cap thinning and destabili-
zation, and, ultimately, plaque rupture when the
physical forces exerted on the plaque exceed its ma-
terial strength.?"3?

In the present study, we observed that high PPG
values were associated with plaque rupture and a
negative relationship between PPG and cap thickness
overlying fibroatheromas. In contrast, in vessels with
a low PPG value, epicardial resistance was spread
over a longer vessel segment. These findings expand
our knowledge about the relationship between coro-
nary physiology, quantified by FFR and PPG, and
plaque characteristics assessed invasively using OCT
and noninvasively through coronary CTA.

It can be hypothesized that lipidic plaque pro-
gression occurs rapidly, with localized growth leading
to focal stenosis, here captured as high PPG.
Conversely, in the absence of focal pressure gradi-
ents, the prevalence of LRPs was low, and low PPG
values were mainly associated with coronary calcifi-
cations. Patients with diffuse pressure losses had
higher calcium scores, calcium burden, and calcium
volume derived from the quantitative coronary CTA
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TABLE 3 Plaque Characteristics Based on Coronary CTA and OCT in Focal and Diffuse CAD

Focal CAD Diffuse CAD
Al (PPG >0.66) (PPG =0.66) P Value
Coronary CTA plaque analysis
Number of vessels 120 60 60
Lesion level
Plaque burden at the MLA, % 84.7 £ 9.0 871+75 823 +9.8 0.003
Remodeling index 0.93+0.21 0.94+0.19 0.93+0.23 0.760
Noncalcified plaque burden, % 809 +17.0 844+149 775+183 0.027
Low-attenuation plaque burden, %  21.3 £ 15.4 227 +£140 199 +16.7 0.319
Napkin-ring sign 7 (5.8) 4 (6.7) 3(5.0) 1.0
Calcified plaque burden, % 191 +£17.0 157 £149 225+183 0.027
Calcium length, mm 6.0 + 6.5 41+56 7.7 + 6.8 0.01
Calcium arc, degrees 45 (0-150) 0 (0-90) 55 (30-180) 0.022
Spotty calcification 30 (25.0) 19 (31.7) 11 (18.3) 0.139
Vessel level analysis
Atheroma volume, % 385+ 83 36.6 + 8.5 403 +7.8 0.013
Noncalcified plaque burden, % 84.7 £13.7 86.5+127 828 +14.4 0.147
Low-attenuation plaque burden, %  18.0 +12.1 17.9 £ 11.0 18.2 £13.1 0.888
Agatston score per vessel 104 (31-300) 51 (11-204) 158 (52-341) 0.024
OCT plaque analysis
Number of vessels 68 19 49
LRP 39 (57.4) 14 (73.7) 25 (51.0) 0.108
LRP >180 degrees 30 (44.1) 12 (63.2) 18 (36.7) 0.061
Circumferential LRP 9 (13.2) 7 (36.8) 2(4.0) 0.001
Calcified plaque 55 (80.9) 13 (68.4) 42 (85.7) 0.166
Eruptive calcified nodule 34.4) 0 (0.0) 3(6.0) 0.554
Spotty calcium 16 (23.5) 3 (15.8) 13 (26.5) 0.526
Thin-cap fibroatheroma 14 (20.6) 9 (47.4) 5(10.2) 0.002
Plague rupture 18 (26.5) 7 (36.8) 1 (22.4) 0.238
Thrombus 13 (19.1) 6 (31.6) 7 (14.3) 0.166
Micro channel 25 (36.8) 6 (31.6) 19 (38.8) 0.780
Macrophage accumulation 18 (26.5) 5(26.3) 13 (26.5) 1.000
Cholesterol crystal 22 (32.4) 7 (36.8) 15 (30.6) 0.773
Layered plaque 44 (64.7) 14 (73.7) 30 (61.2) 0.405

Values are mean =+ SD, n (%), or median (IQR) unless otherwise indicated.

breviations as in Tables 1 and 2.

CTA = computed tomography angiography; LRP = lipid-rich plaque; MLA = minimal lumen area; other ab-

analysis. Plaque calcification stabilizes CAD by
decreasing fibrous cap stress." Moreover, calcifica-
tions influence coronary artery interventions and are
associated with fewer procedural successes and a
higher rate of long-term complications after PCI.>3
Interestingly, the PAV was greater in diffuse disease.
PAV and calcifications are also considered prognostic
indicators, but instead of identifying plaque-related
risk, they reflect the general burden of disease.
TCFA can be observed in a broad range of angio-
graphic lesion severity; however, they are twice as
common in severe stenosis than in nonsevere steno-
sis.>* This finding is compatible with the present
study, in which patients with focal disease (high PPG)
had lower FFR and more TCFA. This is also consistent
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with the observation that acute coronary syndrome
occur more frequently in cases with significant ste-
nosis.>® Interestingly, the association between PPG
and TCFA was independent of FFR, highlighting the
role of local hemodynamics on plaque characteristics.
The presence of lipidic plaque and TFCA has been
shown to predict the occurrence of ischemic events;
however, the limited predictive capacity of adverse
events using these plaques impedes their use for
revascularization decisions. A prospective natural
history study of coronary atherosclerosis with novel
imaging and physiological techniques is warranted.
The PPG will allow for connecting coronary physi-
ology patterns with plaque characteristics. Because
the PPG is easily obtainable in practice after a manual
20- to 30-second FFR pullback maneuver, the present
findings have several clinical implications. Beyond
the classical evaluation of lesion significance with
FFR, a pullback maneuver not only adds additional
information on the likelihood of PCI success but also
provides further stratification on patients’ risk for
adverse events.?® High PPG predicted the presence of
circumferential LRPs and TCFA with an area under
the curve of 0.82 and 0.73,
atherosclerotic phenotyping based on coronary
physiology allows for the understanding of CAD as
2 entities: focal disease, with a predominantly lipidic
atherosclerotic pattern, and diffuse disease, with a
more stable atherosclerotic and hemodynamic
pattern. Clinically, focal disease is more amenable to
therapies such as PCI, and based on the linked lipidic
plaque phenotype, this patient subgroup benefits
from an intervention.3”-3® In contrast, diffuse disease,
less appropriate for PCI and stable in nature, may
benefit more from conservative management. The

respectively. This

PPG may facilitate standardization of the diagnosis of
CAD patterns and be able to identify individuals with
different responses to coronary interventions. A ran-
domized clinical trial addressing the clinical benefit
of a PPG-guided treatment strategy is required.

STUDY LIMITATIONS. The main limitation of the
present study is that it represents a snapshot of the
atherosclerosis process. Because of the lack of serial
data, we could not assess disease progression or the
clinical outcomes associated with focal and diffuse
disease. In addition, OCT was not available for all
patients, with a higher image attrition rate in patients
with focal CAD, mainly because of technical diffi-
culties during image acquisition. Nonetheless, this
was partly circumvented by the coronary CTA anal-
ysis available in the complete cohort. Furthermore,

Sakai et al
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Characteristics Based on Coronary CTA and OCT

TABLE 4 Univariable Regression Analysis of PPG for the Association of Plaque

Beta 95% ClI P Value
Coronary CTA plaque analysis®
Plague burden at MLA 2.06 0.90 to 3.23 <0.001
Remodeling index 0.01 -0.02 to 0.04 0.558
Noncalcified plaque burden (lesion level) 3.60 1.39 to 5.82 0.002
Low-attenuation plaque burden (lesion level) 2.27 0.22 t0 4.33 0.032
Calcified plaque burden (lesion level) -3.60 -5.82 to -1.39 0.002
Percent atheroma volume (vessel level) -1.80 -2.88 to -0.71 0.002
Agatston score per vessel (vessel level) -55.38  -105.63 to -5.13 0.034
0dds Ratio 95% ClI P Value
OCT plaque analysis®

LRP >180° 1.72 1.14 to 2.71 0.013
Circumferential LRP 3.01 1.57 t0 6.93 0.003
Thin-cap fibroatheroma 1.83 1.13 to 3.15 0.018
Plague rupture 1.61 1.04 to 2.58 0.040
Eruptive calcified nodule 0.80 0.25 to0 2.03 0.657
Spotty calcium 0.73 0.44 to 1.17 0.212
Microchannels 1.08 0.73 to 1.62 0.688
Macrophage accumulation 1.06 0.68 to 1.63 0.806
Cholesterol crystals 110 0.73 to 1.65 0.660
Layered plaque 1.30 0.86 to 2.01 0.224

Abbreviations as in Tables 1 to 3.

The explanatory variable was the PPG as a continuous variable. *Continuous variables. ®Categorical variables.

information on microcirculation, which has been
associated with plaque characteristics,
collected.” Moreover, we acknowledge that despite
adjusting the association between plaque features
and PPG by FFR, the absence of vessels with high FFR
(FFR >0.80) may have influenced the analysis. It is
important to highlight that the patients included in
this study had hemodynamically significant lesions
defined as FFR =0.80. The extrapolation of these
findings to patients with hemodynamically nonsig-
nificant lesions requires further investigation.
Finally, the present study was focused on the asso-
ciation between coronary hemodynamics and plaque
characteristics; the impact of these findings on clin-

was not

ical outcomes remains to be determined.

CONCLUSIONS

Atherosclerotic plaque phenotypes associate with
intracoronary hemodynamics. Vessels with focal dis-
ease (high PPG) had a higher plaque burden and
predominantly LRPs with a high prevalence of TCFA,
whereas in vessels with diffuse disease (low PPG), the
plaques were predominantly calcified. PPG was
associated with cap thickness, with thinner caps
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FIGURE 4 Case Examples of Focal and Diffuse CAD

Focal CAD
(B

Diffuse CAD
(B‘?? (&)

The left shows a case with focal coronary artery disease (CAD) (high PPG), whereas the right shows a patient with diffuse CAD. A and A’ indicate coronary angiography,
and the white arrowheads identify the lesions. B and B’ indicate coronary CTA straight multiplanar reconstructions of the vessel, and C and C’ and D and D’ show the
cross-section without and with tissue characterization, respectively. E and E’ present the 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. F to K show cross-sectional and longitudinal optical coherence tomography images,
respectively. The asterisk indicates plaque rupture, 2 asterisks depict circumferential lipid-rich plaque, the arrowhead indicates thin-cap fibroatheroma, and the white

dagger indicates circumferential calcified plaque. Abbreviations as in Figures 1 and 2.

observed in lesions with higher focal pressure
gradients.

These results relate invasive pathophysiology and
plaque characteristics supporting the clinical utility
of FFR and PPG for differentiating focal from diffuse
disease. The data support the use and interpretation
of PPG in relation to plaque composition but do not
support the use of anatomic plaque characteristics by
either coronary CTA or OCT as a basis for revascu-
larization in the absence of reduced FFR. In addition,
the absence of comparable plaque evaluation for
nonhemodynamically significant lesions (FFR >0.80)
precludes extrapolating these findings to a less
diseased population.
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CENTRAL ILLUSTRATION Association Between CAD Patterns and Plaque Characteristics Based
on Invasive and Noninvasive Imaging
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The study included patients with hemodynamically significant coronary artery disease (CAD) based on fractional flow reserve (FFR) =0.80
with plaque characterization based on coronary computed tomography angiography (CTA) and optical coherence tomography. Based on the
pullback pressure gradient (PPG) index, patients were divided into those with focal (PPG >0.66) or diffuse (PPG =0.66) CAD. Vessels with
focal CAD (red bars) had a higher plaque burden and predominantly lipid-rich plaque with a high prevalence of thin-cap fibroatheroma,
whereas calcifications were the hallmark of vessels with diffuse disease (green bars).
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PERSPECTIVES

risk can be stratified according to coronary physiology.

conservative management of the diffuse disease.
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