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Abstract

Aims Segmental pressure gradients post-percutaneous coronary intervention (PCl) can detect residual disease and optimization
targets. Ultrasonic flow ratio (UFR) or optical flow ratio (OFR) offer simultaneous physiological and morphological assess-
ment using a single imaging catheter. This study evaluated the utility of UFR and OFR in identifying residual disease post-PCl.

Methods The study include patients from the Acetyl Salicylic Elimination Trial JAPAN Pilot study with complete intravascular imaging

and results pullback data, where UFR or OFR was obtained post-PCl. Anatomical focal lesions distal and proximal to the stent were

analysed in segments >5 mm long. UFR or OFR virtual pullback curves assessed intra-stent pressure gradients, defining
physiological focal or diffuse by segmental pressure drops >0.05 over lengths <10 or >10 mm, respectively. The median
post-PCI UFR/OFR was 0.93 (0.88-0.96) with 35.4% (69/195) vessels having a UFR/OFR < 0.91. There were significantly
more focal lesions, both anatomical and physiological, proximal and distal to the stent in vessels with UFR/OFR < 0.91
compared with those >0.91. Agreement between anatomical and physiological focal lesions was moderate proximally
(kappa =0.553, P < 0.001) and fair distally (kappa=0.219, P=0.002). The in-stent gradient poorly predicted significant
stent under-expansion. However, the virtual fractional flow reserve gradient performed well in detecting proximal or distal
focal disease (area under the curve = 0.835 and 0.877, respectively).
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Conclusion UFR/OFR effectively identifies sub-optimal vessel physiology post-PCl and locates precise anatomical issues, validated by
intravascular imaging.
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Segmental Virtual FFR Gradients Post-PCl and Intravascular Imaging Detected Residual Lesions and Stent Under-expansion.

A total of 195 vessels with post-percutaneous coronary intervention (PCl) underwent intravascular imaging (IVUS or OCT). Virtual FFR gradients were
calculated based on the ultrasonic flow ratio or optical flow ratio pull back curve in the Acetyl Salicylic Elimination Trial (ASET) JAPAN Pilot study Phase
|. Virtual pressure ratios were calculated at four locations: distal, the distal and proximal stent edges, and the coronary ostium. Segmental pressure gradients
were defined as the difference between the proximal and the distal pressure ratio value. Lesions (focal, diffuse, and mixed) were classified as physiological in
segment lengths >10 mm and anatomical (focal) lesions in segment lengths >5 mm. The performance of segmental virtual FFR gradients was good to detect
anatomical focal lesions. There was moderate agreement between proximal anatomical focal and physiological focal lesions. Minimal lumen area [median
(1Q)] and minimum stent area [median (IQ)] are indicated in different colours (green, blue, and orange) in corresponding coronary segments.

Keywords virtual FFR gradient derived from IVUS or OCT e ultrasonic flow ratio ® optical flow ratio
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Residual Segmental Gradients Post-PCl using UFR or OFR

Introduction

Revascularization guidelines recommend using fractional flow reserve
(FFR) or non-hyperemic pressure ratios (NHPRs) prior to considering
percutaneous coronary intervention (PCl) of intermediate coronary ar-
tery lesions."” Notably, whilst angiographically successful PCI re-
establishes epicardial conductance and improves myocardial perfusion,
in a sizable proportion of patients epicardial haemodynamics remain ab-
normal.® As such, sub-optimal post-PCI physiology and focal residual
disease, as detected by intravascular imaging, occurs in up to 60% of
cases and has been directly linked to future events. "8 At present, un-
certainty exists on how residual disease should be detected, and
whether potential optimization treatment should be guided by FFR
or intravascular imaging,” with the latter identifying major causes of
target-vessel failure (TVF) like stent under-expansion, residual (non-
obstructive) disease at stent edges, irregular tissue protrusion, stent
edge dissection, and major strut malapposition.°

Ultrasonic flow ratio (UFR) and optical flow ratio (OFR) are novel
validated methods for the rapid computation of FFR, which are derived
from intravascular ultrasound (IVUS) or optical coherence tomography
(OCT) images and combine plaque morphology and coronary physi-
ology thereby obviating the need for two diagnostic procedures and
two separate intravascular instrumentations. Notably, previous studies
have extensively validated UFR/OFR against wire-based FFR, in both
pre- and post-PCl settings supporting its utility as a reliable surrogate
for physiological assessment.”'~"”

Given the potential benefits in combining the physiological and mor-
phological assessment of lesions, this study aimed to evaluate for the
first time the utility of using UFR and OFR to identify residual disease
post-PCl in segments of stented and non-stented coronary arteries.

Methods

The present study is a sub-analysis of the ASET JAPAN pilot study Phase
I. The design, patient inclusion and exclusion criteria, and main results
have already been published.'®'? In short, the study showed the feasibility
and safety of low dose prasugrel monotherapy following PCl in Japanese pa-
tients presenting with chronic coronary syndrome (CCS) and an anatomical
SYNTAX score <23."” The certified review board, Central Ethics
Committee and Local Ethics Committee at each participating centre ap-
proved the study protocol (Reference no. CRB4180003). All enrolled pa-
tients provided written informed consent, and the study complied with
the Declaration of Helsinki.

Procedure

All patients received SYNERGY (Boston Scientific, Natick, USA) drug elut-
ing stents; IVUS or OCT whilst not mandatory was performed in 99.6% of
cases according to local practice. Post-procedure, an IVUS or OCT pull
back was performed starting from at least 5 mm distal to the stent edge
or from a distal anatomical landmark.

Quantitative and qualitative assessment of IVUS or OCT pullbacks was
performed by automatically delineating vessel, lumen, and stent contours
every 0.5mm using QCU-CMS (version 4.69, Division of Image
Processing, Leiden University Medical Centre).

UFR or OFR was calculated using the respective IvusPlus or OctPlus soft-
ware, Pulse Medical, Shanghai, China.""™ All UFR and OFR tracings, and
IVUS and OCT pullbacks were analysed at the CORRIB Core Lab,
Galway, Ireland by two analysts blinded to clinical and procedural data.
The time required to calculate OFR or UFR for 10 random vessels was
60 + 25 and 98 + 22 s, respectively.

Segmental pressure gradients were derived from UFR or OFR virtual pull
back curves in segments >5 mm long and defined as: (i) the distal pressure
gradient: difference in virtual pressure between the most distal UFR or OFR
measurement and the distal stent edge; (i) the in-stent gradient was the
pressure difference between the distal and proximal stent edge; and (iii)
the proximal gradient was the difference between the proximal stent
edge and the coronary ostium (left anterior descending (LAD)/RCA

ostium). (‘Graphical Abstract’) When the ostium of the LAD had a plaque
burden of >40% the analysis was performed from the left main ostium.

The present sub-analysis focused on the following qualitative and quan-
titative findings:

(1) Physiological assessment of focal, mixed, and diffuse lesions distal and
proximal to the stent. Physiologically, residual lesions were defined as
(i) focal if the UFR or OFR dropped by >0.05 over a distance of
<10 mm (AUFR or AOFR > 0.05 in <10 mm), (i) diffuse if there was
a progressive decline in the UFR or OFR of >0.05 over a distance
>10 mm, and (iii) mixed lesions if there was a combination of focal
and diffuse lesions (‘Graphical Abstract’).2%*'

(2) Anatomical assessment of focal lesions, distal and proximal to the stent.
Anatomically, residual focal lesions were defined as follows: (i) lesion
with minimal lumen area (MLA)<2mm? and reference vessel
diameter (RVD) < 2.5 mm?; (ii) lesion with MLA < 2.5 mm? and RVD
> 2.5 mm; (iii) lesion MLA < 3.0 mm? and RVD > 3.0 mm; (iv) lesion
MLA < 3.5 mm” and RVD > 3.5 mm.”***

(3) Correlation between stent under-expansion, as assessed by QCU-CMS
software, and in-stent virtual pressure gradient, as assessed by the UFR or
OFR virtual pullback curve. In-stent gradient was defined as a pressure
drop within the stent derived from the UFR or OFR virtual pullback
curve. Stent expansion index (SEl) was evaluated as the minimum stent
area (MSA)/average of proximal and distal reference lumen area X
100. An SEI <80% was considered as stent under-expansion. The
proximal and distal reference segments were measured at normal-
looking cross-sections within 5 mm proximal or distal to the stent.

Detailed methodology for post-PCl UFR and OFR analysis is provided in
the Supplementary data online, Supplement material. The correlation
and agreement between wire FFR and UFR/OFR in a subset of vessels
(n=16) before PCl is provided in the supplement (see Supplementary
data online, Figure S7).

Whilst this study could not evaluate the correlation and agreement be-
tween UFR and OFR due to the absence of both IVUS and OCT on the
same vessel segment, we analysed data from 39 segments where both mo-
dalities were used in a different population to identify vulnerable plaques.
Independent blinded analysts at the Core Lab conducted the analysis
(see Supplementary data online, Supplement material). The correlation
between UFR and OFR was excellent, with a coefficient of r=0.84 (see
Supplementary data online, Figure S2).

Statistical analysis

All continuous variables under investigation showed a non-normal distribution
(according to the Shapiro-Wilk test) and are reported as median (IQR).
Categorical data are reported as number and proportion. The correlation be-
tween continuous variables was evaluated using the Spearman correlation co-
efficient. Differences in segmental pressure gradients between vessels with and
without sub-optimal physiological outcomes and between vessels with and
without IVUS-defined residual disease were evaluated using the Mann—
Whitney U test. Receiver-operating characteristic (ROC) curve analysis was
performed to evaluate the diagnostic performance of the segmental pressure
gradients to detect residual focal disease identified by IVUS/OCT imaging ab-
normalities. ROC curves were compared using the DelLong’s test. Analyses
also included evaluation of diagnostic performance of segmental gradients nor-
malized for segment length (segmental gradient/segment length x 10). The
weighted kappa statistic was employed to evaluate the agreement between
focal anatomical and physiological lesions. All statistical analyses were
performed using IBM SPSS Statistics for Windows (version 24.0) and R
(version 3.5.2, package: proc, R Foundation for Statistical Computing).

Results

A total of 188 patients with 195 treated vessels had complete IVUS
(138 vessels and 138 IVUS pullbacks) or OCT (57 vessels and 57
OCT pullbacks) pullback data. Patient and vessel characteristics are pre-
sented in Tables 1 and 2, respectively. Mean age was 68.86 + 9.79 years,


http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyaf017#supplementary-data
http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyaf017#supplementary-data
http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyaf017#supplementary-data
http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyaf017#supplementary-data
http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyaf017#supplementary-data

P.C. Revaiah et al.

154 (82%) patients were male, and 34% had diabetes. The LAD was the
vessel of interest in 66.2% of cases, followed by the RCA (16.4%); 42%
of lesions were type B2 or C (Table 1). The median virtual FFR derived
from UFR or OFR pullback curves was 0.93 (IQ 0.88-0.96) (‘Graphical
Abstract’).

In the overall population, the median post-PCl minimal lumen areas
(MLAs) distal and proximal to the stent were 3.62 (IQ 2.68—
5467) mm? and 6.25 (IQ 4.07-8.96) mm?, respectively; the median
MSA was 5.24 (IQ 4.11-6.90) mm?. Residual anatomical and physiological
disease is tabulated in Table 2. Stent under-expansion (SEl < 80) was pre-
sent in 82 (42.1%) vessels. Virtual segmental FFR gradients were larger in
vessels with vs. without residual anatomical focal lesions (Figure 1A). The
in-stent virtual FFR gradient was similar between vessels with and without
stent under-expansion (0.042 +0.033 vs. 0.035+0.033, P=0.202,
Figure 1A); however, it was significantly higher in vessels with under-
expansion when adjusted for segment length (0.015 £ 0.011 vs. 0.011
+0.009, P=0.014). Correlations between segmental gradients, MLA
and segment length, and correlations between stent gradient, MSA, SEI,
and stent length are summarized in Table 3.

optimal physiology was 0.86 (0.825-0.89) and 0.94 (0.95-0.97), re-
spectively (P < 0.001). The anatomical and physiological characteristics
of all treated vessels stratified according to a UFR/OFR < 0.90 or >0.90
is shown in Table 4.

Vessels with residual anatomical focal lesions had larger segmen-
tal virtual FFR gradients compared with those without (Figure 1B).
The in-stent virtual FFR gradient between vessels with and without
stent under-expansion was not significantly different (0.07 + 0.04
vs. 0.06 + 0.04, P =0.843, Figure 1B), even after adjustment for seg-
ment length (0.02 +0.01 vs. 0.02 +0.01, P=0.257).

Correlations between segmental gradients, MLA and segment
length, and correlations between stent gradient, MSA, SEI, and
stent length are summarized in Supplementary data online,
Table S1.

Table2 Characteristics of vessels with intravascular
imaging (IVI) (IVUS or OCT) (n = 195)

Vessels with sub-optimal physiological

outcomes

A total of 69 of the 195 vessels had a UFR or OFR < 0.90. The median
virtual FFR derived from IVUS or OCT of vessels with sub-optimal vs.

Table 1
the study

Baseline characteristics of the patients in

Age (years)
Male (%)
Female (%)
BMI (kg/m?)
Smoking (%)
DM (%)
Hypertension (%)
Hyperlipidaemia (%)
Family history of CAD
Previous Ml
Previous PCI
Previous CABG
Established peripheral vascular disease
Chronic obstructive pulmonary disease
Renal insufficiency (%) (eGFR < 60 mL/min/
173 m?)
LVEF (%) (n=155)
Anatomical SYNTAX score
AHA Lesion Type (n=195)
A
B1
B2
C

Patients (n = 188)

68.86(9.79)
154/188 (82%)
34/188 (18%)
24.75(3.94)
33/188 (17.6%)
64/188 (34%)
150/188 (79.8%)
156/188 (83%)
10/188 (5.3%)
24/188 (12.8%)
45/188 (24%)
3/188 (1.6%)
11/188 (5.8%)
9/188 (4.8%)
68/188 (36.2%)

60.5 (10.1)
82 (47)

48/195
66/195
49/195
32/195

24.6%)
33.8%)
25.1%)
16.4%)

Py

AHA, American Heart Association; BMI, body mass index (kg/mz); DM, diabetes
mellitus; CABG, coronary artery bypass grafting; CAD, coronary artery disease; Ml,
myocardial infarction; PCl, percutaneous coronary intervention; eGFR, estimated
glomerular filtration rate; LVEF, left ventricular ejection fraction; SYNTAX, synergy
between percutaneous coronary intervention with Taxus and cardiac surgery

IVUS pull backs

OCT pull backs

UFR or OFR value median (quartiles)

Target vessel with IVI (n, %)
Left anterior descending artery
Left circumflex artery (including Ramus
intermedius)
Right coronary artery
Diagonal

Stent diameter, mm (195/195) median
(quartiles)

Total stent length, mm (195/195) median
(quartiles)

IVUS/OCT and UFR/OFR findings available

Distal segment length >5 mm

Distal segment length >10 mm

Identification of distal focal lesion in these
segments
Anatomical
Physiological

Distal MLA, mm? (192/195) median (quartiles)

Distal segment length, mm (192/195) median
(quartiles)

Distal UFR/OFR gradient, (192/195) median
(quartiles)

Distal UFR/OFR gradient normalized for
segment length, (192/195) median (quartiles)

In-stent segment

MSA, mm? (195/195) median(quartiles)

Stent expansion index (SEl) (195/195) %; mean
(SD)

Stent expansion
SEI<80
SEI' > 80%

In-stent segment length, in mm (195/195)
median (quartiles)

In-stent UFR/OFR gradient (195/195) median
(quartiles)

138 (195) 70.8%
57 (195) 29.2%
0.93 (0.88-0.96)

129/195 (66.2%)
31/195 (15.9%)

32/195 (16.4%)
3/195 (1.5%)
3 (2.75-3.50)

24 (20-32)
195/195 (100%)

182/195 (93.33%)
147/195 (75.38%)

16/182 (8.8%)
3/147 (2.04%)
3.62 (2.68-5.48)
11.5 (10-16.52)

0.015 (0.010-0.030)
0.012 (0.005-0.020)
195/195

524 (4.11-6.90)
831 (74) %

82/195 (42.1%)
113/195 (57.9%)
26.8 (20.6-34.2)

0.030 (0.010-0.050)

Continued
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Table 2 Continued

In-stent UFR/OFR gradient normalized for stent
length (195/195) median (quartiles)

Proximal segment length >5 mm

Proximal segment length >10 mm

Identification of proximal focal lesion in these

0.011 (0.005-0.018)

161/195 (82.6%)
148/195 (75.9%)

segments
Anatomical 26/161 (13.3%)
Physiological 14/148 (9.5%)

Proximal MLA, mm? (185/195) median 6.25 (4.07-8.96)
(quartiles)

Proximal segment length, mm (185/195) median 13.40 (10-24.10)
(quartiles)

Proximal UFR/OFR gradient (185/195) median 0.020 (0.010-0.040)
(quartiles)

Proximal UFR/OFR gradient normalized for
segment length (185/195) median (quartiles)

Distal physiological focal lesion

Distal physiological mixed lesion

Distal physiological diffuse lesion

Proximal physiological focal lesion

Proximal physiological mixed lesion

Proximal physiological diffuse lesion

0.013 (0.004-0.024)

2/147,1.4%
1/147,0.7%
14/147, 9.5%
9/148, 6.1%
5/148, 3.4%
22/148, 14.9%

IVUS, intravascular ultrasound; OCT, optical coherence tomography; OFR, optical flow
ratio; UFR, ultrasonic flow ratio; SEI, stent expansion index; MLA, minimal lumen area.
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Diagnostic performance of post-PCI

segmental gradients

In-stent virtual FFR gradient had poor discriminative ability to detect
significant stent under-expansion (Figure 2), which remain unchanged
even when corrected for segment length (area under the curve
(AUC): 0.577 vs. 0.595, P=0.45). The diagnostic performance re-
mained poor, irrespective of vessel location (see Supplementary data
online, Table S2).

Overall, the performance of a proximal virtual FFR gradient to detect
proximal anatomical focal disease, and a distal virtual FFR gradient to de-
tect distal anatomical focal disease was good and not significantly different
(AUC: 0.877 vs. 0.835, P = 0.43, respectively) (Figure 2). The performance
of a proximal and distal virtual FFR gradient to detect focal lesion adjusted
for segment length is summarized in Supplementary data online, Table S2.

Inthe LAD, the performance of a proximal virtual FFR gradient to de-
tect a proximal anatomical focal lesion, and a distal virtual FFR gradient to
detect a distal anatomical focal lesion was good and not significantly dif-
ferent (AUC: 0.869 vs. 0.831, P =0.64, respectively) (Figure 3A) (see
Supplementary data online, Table S2). In non-LAD vessels, the perform-
ance of a distal virtual FFR gradient to detect a distal anatomical focal le-
sion was high (AUC: 0.964), whilst a proximal virtual FFR gradient to
detect a proximal anatomical focal lesion was good (AUC: 0.820) and
differed significantly (P=0.02) (Figure 3B). Overall, the performance
of proximal MLA to detect proximal focal physiological lesions (n =13
lesions) was good (AUC—0.884; Youden index—4 mm?), whilst the
performance of distal MLA to detect distal focal physiological lesions
was poor (n= 3 lesions) (AUC—0.378; Youden index—3.5 mm?).

The diagnostic performance of segmental virtual FFR gradients to de-
tect focal lesions and stent gradients to detect stent under-expansion in
vessels with global sub-optimal physiological outcomes and stratified by

B Vessels with UFR / OFR £0.90 (n=69)

0.16

17
0.14
0.12
0.1

0.08

0.06

11 60

0.04

0.02 I
0

Segmental Gradient (A)

Figure 1 Segmental physiological gradients in vessels with and without [VUS-detected anatomical focal disease and vessels with and without stent
under-expansion. (A) All vessels (n = 195); (B) vessels with UFR/OFR < 0.90. Virtual segmental FFR gradients were larger in vessels with residual ana-
tomical focal lesions when compared with vessels without focal lesions. Number on the top of each bar graph represents number of vessels. UFR,

ultrasonic flow ratio; OFR, optical flow ratio.
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Table 3 Correlation between segmental gradients,
MLA and segment length, and correlation between
stent gradient, MSA, SEI and stent length

Correlated variables Spearman’s correlation

co-efficient (p)

Distal gradient and distal 0.533(0.420-0.630), P < 0.001
segment length

Stent gradient and stented 0.493(0.375-0.595), P < 0.001
segment length

Proximal gradient and proximal ~ 0.629(0.530-0.711), P < 0.001
segment length

MSA and stent gradient

Stent gradient and stent

—0.176(-0.313 to —0.032), P=0.014

—0.195(-0.331 to —0.052), P =0.006
expansion index

Distal gradient and distal MLA

Proximal gradient and proximal
MLA

—0.381(—0.499 to —0.249), P=0.014
—0.591(—0.680 to —0.485), P < 0.001

MLA, minimal lumen area; MSA, minimum stent area; SEl, stent expansion index.

LAD and non-LAD is summarized in Supplementary data online,
Table S2.

Overall (195 vessels), there was only slight agreement between distal
anatomical focal and distal physiological focal lesions (x = 0.182), whilst
there was moderate agreement between proximal anatomical focal and
proximal physiological focal lesions (x=0.429) (see Supplementary
data online, Table S3).

In vessels with sub-optimal physiological outcomes (n = 69), there
was fair agreement between distal anatomical focal and distal physio-
logical focal lesions (x = 0.219), whilst there was moderate agreement
between proximal anatomical focal and proximal physiological focal le-
sions (x = 0.553) (see Supplementary data online, Table S3).

At 1-year follow-up patient-oriented clinical endpoints [POCE—
composite of all-cause mortality, any stroke, any myocardial infarction
(M) including non-target-vessel territory, and any revascularization] did
not differ between patients with optimal and sub-optimal UFR/OFR
(7.5 vs. 7.2%, Log-Rank P = 0.96) (Figure 4). The POCE was mainly dri-
ven by non-target vessel revascularization. Relationship between a low
post-PCl UFR/OFR (<0.91) and 1 year all-cause mortality, any Ml and
any revascularization is provided in Supplement (see Supplementary
data online, Figures S3-S5).

Discussion

The present study is a comprehensive intravascular imaging and virtual
pressure gradient analysis to detect local anatomical and physiological
abnormalities post-PCl. We conclude that: (i) segmental post-PCl vir-
tual FFR gradients have a good ability to predict IVUS or OCT defined
anatomical focal lesions, (ii) segmental virtual FFR gradients (distal,
stent, and proximal) are more frequent in patients with a UFR/
OFR < 0.90, (iii) virtual in-stent pressure gradients are not able to dis-
tinguish between well-expanded and under-expanded stents, (iv) pa-
tients with a UFR/OFR <0.90 have more residual lesions (both
anatomical focal and physiological) post-PCl, and a lower MSA, (v) re-
sidual anatomical focal lesions had fair to moderate agreement with re-
sidual physiological focal lesions, (vi) virtual segmental pressure
gradients have moderate to strong correlation with the segment length.

In patients with CCS revascularization guidelines recommend FFR or
NHPR to guide PCl of angiographically intermediate stenoses

(Class 1A).2"%° Intracoronary imaging using IVUS or OCT has also
now emerged as an important modality for lesion assessment and op-
timizing outcomes from PCI,%% with several randomized studies
showing that using it to guide complex PCl results in decreased rates
of MACE compared with angiography alone.3**" The latest European
Society of Cardiology (ESC) Guidelines provide a Class |A recommen-
dation for intracoronary imaging guidance using IVUS or OCT during
PClI for anatomically complex lesions, including left main stem, true bi-
furcations, and long lesions in patients with CCS.

The high incidence of sub-optimal physiology immediately after PCI
mandates an investigation into the potential underlying mechanisms.
Multiple factors, alone or in combination, are commonly involved,
with the most frequent cause untreated stenoses, including diffuse,
non-significant narrowing beyond the stent. The Fractional Flow
Reserve Stent Evaluated at Rotterdam Cardiology Hospital
(FFR-SEARCH) study documented a significant pressure drop (FFR
drop >0.05) in 18% of stented segments, with proximal and distal cor-
onary vessel segment involvement in 15 and 32%, respectively. In the
multi-centre prospective HAWKEYE study, angiography based compu-
tational FFR (QFR) identified that in vessels with sub-optimal post-PCl
QFRs (<0.89), the residual pressure drop was located inside the stent in
13% of cases and outside the stent in 87%.%

Post-PCI FFR has been proposed as a clinical target to optimize PCI
and as a surrogate endpoint for clinical outcomes.**3

TVF can arise from stent-related problems or the presence and/or
progression of disease in untreated segments.**3> Data suggest that a
significant amount of residual disease remains unrecognized by
post-PCl angiogra1ph)/.3'4’8 In the present study, we aimed to elucidate
the relationship between residual anatomical focal disease, and residual
physiologically focal and diffuse disease as detected by IVUS or OCT,
and segmental virtual FFR gradients. The largest virtual FFR drops
were observed proximal to the stent, contrary to prior studies where
the largest drops were distal,”? a finding possibly due to the distal ana-
lysed segment being shorter than the proximal one in our study. In ves-
sels with global sub-optimal post-PCl physiology, focal residual disease
as detected by intravascular imaging techniques occurs in up to 60% of
cases and has been directly linked to future events.*83¢

To the best of our knowledge, no studies have been performed to
evaluate the appropriateness of a segmental virtual pressure gradient
to detect residual physiologically focal, mixed, or diffuse lesions distal
or proximal to the stent, as assessed by intravascular imaging-based
physiology. In fact, two dedicated PCl optimization trials designed op-
timization protocols that promoted additional stenting based on a focal
FFR [Trial of Angiography vs. pressure-Ratio-Guided Enhancement
Techniques-Fractional Flow Reserve (TARGET FFR)] or NHPR pres-
sure gradient (DEFINE GPS; NCT04451044) (Distal Evaluation of
Functional Performance With Intravascular Sensors to Assess the
Narrowing Effect: Guided Physiologic Stenting).®* In the present study
we found that the distal and proximal segmental gradient showed good
ability to identify residual corresponding anatomically focal lesions.

Several studies have reported on the relation between distal
post-PCl FFR values and stent expansion.®’~*° In the present study,
we found that UFR/OFR did not have any discriminative ability to detect
stent under-expansion similar to the findings of FFR-SEARCH IVUS
sub-study, in which no statistically significant differences were observed
in 107 vessels between in-stent FFR gradients and the percentage of
stent under-expansion, which ranged from 10 to 50%.2 Similar to our
study, in a sub-study of FFR REACT involving 132 patients (139 vessels)
there was no significant difference in the in-stent FFR gradient between
vessels with and without stent under-expansion.””*" We found an in-
verse correlation between MLA, MSA, and segmental gradients even
when adjusted for segment length, which is consistent with previous
studies showing inverse correlation between MLA and FFRZ
Furthermore our findings that stent and segmental lengths (as assessed
by IVUS or OCT) directly correlated with stent and segmental
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Table4 Vessel characteristics among patients with and without global sub-optimal physiological outcomes (UFR

or OFR <£0.90)

OCT
UFR/OFR, 195/195 median (IQ)
Target vessel
Left anterior descending artery
Non-LAD
Stent diameter, mm (195/195) median (IQ)
Total stent length, mm (195/195) median (IQ)
IVUS or OCT and UFR or OFR findings
Distal segment length >5 mm
Distal segment length >10 mm
Distal focal lesion
Anatomical
Physiological
Distal MLA, mm? (192/195) median (IQ)
Distal segment length, mm (192/195) median (IQ)
Distal UFR or OFR gradient, (192/195) median (IQ)
Distal UFR or OFR gradient, normalized for length (192/195)
In-stent gradient (195/195)
In-stent gradient normalized for stent length (192/195)
MSA (mm?)
Stent expansion index (SEI) (195/195) mean (SD)
Stent expansion
SEI<80
SEI'> 80
In-stent segment length, in mm (195/195) median (1Q)
Proximal segment length >5 mm

a

Proximal segment length >10 mm
Proximal focal lesion
Anatomical
Physiological
Proximal MLA, mm? (185/195) median (IQ)?
Proximal normalized segment length, mm (185/195) median (IQ)*
Proximal UFR or OFR gradient (185/195) median (IQ)?
Proximal UFR or OFR gradient normalized for length (185/195)*

UFR or OFR UFR or OFR P-value
>0.90 (n =126) <0.90 (n = 69)
88/126 (69.84%) 50/69 (72.46%)
38/126 (30.16%) 19/69 (27.54%)
0.95 (0.94-0.97) 0.86 (0.825-0.89) <0.001
74/126 (58.7%) 55/69 (79.7%)
52/126 (41.2%) 14/69 (20.3%)
3.0 (2.75-3.5) 3.0 (2.5-3.0) 0.012
24 (16-32) 28 (20-32) 0.062
116/126 (92.06%) 66/69 (95.65%)
92/126 (73.02%) 55/69 (79.71%)
5/116 (4.31%) 11/66 (16.67%) 0.005
0/92 (0) 3/55 (5.45%) 0.024
3.88 (2.83-6.13) 3.35 (2.62-4.08) <0.001
11 (7.2-15.8) 11.9 (10-18.3) 0.089
0.01 (0-0.02) 0.02 (0.01-0.04) <0.001
0.01 (0-0.017) 0.018 (0.014-0.025) <0.001
0.02 (0.01-0.03) 0.06 (0.04-0.07) <0.001
0.008 (0.004-0.012) 0.018 (0.014-0.024) <0.001
5.7 (43-7.7) 4.72 (3.97-5.66) 0.001
83.87 £17.25 82.65+17.65 0.635
51/126 (40.47%) 31/69 (44.93%)
75/126 (59.53%) 48/69 (55.07%)
2718 +£10.28 29.8 (20.7-38.8) 0.029
101/126 (80.16%) 60/69 (86.96%)
89/126 (70.63%) 59/69 (85.51%)
9/101 (8.91%) 17/60 (28.33%)
1/89 (1.12%) 13/59 (22.03%)
7.23 (4.8-10.1) 4.7 (3.2-6.5) <0.001
10.6 (6.6-19.4) 18.1 (10-31.5) <0.001
0.01 (0-0.02) 0.05 (0.02-0.08) <0.001
0.009 (0-0.018) 0.024 (0.016-0.034) <0.001

IVUS, intravascular ultrasound; OCT, optical coherence tomography; OFR, optical flow ratio; UFR, ultrasonic flow ratio; SEI, stent expansion index; MLA, minimal lumen area.

Results expressed in median and quartiles.

gradients, has also been previously described.** A focal pressure drop
outside the stented segment is typically indicative of residual stenosis
potentially suitable for additional PCI. Currently, intracoronary imaging
is still the gold standard for high-resolution detection of sub-optimal
stenting results and for guiding PCl optimization. Identification and cor-
rection of stent under-expansion, malapposition, and edge dissection as
identified by OCT is one of the main contributors of improved FFR
after OCT guided PCI optimization.'

Another potential cause of TVF that may not be detected by FFR is
non-obstructive residual disease with high plaque burden. In the CLIMA
(Relationship between coronary plaque morphology of the LAD artery
and 12 months clinical outcome) study, the presence of physiologically
non-obstructive coronary lesions with high-risk plaque features located

in the proximal LAD was associated with a higher occurrence of com-
posite endpoints including cardiac death, target-vessel M|, or target-ves-
sel revascularization. The primary goals of assessing intracoronary
physiology are evaluating the functional severity of coronary stenoses
and identifying focal pressure gradients suitable for percutaneous revas-
cularization. A comprehensive and carefully studied UFR/OFR pull back
(a surrogate of physiology) before and after PCl will likely result in more
personalized procedural planning, leading to better patient and vessel
selection, and a higher degree of appropriately functional revasculariza-
tion. Through the amalgamation of physiological and morphological as-
sessments following PCI, we can leverage the distinctive merits inherent
in each methodology, thereby enhancing overall clinical outcomes. The
FLAVOUR study demonstrated that, in patients with intermediate
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Segmental gradient to predict anatomical focal
lesion and stent underexpansion
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Figure 2 Discriminative ability of segmental virtual FFR gradients to predict intravascular imaging detected residual anatomical focal disease. ROC
curves and AUC values for segmental virtual FFR gradients to predict distal focal, proximal focal, and stent under-expansion.

A Segmental gradient to predict anatomical focal lesion
and stent underexpansion (LAD Vessels)
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B Segmental gradient to predict anatomical focal lesion
and stent underexpansion (Non-LAD Vessels)
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Figure 3 Discriminative ability of segmental virtual FFR gradients to predict intravascular imaging detected residual anatomical focal disease in LAD vs.
non-LAD vessels. ROC curves and AUC values for segmental virtual FFR gradients to predict distal focal, proximal focal and stent under-expansion in
LAD (A) and non-LAD vessels (B). FFR, fractional flow reserve; LAD, left anterior descending artery.

stenosis undergoing evaluation for PCI, FFR guidance was non-inferior
to IVUS guidance concerning the composite primary outcome of death,
MI, or revascularization at 24 months.*> A FLAYOUR sub-study
investigated the incidence of discrepancies between quantitative coron-
ary angiography (QCA) and FFR or IVUS, as well as the outcomes of
FFR- and IVUS-guided strategies in discordant coronary lesions.**
The discordance rate between QCA and FFR or IVUS was 30.2% (n

=551). Importantly, FFR- and IVUS-guided strategies for these lesions
showed comparable outcomes regarding patient-oriented composite
end-points at 24 months.**

However, it is essential to note that the FLAVOUR study primarily
compared FFR vs. IVUS for decision-making regarding revascularization
and stent implantation. The potential benefits of a physiological
(UFR/OFR) vs. morphological guidance approach (MLA)—including
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Figure 4 Relationship between a low post-PCl UFR/OFR (<0.91) and 1-year POCE. Kaplan—Meier curves show the cumulative incidence of POCE (a
composite of all-cause mortality, any stroke, any Ml including non-target vessel territory, and any revascularization) over 365 days of follow-up among
the vessels with low (<0.91) or high (>0.91) post-percutaneous coronary intervention (PCl) UFR/OFR value. OFR, optical flow ratio; UFR, ultrasonic

flow ratio.

novel indices such as the pullback pressure gradient index—merit fur-
ther exploration. Future trials could investigate these indices both be-
fore PCl to better elucidate their clinical utility. Furthermore, the
potential clinical outcome benefits of a physiological guidance approach,
such as UFR/OFR gradients, compared with a morphological guidance
approach, such as stent expansion assessed by IVUS or OCT, warrant
further investigation. Future trials should explore these strategies
post-PCl to better elucidate their clinical utility.

Study limitations

First, the cross-correlation between OFR and UFR remains unknown.
However, combining IVUS and OCT in the same vessel lacks justifi-
cation, as both OFR and UFR have been validated against wire-based
FFR and correlation between UFR and OFR in 39 vessels segments
was excellent in a population with vulnerable plaque. Secondly, in
some vessels distal segment lesions might have been missed due to
the limited pullback length beyond the distal stent edge. Thirdly,
we used only one definition for stent under-expansion and did not
explore various other criteria or the correlation with stent gradient,
however, prior studies indicate that stent gradient did not vary
among different definitions of stent expansion.** Fourth, whilst there
are no motorized wire-based physiology pullbacks to validate our re-
sults, we relied on virtual UFR/OFR pullback curves, validated against
wire-based FFR.

Fifth, in the ASET JAPAN pilot study there was no clear guidance
criteria either by physiological or morphological approach using
IVUS/OCT either before or after PCl to guide revascularization.

Sixth, the study included only stable patients, which raises questions
about whether the findings can be generalized to non-culprit lesions in
patients with acute coronary syndromes, such as NSTEMI or STEML
The enrolled population was very low anatomical risk (mean anatomic
SYNTAX score—8). The majority of patients had total stent lengths ran-
ging from 20 to 30 mm, and the study included minimal cases involving
PCl of the left main coronary artery, chronic total occlusions, or bifurca-
tion lesions. This restricts the applicability of the findings to patients with
more complex coronary anatomy. Additionally, the patient cohort was
low-risk from a clinical standpoint, as most patients had preserved left
ventricular ejection fraction (Mean LVEF—60.5%) and relatively low
prevalence of peripheral artery disease, prior PCl, or coronary artery by-
pass grafting. Whether the results extend to higher-risk patients both
anatomically and clinically remains to be determined. Finally, we also
did not observe any significant difference in clinical outcomes between
patients with and without sub-optimal physiological outcomes as as-
sessed by OFR/UFR. However, given the very low anatomical and clinical
risk of the study population, it is likely that clinical events will accrue over
time. Therefore, longer-term follow-up is necessary to discern potential
differences in clinical outcomes, as the current analysis only includes clin-
ical follow-up up to 1 year

Supplementary data

Supplementary data are available at European Heart Journal - Imaging
Methods and Practice online.
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