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Efficacy of Post-Dilatation during Carotid
Artery Stenting for Unstable Plaque Using
a Double-Layer Stent Evaluated by OFDI

Ryuichiro Kiyosawa, Takaya Saito, Shingo Yamada, and Kei Harada

Objective: This study aimed to use optical frequency domain imaging (OFDI) to evaluate the efficacy of post-dilatation
(PD) after stent placement for unstable plaques during carotid artery stenting (CAS) using a double-layer stent.
Methods: Twelve unstable carotid plaque lesions diagnosed by MRI were evaluated using OFDI during CAS. The pre-
procedural minimum lumen diameter was 1.6 + 0.7 mm. Each lesion was pre-dilated with balloon catheters (diameter,
5.3 £ 0.5 mm), and a double-layer stent was deployed. PD was performed with balloon catheters of the same size as
those used for pre-dilatation. Cross-sectional OFDI images within the stented segment were evaluated at 1-mm intervals
for a 20-mm segment, including the most stenotic lesion. Slice rates for the presence of in-stent plaque protrusion (PP)
and plaque between the double-layer lumen were calculated.

Results: No procedural complications occurred with the use of an embolic protection device. Compared to after stent
placement, slice rates for any PP (44 = 19% to 62 + 22%, P <0.05) and plaque between the double-layer lumen
(79 £ 16% to 91 + 34%, P <0.05) were significantly increased after PD; slice rates for >500 um PP (7.5 + 14% to 0%,
P <0.05) were significantly decreased. Visible debris were captured in 50% of lesions.

Conclusion: PD after double-layer carotid stent placement decreases in-stent large PP. Double-layer construction

contributed to the prevention of large PP, as the PP may have been crushed into debris by PD.

Keywords

[ Introduction

Carotid artery stenting (CAS) has become an effective
alternative to carotid endarterectomy for stroke prevention
in patients with carotid artery stenosis.) However, CAS for
unstable plaques has been associated with a high risk of
embolic complications.? In recent years, excellent embolic
protection devices (EPDs) have overcome intraprocedural
distal embolisms.” However, it has been observed that an
in-stent plaque protrusion (PP) frequently occurs during
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CAS, especially in cases with unstable plaques, and causes

intraprocedural and delayed embolic  strokes.*®
Double-layer micromesh stents were developed to reduce
the PP through the stent strut and distal embolism.%”
The Casper stent (Terumo, Tokyo, Japan), a double-layer
micromesh stent, was developed to reduce PP through the
stent strut as well as distal embolism.®*)

Post-dilatation (PD) during the CAS procedure helped
in increasing in-stent lumen area; however, it increased
procedure-related embolization because of fractured
debris.!®!) A previous report indicated that PD during CAS
for unstable plaques using closed-cell design stents
decreased large in-stent PP. Harada et al. reported in 2019
that PD during CAS for unstable plaques using closed-cell
design stents significantly increased in-stent lumen area
and apposition to the vessel wall; conversely, it decreased
large in-stent PP and stent malapposition evaluated by opti-
cal coherence tomography (OCT).'") However, the efficacy
of PD for CAS using a double-layer stent has yet to be
investigated. Therefore, the aims of this study were to use
optical frequency domain imaging (OFDI) during CAS for

unstable plaques using Casper stents to detect stent
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dilatation, in-stent PP, plaque between double-layer lumen,
and stent malapposition, and to evaluate the efficacy of PD.

[ Materials and Methods

From October 2020 to January 2021, 12 carotid lesions
evaluated to be unstable by MRI were treated using Casper
stents. Written informed consent was obtained from all
patients. The research within our submission has been
approved by the ethics institutional review board of our
hospital (No. 00112). In symptomatic cases, CAS was per-
formed at least 2 weeks after the onset of symptoms. The
inclusion criteria were as follows: >80% asymptomatic
internal carotid artery (ICA) stenosis and >50% symptom-
atic ICA stenosis. We did not include patients with creati-
nine levels >1.5 mg/dL and lesions with severe ICA
elongation. In all lesions in which PD was performed with
balloon catheters of the same size as those used during
pre-dilatation, OFDI analysis was performed before
pre-dilatation, after stent placement, and after PD. All
patients were administered oral dual antiplatelet therapy
with aspirin (100 mg/day) and clopidogrel (75 mg/day).

Plaque MRI

Carotid MRI using a 3-T imaging machine (Magnetom
Verio; Siemens, Erlangen, Germany) was performed
before CAS. T1- and T2-weighted images of the carotid
artery, including the area with the highest rate of stenosis
and plaque, were obtained. T1-weighted image parame-
ters were repetition time (TR), 500; echo time (TE), 13;
and slice thickness, 2.0 mm, and T2-weighted image
parameters were TR, 4200; TE, 86; and slice thickness,
3.0 mm. The relative signal intensity (rSI) of plaque
components was calculated in relation to the sternocleido-
mastoid muscle on T1-weighted images and in relation to
the submandibular gland on T2-weighted images. On
T1-weighted images, rSI >1.5 was defined as high, mean-
ing unstable.

CAS procedure

Local anesthesia was administered to all patients to allow
for monitoring of motor function and level of conscious-
ness. Systemic anticoagulation was also achieved by the
administration of heparin, maintaining an activated clotting
time of at least 275 s. In all lesions, combined protection
was performed using proximal protection and distal filter
protection. In cases with easy arterial access to carotid
lesion, 9-F Mo.Ma Ultra proximal protection device
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(Medtronic, Minneapolis, MN, USA) was used, and in
cases with difficult arterial access to carotid lesion, an
Optimo balloon guiding catheter (Tokai Medical Products,
Aichi, Japan) was used because it was easy to navigate to
the common carotid artery (CCA). In eight lesions, an 8-9
F guiding catheter with a temporary occlusion balloon was
navigated to the CCA from the femoral artery. A Precu-
Surge GuardWire (Medtronic) was inserted into the guid-
ing catheter through a 'Y connector connected to the side of
the guiding catheter and advanced to a point approximately
10 mm distal to the origin of the external carotid artery
(ECA). The ECA was then occluded by inflating the Percu-
Surge GuardWire to a 4-6 mm diameter. For the remaining
four lesions, a 9-F Mo.Ma Ultra proximal protection device
was navigated to occlude both the CCA and the ECA. A
distal filter protection device (FilterWire EZ; Stryker, Fre-
mont, CA, USA, or SpiderFX; Medtronic) was also crossed
with the stenotic lesions. A 4 F to 6 F sheath was then
deployed in the femoral vein.

The blood return system is a conduit that connects the
side flow reverse port of the guiding catheter to the central
venous system. Before reentering the venous system, the
blood passes through the chamber with an external filter,
which collects particulate debris that are too large to pass
through its 200-um pores.!? The ECA was continuously
occluded until PD was performed. Inflation of the occlu-
sion balloons in the CCA was intermittently performed to
maintain cerebral blood flow. Pre-dilatation was per-
formed using a 4.0—6.0 mm balloon catheter with a nomi-
nal pressure of 8 atm. Afterward, a Casper stent was
deployed. PD was performed using balloon catheters of
the same size as those used during pre-dilatation with a
nominal pressure of 8 atm for 20 s at one time. PD was
performed with these steps at least thrice. During PD, bra-
dycardia with a heart rate of less than 40 occurred in two
cases, and those showed rapid recovery after deflation of
the balloon without venous injection of atropine. Visible
debris captured by the external filter and/or distal filters
was checked.

Diffusion-weighted (DW) MRI was performed within
1-2 days after CAS. Carotid ultrasound or CTA was per-
formed to examine restenosis and in-stent thrombosis
during a follow-up period of at least 6 months. Dual oral
antiplatelet therapy was continued for at least 3 months,
and dual oral antiplatelet regimens were discontinued
when in-stent PP or restenosis was not detected upon ultra-
sound or CTA examination. In these cases, a single oral
antiplatelet regimen was continued instead.



OFDI technique

OFDI was performed using a Lunawave OFDI system
(Terumo). An OFDI imaging catheter (FastView; Terumo)
was advanced into the carotid artery using a 0.014-inch
micro guidewire or filter protection device. Carotid OFDI
imaging was performed pre-procedure, after stent place-
ment, and after PD. Pullbacks were started while the CCA
was occluded with manual injection of 20 mL of 50%
saline diluted contrast medium (iodixanol 270 mg/mL) for
approximately 5 s to completely replace blood from the
artery. These injections were performed using a guide cath-
eter. After stent deployment and after PD, the same OFDI
maneuvers were repeated.

Quantitative software (Lunawave Offline Viewer; Ter-
umo Corp.) was used for offline OFDI analysis by two
experienced OFDI readers. Cross-sectional OFDI within
the stented segment of the ICA was evaluated at 1-mm
intervals for the presence of PP, plaque between the
double-layer lumen, and stent malapposition. The corre-
sponding arterial segment in the pre-stent images was iden-
tified using anatomical landmarks such as origin of ICA
and analyzed at similar 1-mm intervals. PP was defined as
the protrusion of tissues between the stent struts extending
inside a circular arc. The distance from the arc to the great-
est extent of protrusion was measured. Malapposition was
defined as the distance measured from the surface of the
blooming to the lumen contour, which was greater than the
total thickness of the stent strut plus one-half of the bloom-
ing. A well-apposed strut had a protrusion distance ranging
from 10 to 200 um, and the malapposed strut had a protru-
sion distance of >200 um.'>

The OFDI evaluation, without artifacts, of continuous
20-mm-stented segments in both after stent placement and
after PD, including pre-procedural most stenotic lesions,
was carried out in this study.

Statistical analysis

Continuous variables, such as age and laboratory tests, were
presented as mean (standard deviation [SD]). The chi-square
analysis and Fisher’s exact probability test were performed
for categorical variables, such as the slice rates of PP or stent
malapposition. P <0.05 was considered significant.

[ Results

Clinical results
Patient characteristics, the pre-procedural OFDI findings,
and clinical results are given in Table 1. In symptomatic

Double-Layer Carotid Stent Analyzed by OFDI

Table 1 Patient characteristics, OFDI results, and clinical course

n=12
Characteristics
Age, years 74+6
Men 12
Clinical features
Hypertension 8
Diabetes 4
Heart disease 4
Presenting event
Minor ischemic stroke 4
Ocular ischemia 2
Asymptomatic 6
Laboratory tests
Triglyceride, mg/dL 119+ 77
LDL cholesterol, mg/dL 100 £ 42
MRI features
T1W, rSI 1.9+04
T2W, rSI 1.6+£0.5
Medication
Aspirin 12
Clopidogrel 12
Statin 7
OCT results
Plaque morphology
Lipid 12
Calcification 2
Ulceration 8
TCFA 12
Disruption 10
Thrombus 2
Neovascularization 2
OFDI-NASCET, % 72+13
Area of most stenotic lesions, mm? 3.4+1.8
Diameter of most stenotic lesions, mm? 1.6+0.7
Pre-dilatation and PD balloon size, mm 53105
Visible debris 6
Clinical course
Neurological deficits 0
MRI-DWI high spots 5
Duration of DAPT, months 3.4+1.0
Follow-up, months 9.7+1.4
Restenosis 0
Delayed ischemic stroke 0

DAPT: dual antiplatelet therapy; LDL: low-density lipoprotein; MRI-DWI:
magnetic resonance imaging—diffusion weighted imaging; NASCET: North
American Symptomatic Carotid Endarterectomy Trial; OCT: optical coher-
ence tomography; OFDI: optical frequency domain imaging; PD: post-
dilatation; rSl: relative signal intensity; T1W: T1 weighted; T2W: T2 weighted;
TCFA: thin-cap fibroatheroma

patients, the mean time lapsed from the qualifying event to
the CAS procedure was 23 days (range, 14-60 days). Suc-
cessful revascularization with <30% residual stenosis in
each case was confirmed by angiography. No technical or
neurological

complications occurred during OFDI
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Table 2 OFDI findings after post stent placement and after PD

Post-stent PD P value
placement
Minimum lumen
Diameter, mm 3.0+£0.7 3.7+0.8 <0.001
Area, mm? 9.1+29 13.7+5.4 <0.001
Number of >500-um 5 0 <0.05
PP, n
Rate of slices (%)
Any PP, % 44 £19 62 £ 22 <0.05
>500-um PP, % 7.5+14 0 <0.05
Plaque between 79+16 91+15 <0.05
the double layer
space, %
Malapposition, % 78 £25 53+ 34 <0.05

OFDI: optical frequency domain imaging; PD: post-dilatation; PP: plaque
protrusion

pullback and CAS procedures. The total amount of con-
trast medium during the CAS procedure was 60-90 mL.
A high signal on DW-MRI was detected in five out of 12
(42%) patients, and all were asymptomatic. Post-procedural
ischemic neurological deficits, access site complications,
and cardiac events were not observed during the follow-up
period. Restenosis was not detected in any lesions exam-
ined by ultrasound or upon CTA examination.

OFDI results

OFDI findings of a comparison between after stent place-
ment and after PD are given in Table 2. Minimum lumen
diameters, areas, and mean lumen areas were significantly
larger after PD compared to those after stent placement.
Compared to after stent placement, the slice rates of
in-stent PP and plaque between the double-layer lumens
were significantly increased after PD; >500 um PP and
stent malapposition were significantly decreased. A repre-
sentative case showing that >500 wm PP decreased after
PD is shown in Fig. 1. A representative case showing that
plaque between the double-layer lumens increased after
PD is shown in Fig. 2.

| Discussion

In this study, it was observed that any PP and plaque
between the double-layer lumens were significantly higher
after PD compared to after stent placement for unstable
plaque using a double-layer stent; however, >500 um PP
and stent malapposition were significantly less. This sug-
gests that the double-layer structure contributed to protect-
ing the PP and PD reduced in-stent large PP. A similar
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Fig.1 Representative case showing that in-stent large PP (>500 um)
is decreased after PD. (A) Pre-procedural OFDI shows homogenous,
diffuse border without surface signal-rich regions, which indicated
lipid-rich plaque with thin-cap fibroatheroma. (B) Angiogram of pre-
procedural carotid stenosis. (C) After pre-dilatation (5.0-mm balloon)
and double-layer stent placement, large PP (arrows) between the
struts was observed by OFDI. The double arrows indicate stent
malapposition. The space between the double-layer structure was
not clear. (D) Angiogram after stent placement. (E) After PD, in-stent
large PP decreased, while in-stent small PP increased by OFDI
analysis. (F) Post-procedural angiogram revealed good revasculariza-
tion. Arrows in (B), (D), and (F) indicate the corresponding locations
of OFDI analysis. OFDI: optical frequency domain imaging; PD: post-
dilatation; PP: plaque protrusion

result that PD reduces >500 um PP through stent struts for
carotid unstable plaque using a closed-cell stent was
observed in this study even while using a double-layer
stent.'D

OCT/OFDI is a progressively accepted intravascular
modality for studying coronary arteries. It provides
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Fig. 2 Representative case showing plaque sealing between
double-layer lumen after PD. (A) Pre-procedural OFDI indicated
plaque disruption. (B) Angiogram of pre-procedural carotid stenosis.
(C) After pre-dilatation (5.0-mm balloon) and after double-layer stent
placement, no plaque was observed in the double-layer space (*).
(D) Angiogram after stent placement. (E) After PD, plaque in the
double-layer lumen increased. Plaque was well sealed between the
double-layer lumen (arrows). After PD, the border of the double-layer
stent strut was not clear. Arrows in (B), (D), and (F) indicate the
corresponding locations of OFDI analysis. OFDI: optical frequency
domain imaging; PD: post-dilatation

{

unprecedented microstructural information regarding ath-
erosclerotic plaques and placed stents, and has a high-
resolution capacity of 10 mm. OCT/OFDI has been used to
assess atherosclerotic carotid plaque morphology, PP, and
stent apposition. Several reports have been made on the
safety of OCT-guided CAS.341

In-stent PP could cause post-procedural embolism
after CAS using a conventional open-cell stent.*!415

Double-Layer Carotid Stent Analyzed by OFDI

Additionally, even a closed-cell stent, which was expected
to prevent PP for unstable carotid lesions, could not over-
come this problem.* In the previous study about OCT anal-
ysis during CAS using a closed-cell stent for 14 unstable
plaques, any PP was observed in all lesions and PP >500
um was observed in 50% of carotid lesions.?

Double-layer micromesh stents have been developed to
reduce PP during CAS, including the CGuard stent
(InspireMD, Tel Aviv, Israel), RoadSaver/Casper stent, and
Gore stent (W.L. Gore and Associates, Flagstaff, AZ,
USA).671617 They have a micromesh made of nitinol
placed inside a closed-cell design stent frame. Their stent
frame strut thickness is 180 pm, and their metal mesh strut
size and pore size are 42 um and 375 wm, respectively.1®
However, previous OCT/OFDI studies suggested that PP
was observed even when using double-layer stents.!®!®
Yamada et al. reported using OFDI analysis that the pres-
ence of PP was apparently lower in the Casper stent group
(44%) than that in the conventional (single-layer) stent
group (88%). Umemoto et al. reported that PP was observed
using both CGuard stents and RoadSaver stents, which are
both double-layer stents, with OCT analysis.!® In this
study, PP was observed in five out of 12 lesions after stent
placement and in none of the lesions after PD. In percuta-
neous coronary artery stent placement, balloon dilatation
time and pattern affect stent diameter; furthermore, multi-
ple repetitive short balloon inflations result in a larger stent
lumen gain compared to a single prolonged inflation
amounting to the same cumulative time.'” In CAS using
the Casper stent, whether PD contributed to in-stent PP
being crushed or not was not reported; however, PD was
thought to contribute to an increase in in-stent lumen and
crushing of in-stent PP.

From these OFDI findings, we speculate the follow-
ing: First, after stent placement, the space in the
double-layer lumen was wide, especially in the stenotic
lesions, because the inner stent strut was not sufficiently
expanded despite the use of a large-diameter balloon
(mean diameter, 5.3 mm). After stent placement, many
plaques remain outside the stent; however, soft plaque
can protrude into the in-stent lumen as PP or debris.
Second, PD contributes to the expansion of stent struts
and compresses the double-layer lumen; conversely,
parts of the plaque protrude into the in-stent lumen
through the stent strut. Third, large PP was crushed as
debris, and small PP (<100 um) remained around the
stent strut. In this study, delayed in-stent PP was not
observed in imaging during at least a 6-month follow-up
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period. The double-layer structure is thought to chron-
ically contribute to plaque stabilization.

We considered that PD should be performed to increase
in-stent lumen diameter and decrease large in-stent PP
even in cases of unstable plaque lesions in which sufficient
EPD, such as proximal protection, which can retrieve more
debris than distal filter protection, is achieved.!” In cases
where large PP was observed after Casper stent placement,
which causes delayed migration, additional PD should be
primarily performed to reduce PP. In contrast, PD might
not be avoided in cases of unstable plaque in which suffi-
cient EPD is not achieved, including cases that only make
use of distal filter protection.

This study had some limitations. This was a single-
center study conducted with a limited number of patients.
There was no control group in this study, and the selected
lesions predominantly comprised unstable plaques,
non-elongated lesions, and lesions treated with same-sized
balloon catheters pre-dilatation and PD. MRI is a well-
established imaging modality for carotid plaque character-
ization. Plaque imaging using R1-weighted MRI has a very
high sensitivity for detecting unstable plaques that reflect
lipid-rich plaques and hemorrhages.?” In this study, rSI
>1.5 of TIWI obtained with 3.0-T MRI was defined as
unstable plaque to increase the sensitivity of the assumed
unstable plaque. Limitations regarding the construction of
the Casper stent are as follows. In the previous study on PP
after closed-cell stent placement evaluated by OCT analy-
sis, the area of the stent cells with PP was calculated;®
however, in this study, the area of the stent cells with PP
could not be calculated because the double-layer stent strut
was too small. In the previous study on PP after PD using a
closed-cell stent, the area of in-stent PP on OCT slices was
calculated; however, in this study, this was difficult because
the precise border of the in-stent lumen and thin stent strut
of the double-layer construction was difficult.

1 Conclusion

After PD for carotid unstable plaque using the Casper
stent, we observed that the in-stent lumen area, small PP,
and plaque between the double-layer lumen increased;
however, >500 um PP and stent malapposition decreased.
PD may decrease delayed ischemic events by expanding
the stent and decreasing in-stent large PP, subsequently
crushing in-stent PP into the in-stent lumen as debris.
In-stent PP was less than that using a closed-cell stent; the
double-layer construction of the stent contributes to
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protection from in-stent PP. However, in CAS for unstable
plaque with PD, sufficient EPD was needed to prevent
intraprocedural embolization even with the use of a
double-layer stent.
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