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Abstract

Aims: The treatment of in-stent restenosis (ISR) remains a challenge with poor immediate results and higher
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restenosis rate than in de novo lesions. We propose, based on a consecutive series of patients treated with

e optical coherence
tomography

¢ in-stent restenosis

e cutting balloon

cutting balloon, a strategy of aggressive device selection based on the results of serial FD-OCT assessment.

Methods and results: Fourteen consecutive ISR lesions were evaluated both angiographically and with
frequency domain optical coherence tomography (FD-OCT) (C7; LightLab Imaging Inc., Westford, MA,
USA). Cutting balloon (CB) was used in all cases, sized firstly according to conventional angiographic crite-
ria and then upgraded based on OCT assessment with the aim of creating cuts as close as possible to the struts.
OCT data analysis included measurements of lumen and stent area, minimal distance lumen-struts and resid-
ual plaque neointimal hyperplasia. With an OCT guided CB strategy, the final minimal lumen cross-sectional
area (MLCSA) after the final treatment reached 6.68+1.14 mm?, with a reduction from 69% to 25% of neoin-
timal hyperplasia. In the patients with a two-step strategy using a first CB guided by angiography and a sec-
ond CB guided by OCT, the increase in CB diameter was 0.5 mm, achieving an increase in MLCSA area from
4.9+0.42 to 6.354+0.92 mm? with a reduction from 41% to 27% of neointimal hyperplasia.

Conclusions: The OCT measurements of strut-to-strut distance allow safe upsizing of the CB with an
acceptable lumen increase before deployment of a new DES. The strategy appears of particular usefulness for

a DEB strategy with no intention to implant new stents.
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Introduction

In stent restenosis (ISR) has become less frequent after the intro-
duction of drug-eluting stents (DES), but when restenosis develops
long-term outcome appears much less satisfactory than after initial
DES implantation'-.

Intravascular ultrasound (IVUS) can be used in the assessment of
ISR because of its ability to distinguish inadequate expansion from
neointimal proliferation and guide further treatment (ACC/AHA
PCI Guidelines, Class II, Level of Evidence: B)*.

IVUS studies™” have shown that, despite the use of larger balloons,
higher pressure and new stents, the final minimal lumen cross-sec-
tional area (MLCSA) achieved was smaller than the minimal stent
cross-section area (MSCSA) after initial stent deployment. We
hypothesised that this was due to the inability to apply direct pressure
to the previously deployed stent due to the cushion-like protection of
the neointima, precluding adequate stent expansion. We tested an
alternative treatment strategy based on the use of cutting balloons
(CB) sized with optical coherence tomography (OCT) to achieve
effective cutting as close as possible to the struts, allowing subse-
quent better extrusion of the neointima outside the stent and direct
transmission of the expanding force of the balloon to the stent struts.

OCT has greater resolution than IVUS allowing for detecting
thin-capped fibroatheroma (TCFA) and apposition of stent struts®!!,
but its use for guidance of intervention is limited by the need of pro-
longed crystalloid infusion during imaging. Frequency domain
OCT (FD-OCT), due to its fast-scanning laser systems, allows mul-
tiple acquisitions of the entire segment of interest with an amount of
contrast only slightly greater than contrast required for the control
angiogram'?. The lack of penetration of OCT, a problem for the
detection of the external elastic membrane (EEM)-area in the dis-
eased segments, is of limited importance for ISR because the struts
of the previously deployed stent have so high a backscatter as to
allow easy identification through the neointimal layer's.

We used FD-OCT to precisely follow the irregular lumen contour
after CB to guide CB sizing and results in 11 consecutive ISR lesions.

Methods

We assessed 14 consecutive ISR lesions involving the right coro-
nary artery (n=2), left circumflex (n=6), left anterior descending
(n=4), first diagonal branch (n=1) and a saphenous vein graft to
RCA (n=1). All the stents initially implanted in the restenotic seg-
ment were DES (Table 1).
Angiographic and optical coherence tomography images acquisi-
tion (Table 2).
ISR lesions were classified according to Mehran et al'* as the following:
— Class I: (focal ISR): lesion <10 mm in length and positioned at the
unscaffolded segment, the body of the stent, the proximal or distal
margin (not both) or a combination of these sites.
— Class II: (diffuse intrastent ISR): lesion >10 mm in length and
confined to the stent, without extending outside the margins.
— Class III: (diffuse proliferative ISR): lesion <10 mm in length
extending beyond the margins.
— Class I'V: ISR with total occlusion.

OCT guidance for treating ISR with cutting balloons

Table 1. Months after stent implantation, type of stent used and
angiographic findings.

Type of |Length| Diam | P Ylsual . Meh_r_an
Vessel | Months angiographic| classifica-
stent | (mm) | (mm) | ATM . )
stenosis tion
LCX 15 ZES 24 1 3.0 33 90% |
LCX 49 PES 18 | 3.0 18 50% |
RCA 3 EES 23 130 26 60% |
DG1 59 PES 24 |25 24 75% Il
LADd 5 EES 24 125 24 90% |
LCX 8 SES 23 | 275 | 30 95% 1l
LCXd 8 SES 23 1225 | 24 75% Il
LCX 17 EES 8 3.0 12 80% Ml
LADd 10 SES 18 |30 20 100% v
RCA 14 SES 23 |35 24 100% v
LCX 9 PES 18 |35 20 100% v
LAD 7 PES 24 1 3.0 16 60% |
LAD 60 SES 2 | & 14 70% |
SVG to RCA 5 EES 241275 | 16 60% Il
ZES: zotarolimus-eluting stent (Endeavor, Medtronic, Minneapolis, MN, USA); PES:
paclitaxel-eluting stent (Taxus Express, Boston Scientific, Natick, MS, USA); EES:
everolimus-eluting stent (Promus, Boston Scientific, Natick, MS, USA; Xience, Abbott,
Abbott Park, Illinois, USA); SES: sirolimus-eluting stent (Cypher, Cordis, Johnson & Johnson,
Warren, NJ, USA

Subsequently, OCT acquisition was performed with a frequency
domain analysis system (C7; LightLab Imaging Inc., Westford,
Massachusetts, USA). A motorised pullback at 2 cm/s was activated
during injection of iodixanol 320 (Visipaque, GE Health Care, Cork,
Ireland) via 6 or 7 Fr guiding catheter at a flow rate sufficient to have
full substitution of blood with contrast with no streaming (non-occlu-
sive technique)®. The position of the imaging probe at the time of the
start of pull-back was documented angiographically. Frames were
analysed every 0.5 mm. Anatomical landmarks such as side branches,
calcifications, or stent edges were used for longitudinal orientation.

OPTICAL COHERENCE TOMOGRAPHY DATA ANALYSIS

Qualitative and quantitative analysis of OCT images was performed
oftline using proprietary software (C7, LightLab Imaging). MLCSA
and MSCSA were measured before and after each CB inflation and
after stent deployment and high pressure post-expansion. Neointi-
mal area was calculated by subtracting the luminal area from the
stent area. The minimal distance between neointimal fissures cre-
ated by the microatherotome blades and stent struts was calculated
after each cutting balloon inflation. The first CB was selected by the
operator according to the visual estimation of the angiographic ref-
erence diameter. In three patients, a smaller conventional balloon

had to be used for initial predilatation because of the impossibility
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Table 2. OCT data analysis.

MLCSA | MSCSA

P |MLCSA|MSCSA

VESSEL

LCX 115 | 682 | 567 | 30 |16 | 44 846 | 4.06 35|16 | 54 8.66 | 3.26 54 8.66 | 3.26
LCX 278 | 763 | 485 | 3.0 | 16 | 6.17 | 94 3.23 6.17 | 94 3.23
RCA 277 | 725 | 448 | 3.0 | 16 ZES | 275 | 18 | 598 | 949 | 351
DG1 161 | 547 | 386 | 25 | 18 | 349 | 585 | 236 EES | 275 | 18 | 467 | 6.02 | 1.35
LAD 327 | 629 | 3.02 |30 |14 | 618 | 736 | 1.18 EES | 30 |16 | 649 | 748 | 099
LCX 3.6 848 | 4838 | 25 | 18 30 | 16 | 498 | 854 | 3.56 EES | 30 |24 | 746 | 866 | 12

LCX 285 | 561 | 276 | 25 |18 | 473 | 624 | 151 30 [ 12| 572 | 678 | 1.06 EES | 275 | 18 | 6.09 | 7.01 | 0.92
LCX 175 | 648 | 473 | 30 |10 | 388 | 7.99 | 411 EES | 30 |10 | 584 | 823 | 239
LAD 1.54*] 713 | 559 | 25 |16 | 539 | 8.03 | 264 3.0 | 16 | 7.21 | 8.65 | 144 PES | 30 |14 | 809 | 939 | 13

RCA 1.65%| 1023 | 858 | 3.0 | 16 | 5.08 |10.39 | 531 35 |16 | 7.09 [10.98 | 3.89 EES | 35 | 24| 887 |112 2.33
LCX 1.87%| 832 | 645 | 35 |16 | 672 | 898 | 2.26 EES | 35 |24 | 726 | 942 | 216
LAD 2.04 | 587 | 383 | 3.0 |12 | 519 | 8.03 | 2.84 EES | 30 |12 | 683 | 855 | 172
LAD 253 | 627 | 374 |35 |12 |69 | 91 2.14 EES | 35 |12 | 795 | 966 | 1.71
SVG to RCA 177 | 635 | 458 | 30 |18 | 413 | 746 | 333 ZES | 35 |18 | 652 | 776 | 1.24
mean 222 | 701 | 478 519 | 810 | 291 6.08 | 872 | 2.64 6.68 | 8.63 | 1.95
SD+ 073 | 130 | 148 112 | 129 | 117 101 | 149 | 129 114 | 129 | 0.88

conventional low profile balloon

Please note that the OCT was employed to guide a clinically oriented strategy, avoiding unnecessary passes and contrast overload when the angiographic result was grossly inadequate or
there was no possibility to further increase in CB diameter. This can explain the frequent occurrence of missing values in the various procedural steps. * After a pre-dilatation with a 2.0

to perform OCT in a total occluded vessel. In two patients, a smaller
conventional balloon had to be used for initial predilatation because
the CB did not cross directly. In a tortuous RCA the CB could be
used only in a proximal, but not in the distal segment of the ISR.
The CB diameter was then upsized based on the OCT assessment of
the stent diameter aiming at achieving a CB/stent ratio of 1.1-
1.2/1.0. New DES were implanted in all patients, except two lesions
with small diameters and multiple previously implanted stents in
which the operator felt that a sufficient result was achieved with CB
dilatation only (Figures 1 and 2). No dissections requiring new
stent implantation were observed after the final OCT acquisition.

Results

ANGIOGRAPHIC ANALYSIS (TABLE 1)

Of the ISR lesions treated six were focal, three had diffuse ISR, two had
diffuse proliferative ISR and three had a total occlusive restenosis.

OPTICAL COHERENCE TOMOGRAPHY ANALYSIS (TABLE 2)

The mean MCSA of the lumen and stent pre-treatment was respec-
tively 2.22+0.73 mm? and 7.01+1.30 mm?. The mean MCSA lumen
after first and second cutting balloon inflation, were respectively
5.19£1.12 mm? and 6.08+1.01 mm? .The mean final MCSA lumen
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was 6.68+1.14 mm?. In the patients with a two-step strategy using
a first CB guided by angiography and a second CB guided by OCT,
the increase in CB diameter was 0.5 mm, achieving an increase in
MLCSA area from 4.94+0.42 to 6.35+0.92 mm? with a reduction
from 41% to 27% of neointimal hyperplasia (Figures 3 and 4).

CLINICAL FOLLOW-UP

In-hospital, 30 days, and cumulative 6-month MACE were defined
as death, myocardial infarction and repeat revascularisation (CABG
or PTCA). Twelve-lead electrocardiograms were recorded before,
immediately after the procedure and at hospital discharge.

Discussion

Cutting balloons are used for treatment of ISR mainly because of
their practical advantage of not moving during inflation due to the
stabilising effect of the blades, preventing damage outside the stent-
ing segment (watermelon seeding effect).

The lack of clinical benefit observed in the early studies of CB vs.
conventional PTCA in de novo lesions or after treatment of ISR have
created scepticism on the potential mechanical advantage offered by
a focal concentration of force on the intimal plaque. Hoop stress is a
circumferential stress in the vessel wall that balances the intra-arterial



OCT guidance for treating ISR with cutting balloons

Figure 1. Lesion treated with only cutting balloon expansion. A: Angiogram and OCT pre-treatment: a thick, nearly concentric layer of
hyperplasia is revealed by the OCT examination inside a double crown of struts due to the deployment of a 3.0 EES stent inside a 3.5 bare metal
stent. B: Angiogram and OCT after 3.0%10 mm CB (16 ATM): the lumen is improved, but there is a filling defect inside the stent due to residual
hyperplasia; the corresponding OCT image indicates that a deep cut approaching the struts is present only in one direction (4 o clock), based
on the stent diameter a larger CB is selected. C: Angiogram and OCT after 3.5%10 mm CB (16 ATM): the good angiographic result is explained
by the second deep cut (struts in contact with the lumen at 4 o’clock and 9 o ’clock) with MLCSA increased from 4.4 mm?’ to 5.4 mm?’.

pressure and prevents vessel expansion'®. In a pressurised vessel
where “r” is the inner radius and “R” is the outer radius, the hoop
stress can be estimated by the Laplace law: 6 = P(R + 1) / (R — 1),
where “P” is the pressure on the vessel wall'’. During PTCA, bal-
loons are often inflated with pressures of up to 20 ATM (2025 kPA),

150 times higher than the normal arterial wall pressure (approxi-

mately 100 mmHg=13 kPa=0.13 ATM). The mechanical properties
of the arterial wall are critically dependent on the thickness of the
wall and the characteristics of the intimal plaque'®. Consequently, the
balloon pressure necessary to achieve circumferential overstretch and
a satisfactory lumen expansion is intrinsically dependent of the tissue
property and wall thickness. Thick neointimal hyperplasia and the

Figure 2. OCT 3-D reconstruction of a plaque treated by cutting balloon expansion. A: Angiogram, OCT and OCT 3-D reconstruction
pre-treatment: a thick layer of intimal thickening justifies the severe stenosis. Please note that the OCT image has been obtained after
predilation with a 2.0 mm balloon while the angiogram is before treatment. B: Angiogram, OCT and OCT 3-D reconstruction after CB
3.0x10 mm (16 ATM): An acceptable and regular lumen has been created by the dilatation with some struts visible in the corresponding 3D

reconstruction
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MCSA (mm?)

w MSCSA
m— MLCSA

Before treatment After CB1 After CB2

Figure 3. Increase in MLCSA and MCSA of the stent in four patients
treated with a two-step strategy: first CB guided by angiography and
second CB guided by OCT (Please note that the increase in CB
diameter was 0.5 mm, achieving an increase in MLCSA from
4.9+0.42 to 6.35+0.92 mnr®).

Neointimal area (mm?)
w
7

After CB

After stent

Before treatment

Figure 4. Mean reduction in neointimal plaque area in 11 patients
with FD-OCT examinations available both after CB expansion and
stent deployment. (Two patients were excluded because they were
treated only with CB and one patient was excluded because no OCT
examination was performed after CB expansion). The neointimal
area after stent implantation was considered the tissue located
between the two stents layers.

stent itself contribute to increase the hoop stress to the point that even
high-pressure non-compliant balloons might be insufficient to over-
come the hoop stress and induct a persistent plastic deformation of
the vessel wall®.

CBs have been designed to relieve the vessel hoop stress by cre-
ating controlled small incisions in the vessel wall. CBs present sev-
eral advantages for the treatment of ISR, allowing a larger luminal
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gain at lower pressure compared to PCTA alone and preventing the
late elastic recoil due to the incisions created by the blades®.

When CBs were compared with conventional balloons for treat-
ment of ISR, the advantages observed in registries?! were not con-
firmed in appropriately sized randomised trials??. These trials were
performed in the BMS era and without systematic IVUS guidance, not
allowing the distinction between ISR due to stent underexpansion,
unlikely to respond better to CB, and ISR due to excessive neointimal
proliferation, as in all cases in this case series where [VUS was already
used in most cases before and after stenting. IVUS is seldom used to
check the adequacy of the effect of CB because of its inability to detect
the cuts in most of the cases. Suzuki et al, studying animal and in vitro
models of ISR, demonstrated that IVUS tends to overestimate lumen
area and underestimate the signal-poor in-stent hyperplasia’. The OCT
measurements were closer to the histological measurements because
of the better delineation of the neointima-lumen interface'®. Balloon
angioplasty was the initial strategy for treatment of ISR and proved to
be user friendly and associated with good initial results, low incidence
of in-hospital complications but relatively high late-repeat ISR. In an
IVUS study investigating treatment of ISR, Mehran et al*® demon-
strated that when treating ISR with PCTA, luminal gain is achieved by
a combination of additional stent expansion and neointimal tissue
compression through the stent resulting in a displacement through the
stent strut and compression of neointimal tissue. Although satisfactory
initial clinical and angiographic results were obtained with balloon
angioplasty, a significant early lumen loss was also observed shortly
after ISR treatment due to recoil and re-intrusion of neointimal tissue
in the lumen®. This early phenomenon possibly influences the long-
term outcome after POBA for ISR, affected by a high re-restenosis
rate®?. CBs, compared with conventional angioplasty balloons, pre-
sent the significant advantage that the incisions of the microblades
reduce the recoil of neointimal tissue into the lumen, allowing greater
stent expansion by reducing the hoop stress in the neointimal tissue.
This explanation is based on a previous study that demonstrated a
greater capacity of CB over PCTA to extrude fibrous plaque and resid-
ual neointimal tissue out of the stent struts. OCT has been shown to be
a highly valuable tool to identify pattern and severity of restenosis® as
well as to study its mechanisms. Furthermore, due to its high resolu-
tion, OCT is able to provide detailed characteristics of restenotic
lesions, such as the presence of neovascular formation in the neointi-
mal tissue, and identify the changes induced by the thin cuts of the CB
blades. In fact, using OCT, we were able to guide the selection of the
CB based on the distance between neointimal fissures created by the
microblades and stent struts in order to eventually upgrade the CB
diameter when the result was unsatisfactory. We believe that this
allows greater expansion of the DES implanted in most cases as the
final step of treatment, and has the potential of an even greater advan-
tage if drug eluting balloons are used. This can lead to a greater
MLCSA in order to achieve the largest final lumen, providing a
“safety margin” for possible reactive hyperplasia (‘“bigger-is-better”).
In fact, in all of the 14 ISR lesions we were able to achieve a satisfac-
tory final MLCSA, always greater than 5.0 mm?, considered to be a
valuable predictor for the long-term stent patency?’.



Limitations
The major limitation of this pilot study is the small size of the study
population, justified by the rarity of restenoses after DES and, espe-
cially, DES restenoses with significant intimal hyperplasia. How-
ever, while DES are implanted in more than 90% of our practice,
and second generation DES are likely to reduce even more the phe-
nomenon, other countries still use a majority of BMS or do not have
second generation DES available.

Another limitation of our study is the lack of angiographic fol-
low-up, however, initial clinical follow-up data are encouraging.

The OCT was employed to guide a clinically oriented strategy,
avoiding unnecessary passes and contrast overload when the angio-
graphic result was grossly inadequate or there was no possibility to
further increase CB diameter. This can explain the frequent occur-

rence of missing values in the various procedural steps.
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