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KEYWORDS Abstract
Background: Despite a high rate of in-stent restenosis (ISR) after stenting the right coronary artery (RCA)
¢ in-stent restenosis ostium, the mechanism of ostial RCA ISR is not well understood.
e intravascular Aims: We aimed to clarify the cause of ostial RCA ISR using intravascular ultrasound (IVUS).
ultrasound Methods: Overall, 139 ostial RCA ISR lesions were identified with IVUS, pre-revascularisation. Primary
o prior PCI ISR mechanisms were classified as follows: 1) neointimal hyperplasia (NIH); 2) neoatherosclerosis;

3) ostium not covered by the stent; 4) stent fracture or deformation; 5) stent underexpansion (old minimum
stent area <4.0 mm? or stent expansion <50%); or 6) a protruding calcified nodule.

Results: The median duration from prior stenting was 1.2 (first quartile 0.6, third quartile 3.1) years. The
primary mechanisms of ISR were NIH in 25% (n=35) of lesions, neoatherosclerosis in 22% (n=30), uncov-
ered ostium in 6% (n=9) (biological cause 53%, n=74), stent fracture or deformation in 25% (n=35), under-
expansion in 11% (n=15), and protruding calcified nodules in 11% (n=15) (mechanical cause 47%, n=65).
Including secondary mechanisms, 51% (n=71) of ostial RCA ISRs had stent fractures that were associated
with greater hinge motion of the ostial-aorta angle during the cardiac cycle. The Kaplan-Meier rate of target
lesion failure at 1 year was 11.5%. When the mechanically caused ISRs were treated without new stents,
they suffered a higher subsequent event rate (41.4%) compared with non-mechanical causes or mechanical
causes treated without restenting (7.8%, unadjusted hazard ratio 6.44, 95% confidence interval: 2.33-17.78;
p<0.0001).

Conclusions: Half of the ostial RCA ISRs were due to mechanical causes. Subsequent event rates were

high, especially in mechanically caused ISRs treated without the implantation of a new stent.
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Abbreviations
CN calcified nodule
DES drug-eluting stent

ISR in-stent restenosis

IVUS intravascular ultrasound
MLA minimum lumen area
MSA minimum stent area

NIH neointimal hyperplasia
PCI percutaneous coronary intervention

RCA right coronary artery

Introduction

Drug-eluting stents (DES) have dramatically decreased the inci-
dence of in-stent restenosis (ISR)!. However, percutaneous coro-
nary intervention (PCI) for an ostial right coronary artery (RCA)
stenosis remains challenging. The prevalence of ostial RCA ISR
has been reported as high as 7.5-12.7%?%3, higher than the overall
2-year restenosis rate of 2.9-6.4% using contemporary DES*®. The
ostial RCA location is strongly associated with subsequent target
vessel revascularisation®. Unique anatomical features of the ostial
RCA, including poor distensibility and excessive hinge move-
ment, have been reported along with a higher prevalence of stent
fracture®. Despite this, a systematic morphological evaluation of
ostial RCA ISR has not been done. The primary objective of the
current study was to investigate the mechanism of ostial RCA ISR
using intravascular ultrasound (IVUS). Additionally, we evalu-
ated the association between the mechanism of ostial RCA ISR
and subsequent long-term outcomes after repeat revascularisation.

Methods

STUDY DESIGN AND PATIENT POPULATION

This was a retrospective, observational, single-centre study at the
New York-Presbyterian Hospital/Columbia University Medical
Center (New York, NY, USA). ISR was defined as an angiographic
visual estimation >50% diameter stenosis or [IVUS minimum lumen
area (MLA) <4 mm?’. An ostial RCA lesion was defined as a ste-
nosis within 3 mm from the aorto-ostial junction®. Inclusion cri-
teria were 1) patients who underwent repeat revascularisation due
to ostial RCA ISR with clinical symptoms and 2) analysable IVUS
images before any treatment or after predilation using a <2.5 mm
balloon. ISR with multiple layers of stents were included. If
a patient had undergone multiple repeat revascularisations related to
an ostial RCA ISR lesion, only the first event was included.

Patient and procedural demographics were obtained from elec-
tronic medical records. Moderate or severe aortic stenosis was defined
as an aortic valve area <1.5 cm?® or a peak aortic velocity >3.0 m/
sec’. This study was approved by the Institutional Review Board of
Columbia University Medical Center which waived informed con-

sent for the retrospective review of records as there was minimal risk.

ANGIOGRAPHIC ANALYSIS STRATEGY AND ASSESSMENT
Quantitative and qualitative angiographic analyses were per-
formed by an experienced observer (T. Sato), blinded to clinical

and IVUS findings, using QAngioXA (Medis Medical Imaging)
and standardised methodology®. Only the distal reference was
used to calculate the angiographic diameter stenosis. The angio-
graphic pattern of ISR was classified as follows: 1) focal, <10 mm
in length, which was further divided into stent edge (within 5 mm
from the stent edge) or multifocal; 2) diffuse, >10 mm in length
within the stent; 3) proliferative, >10 mm in length and extending
beyond the stent edges; and 4) total occlusion.

Index coronary angiograms from the time of the original stent
implantation procedure were also collected to assess the impact
of the RCA hinge motion on ostial RCA ISR. The angles between
the proximal segment of the RCA and the ascending aorta dur-
ing systole and diastole were measured, and A angle was cal-
culated'® (Supplementary Figure 1). Angles were measured
1) pre-stent implantation during the index procedure, 2) post-stent
implantation during the index procedure, and 3) at the time of ISR
identification.

IVUS ANALYSIS AND ASSESSMENT

IVUS was performed using a rotational catheter (40 MHz Atlantis
or 40 or 60 MHz OPTICROSS [Boston Scientific Corporation];
45 MHz Revolution or Refinity [Philips]; or 60 MHz Kodama
HD [ACIST]) using motorised pullback at 0.5-1.0 mm/s. IVUS
analysis was performed by consensus by 2 experienced read-
ers (K. Yamamoto and A. Maehara) using planimetry software
(echoPlaque 4.0 Analysis Software [INDEC Medical Systems]).
Quantitative analysis included the cross-sectional area of the
lumen, stent, and vessel at the MLA and minimum stent area
(MSA) sites. The neointimal hyperplasia (NIH) area (stent area
minus lumen area) and percentage NIH (NIH/stent area) were
calculated. Stent expansion was defined as MSA divided by the
largest reference lumen or stent area within 10 mm distal to the
ostium!!. Because these reference areas were larger than historical
reference areas'?, we applied a stent expansion <50% as a crite-
rion of underexpansion. Thus, stent underexpansion was defined
as MSA <4 mm? or stent expansion <50%’.

ENDPOINTS AND DEFINITIONS

The primary patterns of ISR were classified as 1) NIH (Figure 1A),
2) neoatherosclesrosis (Figure 1B), 3) uncovered ostial lesion
(Figure 1C), 4) stent fracture or deformation (Figure 1D), 5) stent
underexpansion (Figure 1E), or 6) a protruding calcified nodule
(CN) (Figure 1F). The primary clinical outcome was target lesion
failure (TLF): a composite of cardiac death, target vessel myocar-
dial infarction (MI), or clinically driven target lesion revasculari-
sation (TLR).

Neoatherosclerosis was defined as atherosclerotic changes at
the MLA site within the stent. It was either calcified NIH (hypere-
choic tissue with acoustic shadowing), attenuated NIH (ultrasound
shadowing despite the absence of superficial calcium), or rup-
tured NTH (a cavity within NIH)"3. When a calcified nodule was
within the neoatherosclerotic calcified NIH, it was categorised as
a neoatherosclerotic calcified nodule (Supplementary Figure 2).
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Figure 1. Representative cases for each pattern. In each example, the coronary angiogram at the time of ISR (A) is shown accompanied by

a white dotted line indicating the old stents. B-E in the coronary angiograms correspond to the IVUS image (B-E). B'-E' are the same images
with annotation compared with B-E. Blue dotted lines in the IVUS images indicate old stent struts. A) Excessive neointimal hyperplasia with

good stent expansion; the blue asterisks indicate excessive neointimal hyperplasia. B) Neoatherosclerosis with good stent expansion, the blue

arrowheads indicate neointimal calcium (superficial hyperintensity with acoustic shadow), and the blue asterisks indicate neointimal

attenuated plaque (signal attenuation without calcium) representing lipidic plaque. These represent neoatherosclerosis within the old stent.

C) Ostial restenosis without coverage of the ostium; the stent struts (blue dotted lines) were observed only in B and C with no struts in D and E

indicating the lack of ostial stent coverage associated with a new stenosis. D) Overlap type stent fracture. Within a single-stent segment,

2 layers of old stent struts were observed (blue dotted lines) along with neointimal hyperplasia (blue asterisks). The inner stent layer measured

4.6 mm’ in C, smaller than the distal non-fractured stent area (8.9 mm?) in B. E) Underexpanded stent with minimal neointimal hyperplasia.

A severely underexpanded stent (minimum stent area =2.2 mm?) at D compared to the distal segment (stent area of 5.2 mm?) in B. Neointimal

hyperplasia at D measured 43%. F) Protruding calcified nodule within the stent. A calcified nodule (blue asterisks) was observed within the

old stent struts (blue dotted lines) without adjacent neointimal hyperplasia. ISR: in-stent vestenosis; [VUS: intravascular ultrasound

A non-neoatherosclerotic protruding calcified nodule was an irreg-
ular convex-shaped calcium deposit within the old stent without
adjacent NIH', which was not considered neoatherosclerosis.

Stent fracture included a double layer of struts within a single
stent with preserved three-dimensional (3D) stent integrity, usually
located in the middle of the stent, assuming that the stent struts
were overlapped after the fracture (overlap type), or the dislo-
cated or separated struts of a single stent (non-overlap type). Stent
deformation was defined as multiple layers of struts seen within
a single stent with a loss of 3D stent integrity, usually located at
the proximal stent edge'> (Supplementary Figure 3).

An uncovered ostial lesion was defined as an unstented aorto-
ostial stenosis proximal to an implanted stent. Aorto-ostial stent

coverage was further categorised as full (360° of visible struts at
the ostium), partial (<360° of visible stent struts at the ostium), or
no coverage (no visible stent struts at the ostium). If the stent pro-
truded into the aorta >1 mm, it was defined as a protruding stent
(Supplementary Figure 4).

The core lab assessment of the underlying mechanisms is shown
in Figure 2. If there were multiple potential causes, the primary
cause of ISR was diagnosed based on its greatest impact on steno-
sis. If there was either a non-neoatherosclerotic protruding calci-
fied nodule within the stent or an uncovered aorto-ostial stenosis,
that “mechanism” was considered to be the primary cause of ISR.
Typically, a non-neoatherosclerotic protruding calcified nodule
does not accompany stent underexpansion and NIH. When there
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139: In-stent ostial RCA lesions that underwent IVUS-guided PCl in 139 patients

!

| Any clear cause of ISR? |

Yes

No

15: Protruding calcified nodules

| Ostial stent fracture accompanied by significant NIH? |

9: Uncovered ostium

Protruding CNs

Neointimal
hyperplasia

Stent fracture Neoatherosclerg

Mechanical cause (47%)
A

(%¢€6) asnea |eaigojoig

Uncovered ostium

Yes No
35: Stent fracture Stent underexpansion?
(MSA <4 mmZ and stent expansion <50%)
Yes No
| 15: Stent underexpansion | | Neoatherosclerosis? |
Yes No
| 30: Neoatherosclerosis | 35: Neointimal
hyperplasia

Figure 2. Diagnostic flowchart of each primary cause. For ISRs with multiple patterns, the primary pattern was hierarchally diagnosed based

on the main morphology at the stenosis. The prevalence of biological causes (neointimal hyperplasia, neoatherosclerosis, or uncovered

ostium) was 53% and 47% for mechanical causes. CN: calcified nodules, ISR: in-stent restenosis, IVUS: intravascular ultrasound;

MSA: minimum stent area; NIH: neointimal hyperplasia; RCA: right coronary artery; PCI: percutaneous coronary intervention

was an uncovered aorto-ostial stenosis, symptoms remained and
the patients came back early. The MLA was located at the uncov-
ered ostial stenosis proximal to the stent which had only limited
NIH. If there was an ostial stent fracture along with focal NIH
without other causes, stent fracture was considered to be the pri-
mary cause of ISR. If there was a stent underexpansion with lim-
ited NIH, stent underexpansion was considered to be the primary
cause of ISR. The rest of the ISRs, those with only tissue prolifer-
ation and no other mechanism of ISR (e.g., no calcified nodule, no
stent underexpansion, no stent fracture, etc.) were further divided
into neoatherosclerosis versus NIH.

STATISTICAL ANALYSIS

Categorical variables were presented as counts and percent-
ages and compared with the y*> or Fisher’s exact test, as appro-
priate. Normally distributed continuous variables were presented
as mean and standard deviation and compared with the Student’s
t-test and non-normally distributed continuous variables were pre-
sented as median (first quartile, third quartile) and compared with
the Mann-Whitney U test. Inter- and intraobserver variability was
tested using intraclass correlation coefficient for A ostial-aorta
angle using 40 randomly selected cases. Interobserver varia-
bility was assessed by 2 independent observers (T. Sato and K.
Yamamoto), and intraobserver variability was assessed with rea-
nalysis by a single observer 4 weeks later. The cumulative rate
of TLF was estimated from Kaplan-Meier curves and compared
using the log-rank test. A 2-sided p<0.05 was considered statisti-
cally significant. The association between the new stent implanta-
tion (dependent variable) and the presence of multiple layers of

stent (independent variable) was tested using logistic regression
models. Analysis was performed using R software version 4.0.3

(R Foundation for Statistical Computing).

Results

Between January 2005 and September 2020, IVUS was performed
in 5,102 RCA lesions, including 216 ostial RCA ISR lesions,
from which we identified 139 lesions meeting the inclusion cri-
teria (Supplementary Figure 5). Predilation with a <2.5 mm bal-
loon was required in 29% (n=41) of lesions. Clinical characteristics
have been summarised in Table 1. The median (first quartile [Q1],
third quartile [Q3]) duration from prior stent implantation was 1.2
(Q1 0.6, Q3 3.1) years. Index procedure information was available in
105 patients, and 69.5% of the older stents were second-generation
DES (Supplementary Table 1). The median patient age was 71 years,
42.4% were women, and 10.1% had prior or current moderate to
severe aortic stenosis. Angiographic and procedural findings have
been summarised in Table 2. Most ISR patterns (86.3%) were focal.

PRIMARY MECHANISM OF OSTIAL RCA ISR

The primary causes of ISR were neointimal hyperplasia in 25%
(n=35) of lesions, neoatheroscrelosis in 22% (n=30), uncovered
ostium in 6% (n=9), stent fracture or deformation in 25% (n=35),
stent underexpansion in 11% (n=15), and protruding calcified nod-
ule in 11% (n=15). A biological cause, including NIH, neoatherscle-
rosis, and uncovered ostium, was seen in 53%; and a mechanical
cause (stent fracture or deformation, stent underexpansion, and
protruding calcified nodule) was seen in 47% (Figure 2). When we
considered secondary causes of ISR, there were 43 lesions with



Table 1. Clinical characteristics and symptoms at the time of
in-stent restenosis.

Ostial RCA ISR: mechanisms and treatment outcomes

Table 2. Procedural and angiographic findings.

_m Multivessel disease* 111 (79.9)
Age, years 71 (66, 78) Calcification of ascending aorta 42 (30.2)
Women 59 (42.4) Target lesion Moderate 43 (30.9)
Hypertension 137 (98.5) calcification Severe 34 (24.5)
Dyslipidaemia 139 (100) Radiolucent mass 14 (10.1)
Diabetes mellitus 73 (52.5) In-stent Focal 120 (86.3)
Insulin-treated 21 (15.1) :;Sttt?arr]r?sls Proximal stent edge 100 (71.9)
Chronic kidney disease* 58 (41.7) Multifocal 20 (14.4)

Dialysis 6 (4.3) Diffuse 8 (5.8)
Peripheral artery disease 34 (24.5) Proliferative 1(0.7)
Prior myocardial infarction 35(25.1) Total occlusion 10 (7.2)
Prior coronary artery bypass grafting 27 (19.4) Quantitative Lesion length, mm 7.0(5.2,11.7)
Prior or current moderate or severe aortic stenosis 14 (10.1) ggrgoigggphy Reference vessel diameter, 28(2.5, 3.1)
Duration from prior stent implantation, years 1.2 (0.6, 3.1) mm
Clinical presentation at the time of ISR m;%n;tuerrn rllqumen e L Ll e L

Non-ST-elevation myocardial infarction 16 (11.5) ’ Fost:RCI 2AE 8 3.0)

Unstable angina 65 (46.8) sl,)tfr?;iit:r% FiEFE G245 C28, /1)

Stable coronary artery disease 57 (41.0) Y Post-PCI 13.2(7.9, 21.0)
Values are n (%) or median (first quartile, third quartile). *Defined as New stent implantation 93 (66.9)
est_imated glomgrulgr fiItration rate <60 mL/min/1.73_m2, calcqlated Total new stent length, mm 22 (15, 41.5)
using the Modification of Diet in Renal Disease equation. ISR: in-stent - -
restenosis Plain balloon angioplasty only 46 (33.1)

Values are n (%) or median (first quartile, third quartile). *Defined as
the presence of >50% diameter stenosis in 2 or more major epicardial
arteries. PCI: percutaneous coronary intervention

more than one possible mechanism. If we included only the ISRs
without predilation, the prevalence of a mechanical cause (48%)
was consistent with the overall rate (Supplementary Table 2).
Among 35 ISRs with a primary cause of stent fracture or defor-
mation, there were 24 fractures with overlapping stent struts, 2
without overlapping stent struts, and 9 deformations. As shown
in Supplementary Figure 3, the stent area of inner layer of over-
lapped or deformed stent struts was smaller than the stent area at
the adjacent non-fracture site. Focal NIHs were only found at the
site of a fracture or deformation. Of note, there were no ISRs with
primary stent underexpansion and neoatherosclerosis.

IVUS findings have been summarised in Table 3. The maxi-
mum calcium arc within the stent measured 90 (0, 152)°, and the
maximum calcium arc behind the stent measured 187 (108, 304)°.
The maximum calcium arc behind the stent was larger in cases
with a protruding calcified nodule (242 [157, 360]°), stent under-
expansion (225 [170, 360]°), or stent fracture (192 [72, 269]°),
compared with other causes of ISR (NIH; 68 [0, 118]°, neoathero-
sclerosis 127 [67, 246]°, or uncovered ostium 99 [24, 165]°).

The relationship between the median duration since the index
PCI and the mechanisms of ostial RCA ISR has been summarised
in Supplementary Figure 6. The duration from stent implantation
to ISR was the shortest for an uncovered ostium (0.5 [0.2, 0.6]
years), followed by a protruding calcified nodule (0.7 [0.5, 1.8]
years), NIH (1.5 [0.6, 3.2] years), stent fracture (1.8 [0.7, 3.9]
years), stent underexpansion (2.7 [0.4, 3.6] years), and finally,
neoatherosclerosis, which was the longest (2.7 [1.0, 5.0] years).

STENT FRACTURE/DEFORMATION

When secondary causes were included, 51% (71/139) of ostial
RCA ISRs had evidence of stent fracture or deformation. The pat-
terns of stent fracture were overlapping stent struts within a single
stent in 52% (37/71), non-overlapping fracture in 34% (24/71),
and deformation in 14% (10/71), with no difference in the angi-
ographical characteristics between ISR with versus without stent
fracture (Supplementary Tahle 3).

A total of 59 index coronary angiograms from the original
stent implantation procedure were available, and we compared
27 lesions with fracture at follow-up versus 32 lesions without
fracture at follow-up (Supplementary Figure 7, Table 4). A sec-
ond-generation DES was implanted in 79.7% of lesions, and the
median duration from prior stenting was 1.2 years without any
difference based on the presence of stent fracture at follow-up. At
the index procedure, the pre-PCI A ostial-aorta angle during the
cardiac cycle was significantly greater in lesions with fracture ver-
sus those without fracture (21 [12, 27] © vs 10 [7,17] ©; p=0.003).
The change in A ostial-aorta angle from pre- to post-procedure
was also significantly greater in lesions with fracture versus those
without fracture (7 [-0.5, 13] © vs 0.1 [-3, 5] °; p=0.01). There
was a good inter-/intraobserver agreement for A ostial-aorta angle
(hinge motion assessment). The intraclass correlation coefficients
for interobserver and intraobserver agreement of measurements
for A ostial-aorta angle were 0.85 and 0.83, respectively.

£6£2-£8£2:61:€20C UONUaAIBIOINT |
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Table 3. Intravascular ultrasound findings.

n=139

Preprocedure

Minimum lumen area, mm? 2.6 (2.1, 3.0)
Minimum stent area, mm? 6.4 (4.9, 7.4)
Minimum stent area <4.0 mm? 20 (14.4)
Minimum stent expansion, % 68.8 (56.9, 79.4)
Minimum stent expansion <70% 75 (53.9)
Minimum stent expansion <50% 20 (14.4)
MSA <4.0 mm? or stent expansion <50% 30 (21.6)
Largest stent area, mm? 9.5(7.9, 10.5)

0.80 (0.76, 0.83)
58.9 (50.9, 68.3)
187 (108, 304)

Stent eccentricity index

Maximum neointimal hyperplasia area, %

Maximum calcium arc behind the stent, °

Maximum calcium arc within the stent,® 90 (0, 152)

Any stent fracture 71 (51.1)
Overlap 49 (35.2)
No overlap 10 (7.2)
Deformation 12 (8.6)

0ld stent RCA ostial coverage in 112 ostial evaluable lesions

Full coverage 57 (50.9)
Protruding >1 mm 13 (11.6)
Not protruding 44 (39.3)

Partial coverage 22 (19.6)

No coverage 33 (29.5)

Wire entering from lateral stent strut 8 (5.8)

Post-procedure

Minimum stent area*, mm? 6.8 (5.7, 7.8)
70.5 (60.0, 79.3)
0.80 (0.75, 0.85)

Values are n (%) or median (first quartile, third quartile). *New stent
area (if new stent was implanted), otherwise, old stent area post-
ballooning. MSA: minimum stent area; RCA: right coronary artery

Minimum stent expansion, %

Stent eccentricity index

All lesions were treated successfully, and a new stent was
deployed in 66.9% of patients. The rate of restenting was lower in
mechanically caused ISRs (49.3%, 32/65) compared with biologi-
cally caused ISRs (82.4%, 61/74; p<0.001) (Figure 3). Of note,
during the study duration, drug-coated balloons were not avail-
able in the US. Operators were reluctant to deploy additional new
stents when multiple layers of old stents were found (odds ratio
0.26 [0.11, 0.59]; p=0.001). Postprocedural MSA and stent expan-
sion were 6.8 (5.5, 7.8) mm? and 70.5 (60.0, 79.3) %, respectively.

CLINICAL OUTCOMES

The median follow-up duration after repeat revascularisation was
1.8 (0.2, 3.8) years. The overall Kaplan-Meier rate of TLF at 1 year
was 11.5%, including 15 clinically driven target lesion revasculari-
sations and 1 cardiac death. We divided the ISRs into 4 groups:
32 ISRs with a mechanical cause with new stent implantation, 33
ISRs with a mechanical cause without a new stent, 61 ISRs with

a biological cause with a new stent, and 13 ISRs with a biological
cause without a new stent. Among the 65 ISRs with a mechanical
cause, the postprocedural minimum lumen diameter was smaller
in the ISRs without new stents, the median 2.3 (2.2, 2.6) mm com-
pared with the ISRs treated with a new stent, 2.7 (2.4, 3.0) mm;
p=0.01. (Supplementary Table 4). Mechanical causes that were
not treated with a new stent had a higher subsequent TLF rate
(41.4%) compared with the other 3 groups (7.8%, unadjusted haz-
ard ratio 6.44, 95% confidence interval: 2.33-17.78; p<0.0001)

Discussion

The key findings of the present study were as follows: 1) approxi-
mately half of ostial RCA ISRs had a mechanical cause, including
stent fracture, stent underexpansion, or protruding calcium; 2) stent
fractures appeared in 51% of ostial RCA ISRs and were associated
with greater motion at the RCA ostial hinge point; 3) subsequent
event rates were high, especially in the mechanically caused ISRs
without a new stent implantation (Central illustration).

HIGHER PREVALENCE OF RESTENOSIS AT THE OSTIAL RCA
LOCATION

The ostial RCA has the following histological characteristics: 1)
fibrotic and sclerotic plaque that contains smooth muscle, collagen
tissue, and calcification; 2) muscle bundle that independently arises
from the elastin muscle fibre of the aorta; and 3) thick adventitia'®.

In the balloon angioplasty era, coronary angioplasty for ostial
RCA had a poor success rate (88%) with a high rate of acute com-
plications, including acute occlusion (8%) and repeat revascu-
larisation (47%), suggesting greater elastic recoil compared with
non-RCA ostial lesions'’.

Bare metal stents improved the success rate (96%) and decreased
the rate of repeat revascularisation (24%)'”. DES further decreased
the rate of repeat revascularisation compared to bare metal stents.
However, outcomes of ostial RCA are still not acceptable, even
with newer DES?.

Forty-seven percent of the ISRs showed tissue proliferation
within the stent (NIH or neoatherosclerosis). Neoatherosclerosis
was observed later than NIH. This corresponds to the results of
optical coherence tomography (OCT) ISR reports, which revealed
neoatheroscrelosis in 25% of any ISR and 29% of ISR implanted
for >1 year’.

STENT FRACTURE AND CHRONIC RECOIL

Stent fractures were found in 51% of ostial RCA ISRs, much higher
than previous “all lesions” reports, which reported 9.6% by IVUS®,
12.7% by OCT™, and 29% by pathology'®. Angiographically, stent
fractures have been associated with RCA lesions®, and an RCA
hinge motion and ostial location have been predictors of stent
fracture, as was also seen in the current study'®. Moreover, the
morphological characteristics of the ostial RCA including poor
arterial distensibility and excessive rigidity* could contribute to
stent recoil and fracture. Tsunoda et al revealed that the stent area
at the RCA ostium in 19 patients measured 8.1+1.5 mm? after



Table 4. Comparison of vessel hending between lesions with versus without stent fracture as a cause of ostial RCA ISR.

Variable

Lesions with
fracture
(n=27)

Lesions without
fracture
(n=32)

Ostial RCA ISR: mechanisms and treatment outcomes

Stent type during index procedure
Bare metal stent 1(1.7) 0(0.0) 1(3.1) O
1st-generation drug-eluting stent 11 (18.6) 6 (22.2) 5(15.6)
2"d-generation drug-eluting stent 47 (79.7) 21 (77.8) 26 (81.3)
Duration from prior stenting, years 1.2 (0.6, 3.2) 1.1 (0.7, 2.9) 1.2 (0.6, 3.2) 0.85
At index
Pre-PCI
Maximum ostial-aorta angle, ° 73 (60, 91) 83 (62, 96) 72 (52, 90) 0.18
Minimum ostial-aorta angle, ° 58 (41, 77) 58 (41, 74) 59 (39, 80) 0.99
A ostial-aorta angle, ° 14 (7, 21) 21 (12, 27) 10 (7, 17) 0.003
Post-PClI
Maximum ostial-aorta angle, ° 73 (61, 89) 79 (64, 91) 70 (52, 85) 0.08
Minimum ostial-aorta angle, ° 62 (45, 75) 65 (52, 77) 57 (43, 72) 0.10
A ostial-aorta angle, ° 11 (6, 18) 13 (7, 19) 10 (5, 19) 0.052
Pre- to post- change of A ostial-aorta angle, ° 3 (-2, 8) 7 (0.5, 13) 0.1(-3,5) 0.01
At event
Pre-revascularisation
Maximum ostial-aorta angle, ° 73 (57, 87) 73 (57, 81) 74 (59, 86) 0.58
Minimum ostial-aorta angle, ° 61 (47,77) 59 (45, 74) 63 (49, 78) 0.30
A ostial-aorta angle, ° 10 (7, 14) 11 (8, 20) 11 (7, 15) 0.62
Index to event change of A ostial-aorta angle 0.7 (-3, 4) 0.1 (-6, 3) 1(-3,4) 0.73
Values are n (%) or median (first quartile, third quartile). ISR: in-stent restenosis; PCI: percutaneous coronary intervention; RCA: right coronary artery

stenting and 6.4+1.9 mm? at follow-up, indicating chronic stent
recoil?’. One case in the present study also showed that the stent
area changed from 6.4 mm? to 5.4 mm? (Supplementary Figure 8).

PROTRUDING CALCIFIED NODULE WITHIN THE STENT

Pathologically, calcified nodules are associated with breaks in the
calcified sheets caused by motion stress, as was seen in the current
study?>. Nakamura et al suggested that one potential mechanism of
ostial RCA ISR was the protrusion of a calcified nodule through the
struts at the time of stenting'®. Sugane et al reported that stenting
a culprit calcified nodule in patients with an acute coronary syndrome
was associated with a recurrence of the calcified nodule within the
stent in more than 80%?2* of patients. The present study also revealed
that protruding calcified nodules were seen in the early phase
(median 0.7 years) from stent implantation. As neoatherosclero-
rosis was seen in the late phase, the duration can help to distinguish
protruding calcified nodules from calcified neoatherosclerosis, as
well as the presence of adjacent calcium (Supplementary Figure 2).

MISSING STENT IMPLANTATION

Optimal positioning of an ostial stent can be difficult. Residual
stenosis at a stent edge is a known risk for future revascularisa-
tion?*. Dishmon et al reported that 54% of ostial stents had geo-
graphical miss®. In the 3D analysis from computed tomography

(CT), only 13% of procedures resulted in complete ostial cover-
age, whereas 95% were considered as having optimal coverage by
the coronary angiogram®. Approximately half showed a partially
or completely uncovered ostium in the current study, when taking
into account both the primary and secondary mechanisms.

CLINICAL IMPLICATIONS

There are 3 general clinical implications of this study. First, there
are clear lessons to be learned to avoid RCA ISR when implant-
ing a DES: making sure that the ostium is covered and optimising
stent expansion, ideally using IVUS guidance?’. Second, the fre-
quent finding of stent fracture suggests that interventional cardio-
logists should consider a more robust stent when treating an RCA
aorto-ostial lesion'!. Finally, correcting the underlying mecha-
nisms may improve long-term outcomes. For example, if there is
an underexpansion due to severe calcium, intravascular lithotripsy
should be considered at the time of ISR?. If stent fracture/defor-
mation or chronic recoil is found at the time of ISR, an additional
stronger stent should be considered?. Drug-coated balloons should

be considered in cases with multiple stent layers®.

Study limitations
There are several limitations in the present study. First, this was
a retrospective, observational study of patients with analysable

-
=
5
2
=
=
@
I
<
@
=
=,
o
=
N
o
N
w
=
5
o
w
o
(%
o
w
©
w




A | 139: In-stent ostial RCA lesions that underwent IVUS-guided PCl in 139 patients |

| 65: Mechanically caused ISRs | |74: Biologically caused ISRs|

=
=
=
=
=
=
(1]
I
<
(1]
=
=
o
=
N
o
N
w
i
2
()
w
o
@
()
w
©
w

Wasanewstent  49.3% (32/65) /\ 82.4%(51/742/\
implanted?
32: Yes 33:No 61:Yes 13:No
How often did 9.1%(2) 41.4% (10) 8.8% (4) 0.0% (0)
event occur?

&

2

& &

O stentfracture () Stentunderexpansion @) Protruding CN (O) NIH (©) Neoatherosclerosis () Uncovered ostium

B 50
Mechanical and new stent (-) versus others
Log-rank p<0.0001
] Hazardratio 6.4 (95% Cl: 2.33-17.78) 41.4%
Mechanical and new stent (-) |
g
% 30 1
5
c
E=]
8 201
[
RS
10 S 9.1%
Biological and new stent (+) T 8.8%
N (]
| | 1.8%
|_| | Mechanical and new stent (+)
0 i
0 182 365
Days from repeat revascularisation
Number at risk
Mechanical cause
and new stent (-) 33 19 12
Others 106 73 67

Figure 3. Clinical outcomes of mechanical and biological causes with or without new stents. A) The prevalence of each primary cause with or

without new stent implantation. B) Kaplan-Meier curves for target lesion failure due to a mechanical cause without a new stent vs others.
CI: confidence interval; CN: calcified nodules; ISR: in-stent restenosis, IVUS: intravascular ultrasound; MSA: minimum stent area;

NIH: neointimal hyperplasia; RCA: right coronary artery; PCI: percutaneous coronary intervention

pre-intervention IVUS. Out of 216 procedures, the final enrolment
included only 139 cases (64.4%). Thus, there was a selection bias;
therefore, cautious interpretation is necessary. Second, we did not
have enough index IVUS images to evaluate chronic stent recoil.
Third, IVUS had limitations regarding restenostic tissue charac-
terisation and tracing of stent struts. In some cases, differentiation
among protruding calcified nodules, neoatherosclerotic calci-
fied nodules, or calcified nodules behind the stent was difficult
(Supplementary Figure 2). Fourth, we included cases with pre-
dilatation (29.5% of cases) that may have affected ISR morphol-
ogy. However, a sensitivity analysis, only including cases without
predilation, showed a consistent result (Supplementary Table 1).
Fifth, because there were multifactorial causes, the classification

of the primary cause could be misunderstood. Sixth, only 59 index
angiograms at the stent implantation were available, which might
have lead to selection bias in analysing stent fractures and angle
relationship. Finally, even if the underlying morphology is recog-

nised, some factors such as hinge motion can only be minimally
modified.

Conclusions

Half of the analysed ostial RCA ISRs were due to mechanical
causes, including stent fracture, stent underexpansion, and pro-
truding calcified nodules. Subsequent event rates were high, espe-
cially in the mechanically caused ISRs that did not receive a new
stent implantation.
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Impact on daily practice

Mechanically caused ostial RCA ISRs should have the
specific cause addressed at the time of ISR presentation.
Including secondary mechanisms, 51% of ostial RCA ISRs
had evidence of stent fracture and a greater change in the
ostial-aorta angle during the cardiac cycle (hinge motion),
which was associated with stent fracture. The current analysis
suggests potential ways to reduce the rate of ostial RCA ISR,
including appropriate stent positioning, modification of calci-
fied nodules, and use of stronger stents that are better suited
to resist fracture and deformation.
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Supplementary data

Supplementary Table 1. Procedural information of index PCI.

Variable n =105
Stent

1% generation DES 27 (25.7%)
27 generation DES 73 (69.5%)
Bare metal stent 5 (4.8%)
Duration between index PCI to follow-up 1.2 (0.6-3.2)
Atherectomy

Rotational atherectomy 8/66 (12.1)
Scoring balloon 9/66 (13.6)

Values are n (%) or median (first, third quartile). DES denotes drug-eluting stent.



Supplementary Table 2. Comparison of primary causes between with versus without

predilatation.
Lesions without All lesions p-value
pre-dilatation (n=139)
(n=98)

Biological cause 51 (52.0) 74 (53.2) 0.89
Neointimal hyperplasia 27 (27.6) 35(25.2) 0.76
Neoatherosclerosis 16 (16.3) 30 (21.6) 0.40
Uncovered ostium 8(8.2) 9 (6.5) 0.62

Mechanical cause 47 (48.0) 65 (46.8) 0.89
Stent fracture 25 (25.5) 35(25.2) 0.99
Underexpansion 10 (10.2) 15 (10.8) 0.99
Protruding calcified nodule 12 (12.2) 15 (10.8) 0.84

Values are n (%)



Supplementary Table 3. Angiographic findings for lesions with and without stent fracture.

Lesions with Lesions without  p-

Variable fracture (n=71) fracture (n=68) value
Multi-vessel disease™ 55(77.5) 56 (82.4) 0.53
Calcification of ascending aorta 25(35.2) 17 (25.0) 0.20
Target lesion calcification
Moderate 24 (33.8) 19 (27.9) 0.47
Severe 16 (22.5) 18 (26.5) 0.69
Radiolucent mass 6 (8.5) 8 (11.8) 0.58
In stent restenosis pattern 0.51
Focal
Proximal stent edge 52 (73.2) 48 (70.6)
Multi focal 11 (15.5) 9(13.2)
Diffuse
Intra-stent 2(2.8) 6 (8.8)
Proliferative 1(1.4) 0
Total occlusion 5(7.0) 5(7.4)
Quantitative coronary angiography
Lesion length (mm) 6.5 (5.4,10.3) 7.1 (4.9,12.4) 0.81
Reference vessel diameter (mm) 2.8(2.6,3.1) 2.8(2.5,3.1) 0.83
Minimum lumen diameter (mm)
Pre-PCI 1.0 (0.75, 1.3) 1.2 (0.8, 1.5) 0.32
Post-PCI 2.7(2.3,3.0) 2.7(24,3.0) 0.49
Diameter stenosis (%)
Pre-PCI 64.3 (50.8,71.5) 56.7(48.3,71.8) 0.32
Post-PCI 13.9 (8.4, 24.8) 12.2(7.7,17.5)  0.35

Values are n (%) or median (first, third quartile). *defined as the presence of >50% luminal
diameter stenosis in two or more major epicardial arteries. PCI denotes percutaneous coronary

intervention



Supplementary Table 4. Comparison of clinical and angiographical characteristics with
versus without a new stent implantation for the treatment of in-stent restenosis due to a

mechanical cause.

New stent (+) New stent (-) P value
n=32 n=33

Clinical characteristics
Age (years) 72 (67, 80) 72 (66, 75) 0.35
Women 15 (46.9) 13 (39.4) 0.62
Hypertension 32 (100) 33 (100) -
Dyslipidemia 32 (100) 33 (100) -
Diabetes mellitus 17 (53.1) 17 (51.5) 0.99

Insulin-treated 5(15.6) 5(15.2) 0.99
Chronic kidney disease* 12 (37.5) 14 (42.4) 0.80

Dialysis 0(0) 4(12.1) 0.11
Peripheral artery disease 6 (18.8) 5(15.2) 0.75
Prior myocardial infarction 6 (18.8) 9(27.3) 0.56
Prior coronary artery bypass grafting 8(25.0) 7(21.2) 0.77
Prior or current moderate or severe aortic stenosis 5(15.6) 4(12.1) 0.73
Duration from prior stent implantation (years) 0.8 (0.3,2.0) 1.9 (0.7,3.4) 0.17
Clinical presentation at the time of ISR

Non-ST elevation myocardial infarction 3(9.4) 4(12.1) 0.99

Unstable angina 8 (25.0) 21 (63.6) 0.003

Stable coronary artery disease 21 (65.6) 8(24.2) 0.001
Angiographical characteristics
Multi-vessel disease 27 (84.4) 26 (78.8) 0.75
Calcification of ascending aorta 9 (28.1) 13 (39.4) 0.43
Target lesion calcification

Moderate 10 (31.3) 12 (36.4) 0.79

Severe 10 (31.3) 9 (27.3) 0.79

Radiolucent mass 3(9.4) 7(21.2) 0.30

In stent restenosis pattern
Focal 27 (84.4) 32 (96.8) 0.10
Proximal stent edge 24 (75.0) 28 (84.9) 0.37



Multi focal
Diffuse
Proliferative
Total occlusion
Lesion length (mm)
Reference vessel diameter (mm)
Minimum lumen diameter (mm)
Pre-PCI
Post-PCI
Diameter stenosis (%)
Pre-PCI
Post-PCI

3(9.4)
2(6.3)

0 (0)
3(9.4)
6.4 (5.3, 8.9)
2.8 (2.6, 3.0)

1.0 (0.8, 1.3)
2.7 (2.4,3.0)

64.3 (51.4,71.3)
11.3 (8.2, 20.4)

4(12.1)

1 (3.0)

0 (0)

0 (0)
6.3(5.1,9.4)
2.8 (2.4,3.2)

1.1(0.7, 1.5)
2.3(2.2,2.6)

60.3 (50.2)
21.0 (10.0, 30.3)

0.99
0.61
0.11
0.95
0.76

0.40
0.01

0.45
0.03

Values are n (%) or median (first, third quartile). *Defined as estimated glomerular filtration rate <60

mL/min/1.73 m? calculated using the Modification of Diet in Renal Disease equation. ISR denotes in-

stent restenosis; PCI, percutaneous coronary intervention.
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AB=PB-F

Systole Diastole

Supplementary Figure 1. Analysis of the angle between the proximal segment of the RCA and

the ascending aorta.

Angle was measured during systole (o) and diastole (a') and the change (Ao = a - o) was
calculated. Panel A showed pre-intervention and Panel B showed post-intervention at index
procedure. Panel C showed restenosis including ostium of RCA before repeat revascularization.

RCA denotes right coronary artery.
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Supplementary Figure 2. Representative cases of protruding CN, neoatherosclerotic CN, and

CN behind the stent.

Yellow area indicate CN and green area indicates neoatherosclerotic calcium. Top panel: There
is no adjacent neointimal hyperplasia to the CN indicating protruding calcium through the stent
struts. Middle panel: There is an adjacent neoatherosclerotic calcium (green area) indicating CN
developed as a part of neoatherosclerosis. Bottom panel: There is a CN behind stent struts (blue

dotted line) without neointimal hyperplasia or neoatherosclerosis within the stent. The



differentiation of these images requires checking proximal or distal to the current region of

interest frame. CN denotes calcified nodule.
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Supplementary Figure 3. Representative cases of stent fracture or deformation.

Top panel: There are double layers appearance of stent struts (blue dotted line in B and C) with
preserved 3-dimentional stent integrity indicating overlapped type of stent fracture. Middle
panel: There was no struts in G except one strut at 3 and 12 o’clock indicating partial stent
fracture (non-overlap type). Bottom panel: There are multiple layers of stent struts with loss of 3-

dimentional stent integrity indicating stent deformation.

Full coverage (protruding stent) Partial coverage

Distal Aorto-ostium Distal Aorto-ostium

Full coverage (non-protruding stent) No coverage

Distal Aorto-ostium Distal

Supplementary Figure 4. Representative cases of full coverage (protruding stent), full coverage

(non-protruding stent), partial coverage, or no coverage.

Top left panel: Protruding stent struts were found; thus, the ostium was fully covered. IVUS

catheter was outside of stent without deforming the stent integrity (C). Bottom left panel: The



length of protruding struts measured <Imm in length. Top right panel: There is no struts at 9 to 4
o’clock (H) at the ostium indicating partial coverage of ostium. Bottom right panel: There is no
strut at all at the ostium indicating no coverage of ostium (K). IVUS denotes intravascular

ultrasound.



5102 procedures that underwent IVUS-guided PCI for RCA lesions
between 2005 January and 2020 September

k4

584 procedures that underwent IVUS-guided PCI for ostial RCA lesions

v

368 procedures for de novo ostial RCA lesions

r

216 procedures that underwent IVUS-guided PCI for in-stent ostial RCA lesions

77 procedures excluded
38 missing IVUS images for review
13 no pre-stent IVUS image taken
9 pre-dilatation>2.5mm balloon or MLA>4.0 mm?
8 repeated PCls for same lesions
5 insufficientimaging quality
4 no significant ostial stenosis by IVUS

A

¥

139 in-stent ostial RCA lesions that underwent IVUS-guided PCI in 139 patients

Supplementary Figure 5. Flowchart of exclusion and inclusion of lesions.

Among 5102 procedures that underwent IVUS-guided PCI for RCA lesions, finally 139 RCA
ostial in-stent restenotic lesions consist of current cohort. PCI denotes percutaneous coronary

intervention.
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Supplementary Figure 6. Duration from stent implantation (years) stratified by primary cause

of in-stent restenosis.

Except ISR lesions with stent fracture which had substantial range of duration, the other ISR

occurred at different timing based on the different cause of ISRs. ISR denotes in-stent restenosis.



139 RCA ostial ISR lesions

71 ISR lesions with
fracture

32 no prior PCI data I

68 ISR lesions
without fracture

39 ISR lesions with
analyzable prior PCl image

41 ISR lesions with
analyzable prior PCl image

12 prior PCI
for ISR lesions

27 prior PCI
for de novo lesions

I 27 no prior PCI data

32 prior PCI
for de novo lesions

9 prior PCI

for ISR lesions

Supplementary Figure 7. Flowchart of exclusion and inclusion of lesions for angiographic

hinge motion analysis at index and follow-up.

Among 139 RCA ostial ISRs, index angiography was available in 57 RCA ostial ISRs.



Aorto-ostium

Supplementary Figure 8. A case example showing stent recoil.

The top panel showed final IVUS images at index procedure and the bottom panel showed IVUS
images at the time of in-stent restenosis. Minimum stent area measured 6.4 mm? (B) and 5.4

mm? (E) indicating stent recoil, respectively.



