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Intravascular imaging in
coronary stent restenosis:
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and management
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Despite the introduction of drug-eluting stents to combat the neointimal

hyperplasia that occurred after BMS implantation, in-stent restenosis is still

encountered in a significant number of patients, particularly as increasingly

complex lesions are tackled by percutaneous coronary intervention. Many

biological and mechanical factors interplay to produce restenosis, some

of which are avoidable. Intravascular imaging provided unique insights

into various forms of stent-related mechanical issues that contribute to

this phenomenon. From a practical perspective, intravascular imaging can

therefore help to optimize the stenting procedure to avert these issues.

Moreover, once the problem of restenosis eventuates, imaging can guide

the management by tackling the underlying identified mechanism. Finally,

it can be used to evaluate the re-intervention results. Nevertheless, with

the emergence of different treatment options, more evidence is needed to

define patient/lesion-specific characteristics that may help to tailor treatment

selection in a way that improves clinical outcomes.
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Introduction

In spite of all the technological evolution of percutaneous coronary intervention
(PCI) (Figure 1), in-stent restenosis (ISR) remains the commonest failure mechanism
post-PCI, occurring in 3 to 20% of patients depending on patient’s and lesion
characteristics and stent type (1). In the drug-eluting-stent (DES) era, the rate of ISR
has decreased, but the absolute numbers actually increase due to the progression of PCI
as a tool to treat increasingly complex coronary artery disease.

The traditional anatomic substrate of ISR is neointimal hyperplasia, resulting
primarily from vascular smooth muscle cell proliferation. This classically occurred after
bare metal-stent (BMS) implantation peaking early between 6 and 12 months. However,
DES-ISR can peak years after implantation, the so-called “late catch-up” phenomenon
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(2). This is probably due to delayed healing and persistent
inflammation, with the more frequent appearance of
“neoatherosclerosis.”

Because various biological and mechanical mechanisms can
contribute to DES ISR, e.g., drug resistance, hypersensitivity
to the drug or polymer, etc. (3), the management of such
challenging problem requires the identification of any
underlying mechanical problems that can be rectified.
Intravascular imaging with intravascular ultrasound (IVUS) or
optical coherence tomography (OCT) allows this systematic
investigation, to tailor interventions and tackle the underlying
mechanism and to optimize the results of any necessary
repeated interventions. In addition, intravascular imaging
can call attention to potential new device-related issues.
However, further evidence is still needed to prove that
intravascular imaging-guided management of ISR improves
clinical outcomes and/or prevents recurrences in this setting.
From another standpoint, intravascular imaging has helped
to clarify the relationship of certain lesion characteristics to
the risk of ISR. For instance, IVUS has shown that although
a well-developed collateral circulation (collateral flow index
≥0.25) is associated with more severe stenoses at baseline, it
does not predict an increased risk of ISR (4).

Angiographic ISR is usually defined arbitrarily in binary
terms as diameter stenosis of >50% in-stent or at its edges (5-
mm segments adjacent to the stent) on coronary angiography
(5). This provides simplicity but is also rooted in the physiologic
significance of such degree of narrowing and has been shown
to offer the best balance of sensitivity and specificity, compared
to other more accurate but less accessible cutoffs, in terms of
predicting clinically driven target lesion revascularization (TLR)
(6, 7). However, because this is a 2-dimensional assessment, it is

FIGURE 1

Angiographic appearance of an in-stent restenosis in segment 2
of the right coronary.

contingent on obtaining the worst-stenosis projection. Besides,
it relies on the visual estimation of the operator that has to
judge the ISR using the body of the stent, with a small margin
of proximal and distal vessel. Even with the introduction of
computer-assisted quantitative angiography, as a more objective
clinical tool, limitations exist pertaining to the technology,
technique, and analysis (8). Percentage diameter stenosis at
follow-up coronary angiography and late luminal loss are also
well-studied continuous-scale parameters used to describe the
degree of restenosis (9). Late loss, as a measure of absolute
renarrowing [ = minimum lumen diameter (MLD) immediately
post-procedure − MLD at follow-up], was shown to be a
generalizable and powerful endpoint across both BMS and DES,
as well as across different stented vessel sizes. However, since the
site of the MLD at implantation and that of MLD at follow-up
do not need to be exactly the same, this measure does not reflect
absolute neointimal proliferation. Percent diameter stenosis
[ = (1 − (MLD/reference vessel diameter)) × 100], albeit another
good measure to follow-up a given patient, is dependent on
the reference vessel size, complicating its use as a comparator
(10). In contrast, intravascular imaging allows a 3-dimensional
cross-sectional assessment of the artery, permitting a direct
visualization and quantification of the stent area, neointimal
area, and luminal area (11), where restenosis is usually defined
as a cross-sectional area re-narrowing >75% of the reference
vessel segment (12). In addition, timely online quantitation is
available rather than visual estimation. Earlier studies validated
IVUS for de novo coronary lesions against stress myocardial
perfusion single-photon emission computed tomography, as
well as invasive coronary flow reserve, proposing criteria such
as an IVUS minimum lumen area (MLA) <4.0 mm2 or
corrected percent area stenosis ≥75% as the indicators of
functional significance (13, 14). However, with the consolidation
of myocardial fractional flow reserve (FFR) and other invasive
physiological indices such as the instantaneous wave-free
ratio (iFR) as the contemporary gold standard to assess the
significance of coronary stenotic lesions, it became clear that
many factors including ethnicity, vessel size, lesion location,
the type of imaging used, etc., preclude the adoption of a
universal cutoff by intracoronary imaging to intervene, and that
intracoronary imaging can more readily provide thresholds for
safe deferral of intervention (15).

The challenge of defining clinically relevant restenosis is
compounded by the reality that the mere anatomic detection
of a restenosis by angiography and intravascular imaging,
especially if moderate, does not automatically signify a “clinical”
or “functional” restenosis that can produce symptoms or
objective evidence of ischemia. This uncoupling of anatomic
and clinical restenosis might be attributed to the effect of
other geometric aspects of the lesion (including its length) on
flow, the status of endothelial function, collateral circulation,
and the size of the subtended myocardial bed (9). Therefore,
surrogate clinical endpoints such as TLR emerged, to capture a
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specific treatment’s ability to maintain long-term patency at the
particular intervention site. The academic research consortium
(ARC) criteria for TLR thus emphasize the clinical context in
addition to anatomic luminal measurements, in the form of
recurrent symptoms, objective signs of ischemia by non-invasive
testing, or abnormal results of any invasive functional diagnostic
test, unless the diameter stenosis is ≥70% (16, 17). Of note,
this ARC consensus highlights the fact that early TLR events
(<30 days after stenting) are unlikely to be due to ISR but are
most likely a result of subacute stent thrombosis.

Intravascular imaging can guide the management of ISR
through multiple stages. On the one hand, it can help to
optimize the stenting procedure by predicting and avoiding
ISR. On the other hand, once the ISR problem has set in,
such modalities can help to identify the underlying mechanism.
Finally, imaging can evaluate ISR treatment results.

Prevention of restenosis

Intravascular ultrasound-guided BMS implantation was
shown to modestly reduce restenosis and the need for repeat
revascularization (18–20). However, the impact of IVUS-guided
DES implantation on target vessel revascularization (TVR) was
more controversial (21, 22). More recent studies and meta-
analyses show that IVUS-guided PCI is associated with a
significantly lower risk of TLR in all generations of DES, both
in stable angina and in acute coronary syndromes (ACSs) (23–
27). In complex PCI, earlier studies showed no impact of IVUS
guidance on TLR (28), but later ones (or subgroup analyses
thereof) confirmed that IVUS use reduces the risk of ischemia-
driven TLR (29–32) and that such benefit is sustained on the
longer term (33, 34).

Similarly, OCT guidance seemed to lower the 1-year risk
of a composite that included TLR, only on unadjusted analyses
(35). From another angle, when nearly 1,000 lesions in the
same study were retrospectively analyzed, suboptimal stent
deployment defined according to the presence of at least
one of specific quantitative OCT criteria was associated with
an increased risk of major adverse cardiac events (MACEs)
including TLR. These criteria included in-stent MLA <4.5 mm2,
distal dissection >200 µm, and distal or proximal reference
lumen area (at stent edges) <4.5 mm2 in the presence of
significant plaque (36). In another large observational study,
where almost 90 thousand patients were analyzed (OCT used
in over 1,100 patients, IVUS used in almost 11 thousand
patients, and angiography alone used in slightly over 75
thousand patients), OCT-guided procedures were associated
with a reduction in the prespecified primary endpoint of all-
cause mortality at a median of nearly 5 years, but the study did
not provide information about TLR on the long term, because
the prespecified secondary composite endpoint was restricted to
in-hospital events (37). From another perspective, OCT-guided

PCI in patients with non-ST segment elevation ACS was shown
to modestly improve the post-procedural fractional flow reserve
(FFR), mostly by the optimization of stent expansion, when
compared to fluoroscopy-guided PCI. In this study, post-PCI
OCT revealed stent underexpansion in 42% of patients (38).

Interestingly, a prospective multicenter 1:1 randomized
study has directly compared OCT to IVUS in patients
undergoing PCI with a second-generation DES. The study
successfully demonstrated that OCT-guided PCI was non-
inferior to IVUS-guided PCI, regarding both angiographic in-
stent and in-segment stenosis at 8 months, as well as ischemia-
driven TLR at 12 months (39). Likewise, a meta-analysis
incorporating that study among others, encompassing over 17
thousand patients, showed no difference in comparative efficacy
between IVUS and OCT in terms of TLR, although OCT did
not significantly lower the risk of TLR compared to angiography
guidance (27).

This review provides an overview on the various forms
of mechanical stent-related problems that can be detected by
intravascular imaging and have been linked with varying degrees
to ISR. Table 1 summarizes the relative strengths of IVUS and
OCT for the detection of each of these problems.

Stent underexpansion

The most frequent technically preventable mechanism of
ISR in the DES era is stent underexpansion (40), often

TABLE 1 Relative strengths of IVUS and OCT for the detection of
various underlying mechanisms of ISR.

Application/
finding

Angiography IVUS OCT

Stent sizing + ++ +

EEL/vessel wall
visualization

− ++ +

Calcium pre-PCI + if severe + arc + arc and thickness/area

Peri-stent calcium − − +

Acute stent
malapposition

+ ++ +++

Geographic miss − + +

Edge dissection + ++ +++

In-stent tissue
prolapse

− + ++

Stent fracture + (Stent-boost++) + ++ (3D +++)

Longitudinal stent
deformation

+ ++ +++

Non-uniform strut
distribution

− + +

Neointimal
characterization

− + ++

Multiple layers of
stent

+ ++ +++

+, feasible; ++, good; +++, very good.
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FIGURE 2

Stent underexpansion. OCT image of an incomplete expansion of a stent resulting in restenosis despite moderate neointima proliferation. The
asterisks (*) mark stent struts. The small picture demonstrates the incomplete apposition at angiography.

unrecognized at angiography (Figure 2). Post-PCI minimum
stent area (MSA) is consistently the strongest predictor of
ISR. In an early study of almost 500 lesions in 425 patients
who underwent successful IVUS-guided stenting, based on the
empiric criteria, an intrastent minimal lumen cross-sectional
area ≥55% of the average reference vessel was the only criterion
that was associated with a higher probability of freedom
from ISR, independently from vessel size (41). However, more
recent accumulating evidence suggested that the absolute stent
expansion (MSA as an absolute measure) matters more than the
relative expansion (MSA compared to a predefined reference
area) in predicting the stent patency in the long term. In a
study of over 1,500 patients [nearly 1,100 with paclitaxel-eluting
stents (PESs), and nearly 500 with BMS], post-PCI MSA was
the independent predictor of subsequent ISR at 9 months,
with an optimal threshold of 5.7 mm2 for PES (42). Similarly,
for sirolimus-eluting stents (SESs), post-procedural final MSA
by IVUS was one of the only two independent predictors of
angiographic restenosis; the other predictor being the stent
length. In that study, the final MSA cutoff that best predicted ISR
was 5.5 mm2 (43). Similar data have been shown for the second-
generation DES, where a study of almost 1,000 lesions identified
the post-stenting MSA as the only independent predictor of
angiographic ISR in zotarolimus-eluting stents (ZESs) and in
everolimus-eluting stents (EESs). The best MSA cutoff value
was 5.5 mm2 for the prediction of SES restenosis, 5.3 mm2

for ZES ISR, and 5.4 mm2 for EES (44). Most recently, this
was challenged by an IVUS substudy of the ADAPT-DES
registry (Assessment of Dual Antiplatelet Therapy with Drug-
Eluting Stents), where ten different stent expansion indices
were compared for their association with a primary endpoint
of lesion-specific 2-year clinically driven TLR or definite stent

thrombosis. Interestingly, only MSA/vessel area at the MSA site
(best cutoff was 38.9%) was independently associated with the
study endpoint, after adjusting for morphologic and procedural
parameters. In other words, stent/vessel area at the MSA site
was superior to absolute MSA (and other expansion indices) in
predicting the study endpoint, driven mainly by the difference
in TLR rather than stent thrombosis (45).

Whereas the studies mentioned above investigated non-
left main lesions, Kang et al. showed that for unprotected left
main (LM) stenting, ISR was more frequent in lesions with
underexpansion of at least one segment, with a significantly
lower event-free survival rate than in lesions with no
underexpansion. The MSA cutoffs that best predicted ISR on a
segmental basis were 5.0 mm2 for ostial left circumflex (LCX),
6.3 mm2 for ostial left anterior descending (LAD), 7.2 mm2 for
the polygon of confluence (POC), and 8.2 mm2 for the LM above
the POC (46).

Likewise, in chronic total occlusions (CTO) that are
successfully recanalized, IVUS has shown that a smaller MSA is a
major predictor of angiographic ISR (47). Additionally, similar
to patients with stable coronary artery disease, a smaller MSA
after primary PCI was shown to be an independent predictor of
angiographic restenosis (48).

Concurring with the intravascular ultrasound (IVUS)
findings, post-stenting optical coherence tomography
(OCT) has shown that a small MSA (defined as <5.0 mm2

for DES) is an independent predictor of 1-year device-
oriented clinical endpoints (49). It is important to note,
however, that these thresholds do not define optimal
stenting, such that a larger MSA is still associated with
less ISR, until an MSA of about 8 mm2, where a plateau is
reached (50).
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FIGURE 3

Calcific lesions at intravascular ultrasound (Left) and optical coherence tomography (Right). The limitation of IVUS in this case is that the lesion
projects a shadow that does not allow measuring its depth.

Interestingly, when compared to phantom models, OCT
was more accurate and reproducible in the assessment of
coronary luminal dimensions than IVUS which overestimated
those dimensions and was less reproducible (51). Earlier studies,
however, suggested that OCT guidance would yield smaller
stent expansion and more residual reference segment stenosis
than IVUS guidance, because of the greater ability of IVUS to
visualize the vessel border compared to OCT, both before and
after intervention. This would potentially lead to more stent
restenosis (52). Nevertheless, when OCT-guided stenting was
compared to IVUS-guided stenting in the ILUMIEN (optical
coherence tomography compared with intravascular ultrasound
and with angiography to guide coronary stent implantation) II
study, both approaches resulted in a comparable degree of stent
expansion, defined as MSA divided by the mean of the proximal
and distal reference lumen areas (53).

Regarding the relative stent expansion, the EAPCI
consensus views a cutoff of >80% for the MSA relative to
average (proximal and distal) reference lumen area, as a
reasonable and realistic target to employ in clinical practice,
taking into consideration that more stringent targets such as
>90% were frequently not achieved in the respective clinical
trials (54).

Stent underexpansion could be due to stent
underdeployment (the use of low deployment pressures),
stent undersizing, or heavily calcified lesions that preclude
adequate stent expansion despite high deployment and/or
post-dilation pressures. It is important therefore to recognize
target lesion calcium, so as to consider pre-stenting calcium
modification techniques, e.g., rotational, or orbital atherectomy,
cutting, or scoring balloons. Intravascular imaging is more
sensitive for calcium detection than angiography. In a study
of 1,155 native vessel target lesions in stable patients, IVUS
detected calcium in 73% whereas angiography detected calcium

in only 40% (55). This is in line with the results of other
studies, which showed a good sensitivity and specificity of
IVUS to detect intralesional calcium compared to pathology.
In one study that examined the ability of IVUS to accurately
depict circumferential calcified lesions on autopsy arterial
segments, IVUS had a sensitivity of 89% and a specificity of 97%
(56). In another study of 50 coronary vessel segments, IVUS
was compared to corresponding histologic sections and had
an overall sensitivity of 90% and a specificity of 100% for the
detection of dense, coherent calcium, even though it had a much
lower sensitivity (64%) for visualizing microcalcification (57).

While it is difficult to evaluate calcium thickness or area
with IVUS because its surface reflects ultrasound waves almost
entirely, OCT can penetrate through calcium, so that its
thickness and area can be evaluated (Figure 3). This was
shown to be relevant, although to a lesser degree than the
arc of calcium, so that it affects the minimal stent diameter
achieved (58). In another study, a thinner calcium thickness
after rotational atherectomy (optimal threshold was 0.67 mm)
predicted the formation of cracks after balloon angioplasty
which in turn permitted a larger lumen gain and a greater stent
cross-sectional area (59). An OCT-based calcium scoring system
has been proposed, whereby a maximum angle of calcium
>180◦, together with a maximal thickness >0.5 mm, and length
>5 mm, predicted stent underexpansion (based on the smallest
stent area divided by the average of proximal and distal reference
luminal areas) with a slightly better ability than the angiographic
detection of severe calcium (60). On the other hand, it has been
demonstrated that the detection of calcium fractures by OCT
(Figure 4) confirms adequate modification of heavily calcified
culprit lesions before stenting and resulted in a greater MSA,
and stent expansion immediately post-PCI, as well as smaller
percent diameter stenosis, less frequent binary restenosis, and
less ischemic-driven TLR, at 10-month follow-up (61).
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FIGURE 4

Cracks in the subintimal calcium after coronary lithotripsy.

Stent undersizing

There is no clear-cut evidence to support routine use of
intracoronary imaging for stent sizing. However, there is some
evidence to support intracoronary imaging guidance in long
lesions and CTOs (62–64), although the greater CTO success
achieved in the imaging-guided group in terms of, e.g., a greater
MSA (at least in part due to bigger implanted stent diameters),
did not always translate into better clinical outcomes, with the
exception of less stent thrombosis and less TLR in longer lesions
(65, 66). In addition, the EAPCI expert consensus recommends
its use in LM lesions, patients with ACS, or other complex lesion
morphologies (67). Nevertheless, there seems to be less benefit
in simple lesions or patients with stable clinical presentation
(54, 68).

Imaging-guided stent sizing is based on either the external
elastic lamina (EEL) diameters of the distal reference, usually
rounded down by ≥0.5 mm or alternatively, reference lumen
diameters can be used, rounded up by 0.5 mm. Particularly in
smaller or very calcific arteries, or in the setting of diffusely
diseased vessels (including chronic total occlusions) or acute
coronary syndromes, imaging-guided sizing is often larger than
the angiographic reference diameters.

For its superior capacity to distinguish the EEL, IVUS is
considered to be the gold standard method for guiding stent
sizing (Figure 5). Because of the limited tissue penetration of
OCT (1–2 mm) compared to IVUS (5–6 mm), it is often not
able to visualize the EEL at the lesion site. The introduction
of artificial intelligence-based methods in the latest iteration of
the OCT software by the company Abbott vascular, however,
significantly streamlines these processes (Figure 6). Therefore,
an algorithm was proposed by the ILUMIEN III and IV
studies (54, 69), where the EEL diameter was used if the EEL
circumference was visible for ≥180◦. In such case, the proximal

FIGURE 5

Stent undersizing demonstrated at IVUS. The white dotted line
marks the lamina externa, where the stent struts (*) should lie.

FIGURE 6

Artificial intelligence-driven stent/vessel sizing.

and distal reference mean EEL diameters were measured, and
the smaller of these diameters rounded down to the nearest
0.25 mm was used. In case the EEL cannot be seen ≥180◦,
the stent diameter was determined as 100% of the lumen
diameter. Compared to the respective reference, a final lumen
area ≥90% was considered acceptable. Using this algorithm,
OCT-guided PCI was non-inferior to operator-directed IVUS
guidance in terms of the post-PCI MSA, with no difference in
procedural MACE up to 1 year (54, 68). Because ILUMIEN III
was underpowered to detect differences in clinical outcomes,
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another adequately powered ongoing trial, ILUMIEN IV trial
(NCT03507777), is geared to rigorously test this aspect (69).

From a practical perspective, the EAPCI consensus on the
clinical use of intracoronary imaging highlights the distal lumen
reference-based sizing as a safe and straightforward approach,
which can be followed by an optimization of the mid and
proximal stent segments. The mean distal lumen diameter with
up rounding of the stent diameter by 0–0.25 mm may be used, or
alternatively, the mean EEL (if adequately visualized) with down
rounding to the nearest 0.25 mm stent size can be used (67).

Geographic miss

Longitudinal geographic miss (GM) refers to an injured or
diseased vessel segment not covered by the stent. Both IVUS and
OCT provide valuable information to determine an appropriate
(relatively plaque-free) landing zone for stent implantation, to
avoid GM and have adequate lesion coverage.

In a study of over 1,500 patients with SES implanted, GM
had a four-fold increase in the incidence of edge restenosis,
with a significantly higher rate of TVR at 1 year, after adjusting
for clinical and anatomic factors (70). In another smaller
retrospective study of 167 SES, a larger reference percentage of
plaque area at baseline IVUS was among the factors associated
with edge restenosis (71). Similarly, residual edge plaque burden
was the only independent predictor of angiographic stent edge
restenosis at 9 months after PES implantation (72). Another
IVUS study of newer generation DESs in almost 1,000 lesions
concluded that edge restenosis was predicted by post-stenting
reference segment plaque burden and reference segment MLA.
The predictive cutoff of the reference plaque burden was 54.5%
overall (56.3% for endeavor ZES, 57.3% for resolute ZES, and
54.2% for EES) (73).

Comparable results were obtained by OCT in a retrospective
study of 319 patients with EES implantation. The independent
predictors of binary angiographic stent edge restenosis at 9
to 12 months were lipidic plaque in the stent edge segment
(optimal cutoff was an arc ≥185) and MLA (optimal cutoff was
4.1 mm2) (74).

Interestingly, in a prospective single-center randomized
study of 200 patients, comparing OCT-guided PCI with vs.
without co-registration, there was no significant difference
in GM, even though co-registration enabled more precise
stent location. There was also a trend for less severe edge
dissection with co-registration, which did not reach statistical
significance (75).

Edge dissection

Optical coherence tomography has a greater sensitivity
to detect post-procedural stent edge dissections than IVUS

FIGURE 7

Edge dissection.

(Figure 7), attributable to its greater resolution. This is
confirmed, for example, by data from ILUMIEN III, where
untreated edge dissections as detected by OCT were more
frequently present after IVUS-guided and angiography-guided
PCI than after OCT-guided PCI. Not only untreated major
dissections (≥60◦ in circumference and/or ≥3 mm in length)
and medial dissections were more common after IVUS-guided
PCI than after OCT-guided PCI, but indeed, OCT detected
nearly 25% of total dissections and 15% of major dissections that
were overlooked by IVUS (54). This agrees with the data from
other smaller-scale studies (51). However, these findings had no
impact on stent-oriented outcomes (68).

On the other hand, although it has previously been shown
in a porcine model that the degree of arterial injury is strongly
correlated with the magnitude of restenotic response (76), and
one group has shown that IVUS-detected edge dissections were
related to more restenosis with subsequent TLR (77), Radu et al.
demonstrated, however, that non-flow limiting edge dissections
identified by OCT at baseline completely healed on serial follow-
up at 1 year, except for the longest flaps (2.81 and 2.42 mm),
which were only partially healed. In all cases, however, this did
not produce restenosis as assessed by OCT at 1-year follow-up,
nor did it result in MACE within that year. Moreover, the two
cases with persistent/partially healed dissections had no MACE
up to 3 years of follow-up (78). This aligns with a multitude of
other studies that employed angiographic (71, 73, 74, 79), IVUS
(80), and OCT follow-up (81–84). Similarly, in a study of over
1,000 stents implanted to treat 900 lesions (including both BMS
and DES), stent edge dissection detected by OCT had no impact
on device-oriented clinical endpoints at 1 year of follow-up (49).

Of note, other groups related certain OCT-derived
characteristics of the edge dissection to MACE, e.g., dissection
flap thickness ≥200 µm (85), or 310 µm (86), or dissection
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length >3.55 mm (87), but none of these groups demonstrated
an association specifically with edge restenosis.

In-stent tissue protrusion/prolapse

Optical coherence tomography seems to be more sensitive
than IVUS for intrastent tissue protrusion detection (51)
(Figure 8). However, the impact of tissue protrusion/prolapse
(TP) on restenosis and TLR is controversial, with several studies
failing to establish a significant relationship

An early study of 407 native coronary lesions, where post-
intervention IVUS was done, failed to show an association
of minor plaque prolapse (detected in nearly quarter of the
lesions) and 6-month angiographic restenosis (88). In another
serial IVUS study of 205 lesions in patients with diabetes,
plaque prolapse was not associated with increased neointimal
proliferation or angiographic restenosis (89).

From the OCT perspective, irregular in-stent TP
independently predicted 1-year device-oriented clinical
endpoints, primarily driven by TLR that was not for stent
thrombosis. This is probably because irregular tissue protrusion
represents a moderate to severe vessel injury with a high
likelihood of medial disruption and lipid core penetration
resulting in restenosis (49). However, in another serial OCT
and IVUS study, although the lumen area in lesions with
TP significantly decreased due to neointimal proliferation at
follow-up (with greater late lumen area loss in IVUS-detected
than in OCT-only-detected TP), no impact on clinically relevant
restenosis was demonstrated (81).

Interestingly, in a prespecified substudy of the ADAPT-DES,
TP detected by IVUS was associated with less clinically driven

FIGURE 8

Tissue prolapse after PCI of a chronic total occlusion. The stent
struts are marked with *, at 1 o’clock a prolapse of a calcific
plaque can be seen.

TLR at 2 years, in part because of greater stent expansion in
these lesions which was presumably among the causes of TP,
and because greater stent expansion counterbalanced the impact
of TP to maintain a good acute result in terms of luminal
dimensions (90).

Acute stent malapposition

Optical coherence tomography has a greater ability to detect
acute stent malapposition (ASM) than IVUS (Figure 9). For
instance, when the same lesions were evaluated post-PCI with
frequency-domain OCT and IVUS, incomplete stent apposition
was detected in more lesions by OCT than by IVUS (39 vs. 14%)
(51). Similarly, in the ILUMIEN III trial, OCT was significantly
more sensitive than IVUS at detecting malapposition. Moreover,
OCT procedural guidance led to fewer malappositions than did
IVUS guidance (54).

The clinical outcome of ASM yet is uncertain, i.e., no
clear connection exists between ASM (in the absence of
underexpansion) and subsequent TLR. This is probably because
ASM may subsequently resolve. In a serial OCT study of 66
stents (including EES, ZES, and BMS), 71.5% of the ASM
segments were completely integrated into the vessel wall at
6-month follow-up. The maximum ASM distance per strut
(or ASM volume) was the only predictor for the percentage
of malapposed struts at follow-up, so that a maximum ASM
distance <270 µm was grossly covered and spontaneously
reapposed in 100% of cases at follow-up, whereas distances
≥850 µm resulted in persistent ASM and delayed coverage
in 100% of cases (91). The same concept was demonstrated
in another serial OCT study of 77 patients, which showed
spontaneous resolution of ASM at 8- to 12-month follow-up,

FIGURE 9

Malapposition. Although not being a direct cause of restenosis,
the flow disturbance caused by the malapposed struts may
cause neointima proliferation distal to the site.
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which occurred to a greater extent in EES than in SES. The best
cutoff of the ASM acute distance for predicting late persistent
malapposition at follow-up was >355 µm for EES and >285 µm
for SES (92). A third OCT study with a longer follow-up of
2 years has shown a very close cutoff endoluminal distance for
the resolution of ASM in cobalt chromium EES of 359 µ m (93).

Consequently, in one study, for example, of over 350 lesions,
where patients received post-stenting OCT, ASM was observed
in 62% of lesions, and yet, there was no difference in clinical
events including TLR between patients with and without stent
malapposition (94). In another retrospective analysis of post-
procedural OCT findings in 864 patients, variable grades of ASM
were detected in 72.3% of stents, but had no relation to ISR,
nor to TLR (95). Similarly, in acute coronary syndrome patients,
post-procedural OCT-detected ASM was not associated with
device-oriented events including TLR (96). On the other hand,
in an integrated analysis of IVUS substudies of multiple trials,
where 1,580 patients were evaluated (with either PES or BMS
implanted), stent malapposition had no impact on the rates
of restenosis nor MACE including TLR at 9 months (97).
Furthermore, in the IVUS substudy of ADAPT-DES trial, ASM
did not influence clinically driven TLR at 2-year follow-up (98).

Stent fracture

A stent fracture undermines the scaffolding at its site as well
as the local drug delivery in the case of a DES. This is coupled
with mechanical irritation of the vessel by the fractured struts.
Moreover, evidence has been shown by IVUS for recoil of the
edges of the struts just proximal and distal to the fracture site
(99). Therefore, stent fractures associate with higher rates of ISR
and TLR (100–102). Intravascular imaging can help to identify
the cases of stent fracture overlooked on angiography, in the
context of ISR (103, 104), particularly with overlapping of the
proximal and distal fragments (99). Sometimes, stent fracture is
followed by longitudinal overlapping that shows up as a single
arc of double layers of stent struts in the same circumference on
consecutive frames in the middle of a single stent (99). Three-
dimensional OCT provides further help in challenging cases
such as single strut fractures (105, 106). Nevertheless, stent-
boost technology and multidetector computed tomography can
frequently make the diagnosis obviating the need for dedicated
intracoronary imaging (107, 108).

In a recent case series, our group reported that fracture,
classified in four different patterns, typically results in a
focal ISR at the fracture point (Figure 10) (109). In that
study, we proposed an OCT-based classification in different
patterns of increased severity (from single stacked struts to
rupture and gap), and indeed, more complex fracture patterns
were more common in the presence of device failure than
in incidentally discovered fractures. In the same study, we
also reported an association of stent fractures with stent

FIGURE 10

3D reconstruction of a stent fracture and gap associated with
ISR (the lumen is depicted in red).

eccentricity and asymmetry, which theoretically are among
aspects that intracoronary imaging can help to optimize. Once
a fracture is diagnosed, it is yet to be investigated in further
studies how such imaging-based classification scheme would
inform the management.

Longitudinal stent deformation

It is uncertain whether longitudinal stent deformation (LSD)
relates to outcome including ISR. In a pooled analysis of
patients treated with ZES and EES, rates of target lesion failure
were numerically but not significantly higher in lesions with
quantitative coronary angiography (QCA)-based LSD (110).
However, in another study of EES-treated lesions, it was shown
that LSD with resulting overlap leads to an excessive neointimal
hyperplasia (NIH), ISR, and TLR (99). The mechanism is
unclear but is probably non-uniform drug distribution.

Non-uniform strut distribution

Takebayashi et al. have demonstrated in patients with
SES implanted stents, that non-uniform strut distribution
represented by a larger maximum interstrut angle on
IVUS analysis independently predicted NIH formation
and subsequent restenosis (111).

Characterization of restenosis

Mehran et al. originally proposed an angiographic
classification for ISR (classes I to IV) that predicted more
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TLR with increasing ISR class (112). Although the classification
was based on the geographic position of ISR on angiography
in relation to the previously implanted stent, its accuracy
was verified in the same study by IVUS. Despite that,
the classification has several limitations; for instance, it
was developed in the BMS era just as DES was dawning.
Consequently, in RIBS-II trial, for example, which compared
SES with balloon angioplasty as a treatment for ISR, the
Mehran classification was unable to predict late loss in the
SES group (113). On the other hand, such classification does
not really address the possible underlying causes for ISR, nor
does it describe the nature of the restenotic tissue itself. As a
result, it would not be able to prescribe management pathways
given the plethora of newly developed interventional tools
available to tackle ISR.

Intracoronary imaging has greater sensitivity to detect and
characterize ISR (114). In an IVUS study that investigated
the patterns of ISR among different stent generations, BMS
restenosis presented later with more NIH compared to
DES (including both first- and second-generation DES).
Additionally, the total stent length was longer in DES ISR, and
the stent cross-sectional area at the site of the minimal luminal
area (MLA) was smaller, compared to BMS ISR. Regarding the
underlying mechanism, stent fracture was seen only in DES, but
stent malapposition was seen equally across all stent generations
(115). In a prospective multicenter registry conducted in Nordic
and Baltic countries, IVUS showed that stent underexpansion
was more common in DES ISR than in BMS ISR, and that
DES more frequently had focal ISR compared to BMS, with less
intimal hyperplasia (116).

Because of a higher resolution, OCT has permitted
more detailed characterization of the underlying etiology of
ISR. Furthermore, it highlighted the morphologic difference
between DES-ISR and BMS-ISR (117). In other words, OCT
allowed better characterization of the neointimal tissue type,
including identification of in-stent neoatherosclerosis, which
could potentially guide therapy. In BMS-ISR, the typical
pattern is a homogeneous high-signal tissue band, which is
a characteristic of neointimal hyperplasia, with high smooth
muscle cell content (Figure 11). In contrast, DES-ISR is
typically characterized by attenuated, layered, heterogeneous
tissue, which may represent proteoglycan-rich neointimal tissue,
or neoatherosclerotic plaque (Figure 12) (118). Regions of the
so-called peri-strut low-intensity (PSLIA) have been associated
with accelerated restenosis due to inflammation, proteoglycan
accumulation, and edema (Figure 13). Therefore, whereas
neointimal formation peaks at about 6 months after BMS
implantation, neointimal formation after DES implantation is
a dynamic process that could creep out to even 5 years (118).
In-stent neoatherosclerosis can also cause DES failure, through
intimal rupture and thrombus formation, which usually presents
with an ACS rather than stable angina (26). Of note, some
studies suggest that stent age (i.e., longer implant duration)

FIGURE 11

Calcific neointima. The white arrows mark the stent struts, the
left quadrant arc occupied by neointima presenting calcific
neoatherosclerosis. The remaining homogeneous neointima is
compatible with fibrous tissue.

FIGURE 12

Neoatherosclerosis.

rather than stent type is the strongest and most consistent
predictor of neoatherosclerosis (119).

Similar findings have been elicited by integrated backscatter
(IB) ultrasound which revealed more low-IB tissue in the
neointima of late restenosis (detected at ≥13 months after
stent implantation) than in that of early restenosis, suggesting
neoatherosclerosis as one of the mechanisms of late ISR
(120). Furthermore, in patients with DES ISR, it seems that
the underlying mechanism can impact the restenotic tissue
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FIGURE 13

A case of rapidly growing in-stent restenosis of the left main (3 months from previous angiography). The white arrows mark areas of peri-strut
low-intensity compatible with inflammatory processes and with a rapid progression of disease.

composition, e.g., stent fracture has been shown by IB-
IVUS to be associated with larger lipid volume within the
neointima, indicating a contribution to the development of
neoatherosclerosis (121).

A classification of ISR has been proposed based on the
qualitative OCT assessment of a small mixed sample of BMS
and different generations of DES, where restenotic tissue was
described as “layered,” “homogeneous,” or “heterogeneous.”
These patterns were not validated against histologic data,
and no insights were provided as to the clinical and
prognostic value (122). Recently, Yamamoto et al. proposed a
novel classification of ISR after DES implantation, based on
OCT imaging, that should be more accommodating of the
different ISR tissues encountered. In total, six patterns were
proposed (Supplementary Figure 1): Type I is a “homogeneous
high-intensity tissue” pattern, representing neointimal tissue
composed of smooth muscle cells in a proteoglycan and
collagen-rich matrix; type II is a “heterogeneous tissue with
signal attenuation” pattern and was the most frequent pattern
reported, suggestive of delayed arterial healing and/or the
presence of an organized thrombus; type III is a “speckled
heterogeneous tissue” pattern, indicating organized thrombus
and fibrinoids with smooth muscle cells poorly and focally
distributed, probably an early phase of type II; type IV
is a “heterogeneous tissue containing poorly delineated
region with invisible struts,” comprising atheromatous tissue,
including large fibroatheroma or a large amount of foam cell

accumulation within the neointima; type V is a “heterogeneous
tissue containing sharply delineated low-intensity region,”
representing dense calcified plates; and type VI is a “bright
protruding tissue with an irregular surface,” representing
calcified nodules. Because this classification has the potential
to differentiate lipidic atherosclerotic neointima and calcified
neointima from other neointimal tissue, it may help in
guiding the treatment strategy. Although in high-lipid-content
neoatherosclerosis, minimal lesion preparation would be
preferable to reduce no-reflow and periprocedural infarction,
in calcified neointima aggressive preparation is necessary to
permit adequate stent expansion (123). Importantly, Imanaka
et al. validated OCT patterns of neointimal tissue following
DES implantation against histopathology and showed that the
heterogeneous pattern with invisible strut on OCT identifies
the presence of lipid atherosclerotic tissue within neointima
(124). Systematic prospective studies are emerging to define
the clinical implication of these morphological patterns on
prognosis and management.

Another group used OCT gray-scale signal intensity to
provide a quantitative neointimal analysis and expectedly
found significantly different values among the different
neointimal prototypes (homogeneous, non-homogeneous, and
neoatherosclerosis), although different patterns coexisted in a
significant proportion of ISR lesions. However, no correlation
to the gold standard of histology was offered, nor is the impact
on clinical and angiographic outcomes clear (125).
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Evaluating restenosis by
intravascular imaging vs.
non-invasive imaging

Non-invasive imaging in the setting of ISR was primarily
investigated as a method of surveillance/screening in lesions
with a reported relatively high rate of ISR, e.g., LM PCI, to
avoid resubjecting the patient to invasive coronary angiography
for that purpose.

Van Mieghem et al. showed in a population undergoing
LM stenting that multisclice computed tomography (CT) by
a 16-slice scanner had good agreement for measuring the
mean stent cross-sectional area but did not report the Bland-
Altman results for the MLA (126). With the introduction of
64-slice multidetector CT (MDCT), Andreini et al. examined
the agreement between luminal area measurements on CT to
those on IVUS in a group of 24 patients. MDCT systematically
underestimated the MLA compared to IVUS, with wide limits
of agreement (127). Later, Veselka et al. have demonstrated that
dual-source computed tomography (by measuring the MLA)
can exclude in-segment restenosis after LM bifurcation stenting
with a negative predictive value (NPV) of 97%, using IVUS-
measured MLA as the gold standard (128).

Another very appealing application is the possibility of using
CT to efficiently diagnose stent fracture, which as described is
one of the underlying mechanisms for ISR (107, 108, 129, 130).

On the other hand, Kang et al. compared angiographic and
IVUS assessment of ISR severity (LM and multivessel ISR were
not included) to single-photon emission computed tomography
(SPECT) as a measure of functional significance of the lesion.
The overall diagnostic accuracy of IVUS-derived parameters
to predict a positive SPECT was only 70% similar to that of
angiography in the same study (an MLA cutoff ≤2.1 mm2,
which performed best among other parameters, had a positive
predictive value (PPV) of only 62%, and a NPV of only 77%)
(131). This can be attributed on the one hand to the inherent
limitations of SPECT, e.g., artifacts, spatial resolution, the
confounding effect of microcirculation, etc., with the potential
of false positives and negatives, and on the other hand, to the
multitude of factors that influence the IVUS assessment, e.g.,
the need for different cutoff MLA values for different lesion
locations, varying vessel diameters, and different ethnicities or
body habitus (15).

Management of restenosis

The initial step in ISR management is identifying the
underlying cause which in turn dictates the treatment strategy
(Figure 14). Intracoronary imaging can help to differentiate
between a mechanical cause and a biological cause and
discriminate between various mechanical causes. That said,

clinical evidence supporting a clear advantage for routine
intravascular imaging in ISR is still lacking. In other words, there
is a lack of evidence on the use of individualized therapeutic
strategies to target specific underlying ISR substrates detected
by intravascular imaging, and whether this individualized
approach improves clinical outcomes. Therefore, the 2018 ESC
guidelines on myocardial revascularization give a class IIa C
recommendation for the performance of IVUS and/or OCT to
detect stent-related mechanical problems leading to restenosis
(132). The use of intracoronary imaging is also recommended
by a recent expert consensus of the EAPCI on the management
of myocardial revascularization failure (133). Along the same
lines, the 2021 ACC/AHA/SCAI guideline for coronary artery
revascularization provides a class 2a C-LD recommendation for
the use of IVUS or OCT to determine the mechanism of stent
failure (134). Early on it seemed as if the only independent
predictor of late clinical outcome after re-intervention for ISR
was the final MLA obtained, regardless of the means used to
achieve it (135). An optimal treatment algorithm is discussed in
detail in two recent excellent reviews by Waksman et al. (114,
136). The algorithm overall is in line with the corroborating
evidence available in different situations as presented below.

From a practical standpoint, in cases of stent undersizing
or underexpansion (Waksman type I A), identifying the tissue
composition can guide optimal device choice. Soft tissue will
probably respond to treatment with high-pressure balloon
inflation, whereas calcific lesions might require other devices
including rotational atherectomy, intravascular lithotripsy
(IVL), or excimer laser coronary angioplasty (ECLA). Similar
calcium modification prior to DES would be needed in the case
of calcific neoatherosclerosis (Waksman type II C) (136).

In retrospect, peri-stent calcium-related stent
underexpansion can be detected by both IVUS and OCT,
but OCT can better evaluate the thickness of calcium. It is often
the result of the underutilization of calcium modification tools
before stenting such as rotational or orbital atherectomy, or
ECLA. Possible management options for this problem include
rotational atherectomy, ECLA, and most recently IVL.

The off-label use of rotational atherectomy “stent-ablation”
was reported in a small-sized retrospective non-randomized
study to achieve a lower but acceptable rate of procedural
success, and a similar rate of procedural complications
compared to excimer laser with contrast media injection
(if certain intraprocedural precautions are observed to
avoid dissections and burr entrapment) (137). In another
observational single-center study of 11 patients, stent-ablation
had a high rate of procedural success (all but one patient),
with MACE occurring in only one patient at a median
follow-up of 26 months (138). In this situation, rotational
atherectomy is capable of ablating metallic stent struts, but
it is the fragmentation of any underlying calcific or fibrotic
tissue surrounding the unexpanded stent that is thought to
facilitate the following expansion of the stent (137). A third
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FIGURE 14

Imaging-guided treatment of ISR. ELCA, excimer laser coronary atherectomy; IVL, intravascular lithotripsy; DES, drug-eluting stent; DCB,
drug-coated balloon; VBT, vascular brachytherapy; OA, orbital atherectomy; RA, rotational atherectomy; NC, non-compliant; CABG, coronary
artery bypass graft. Reproduced with permission from Shlofmitz et al. (136).

group studied 12 patients in a prospective registry. Despite
excellent procedural results, MACE occurred in 50% of patients
at 6-month follow-up, which could be attributed at least in part
to the modest outcomes and the higher intrinsic risk of such
patients. Consequently, the authors emphasized the importance
of ample lesion preparation upfront, to limit such bailout
situations (139).

Several authors reported individual case reports of using
ECLA to expand an undilatable stent, but the ELLEMENT
registry was the first large prospective, multicenter observational
registry (n = 28) to evaluate contrast-enhanced laser therapy
to modify stented plaques resistant to high-pressure balloon
expansion. Procedural success was achieved in 27 patients
(96.4%), with MACE occurring only in two patients at 6-month
follow-up (one death and one TLR) (140).

Recently, studies reported that OCT-diagnosed calcium can
be effectively treated with IVL to induce calcium fracture and
thus achieve larger final MLA and MSA independently of the
eccentricity of the lesion (141–144). In the disrupt CAD III OCT
substudy, the mechanism of calcium modification appeared to
be circumferential and longitudinal calcium fractures (identified
in almost 70% of the lesions), but the subsequent stent
expansion and MSA were similar regardless of calcium fracture

identification by OCT (144). The use of this device in ISR
has been reported by several groups but is currently off-
label (145–149). For instance, in a recent retrospective single-
center analysis of six patients (two with calcium-mediated
stent underexpansion, two with calcified neointima, and two
with both), IVL with subsequent high-pressure balloon dilation
(followed by DES implantation or drug-coated balloon (DCB)
deployment) was feasible and safe and had promising short-
and mid-term results in almost all patients (angiographic
success was not achieved in one patient with residual stenosis
>20%, but similar to others, no intraprocedural complications
occurred) (150). Similarly, in a case series of 13 patients who
had stent underexpansion even with the use of appropriately
sized dedicated very high-pressure/cutting balloons (≥30 atm),
IVL successfully allowed MSA gain in all cases, with no in-
hospital or 30-day MACE (151). IVL balloon sizing was guided
by intravascular imaging.

In a recent retrospective study of 50 patients who underwent
IVL, 13 patients had ISR as the target lesion. Angiographic
success occurred in 100% and none experienced death, MACE,
or major bleeding at 30 days (152). Most recently, a prospective
multicenter observational study of IVL in calcified coronary
lesions included ISR with stent underexpansion in almost 30%
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(n = 40) of the enrolled procedures. The primary endpoint
of final procedural success was achieved in 97.5% of the ISR
subgroup, with failure in only one patient (2.5%). Genuine
MACE occurred in only two patients (one cardiac death due
to procedure-related perforation, and another due to acute in-
stent thrombosis), none of them in the ISR subgroup. Notably,
rotablation was adjunctively used in 13.4% of the overall study
population before IVL, and in 2.2% following IVL, suggesting
that it could be complementary to IVL in particular situations
to facilitate IVL balloon delivery or in case IVL was unable to
adequately modify the lesion (153).

In cases where IVL is performed soon after the stenting
procedure (within 6–12 months, if re-endothelialization is not
yet complete), the impact on the integrity of the DES polymers
is currently unknown and warrants evaluation (151, 154).
Recently, Mousa and coworkers demonstrated in a case series of
five patients with acute stent underexpansion in heavily calcified
lesions, that angiographic success could be achieved in all cases,
with no procedure-related MACE in the mid-term (follow-up
ranged from 6 months to 24 months) (155). However, such
theoretical risk of polymer damage might not be that relevant in
the context of ISR, because by that time, most second-generation
DES is fully re-endothelialized (156, 157).

In addition to peri-stent calcium with an underexpanded
stent, calcified in-stent neoatherosclerosis can produce ISR
(Waksman type II C). Reported cases show promising results
with the use of IVL (complemented by rotational atherectomy
in some instances) for managing such patients and illustrate
the role of OCT in making the appropriate diagnosis and
confirming an adequate result of IVL (158–160).

The other scenario is a well-expanded stent with excessive
NIH (Waksman type II A), which is probably best treated with
cutting or scoring balloons followed by DCB, an additional
DES with an alternative drug (heterostenting), or vascular
brachytherapy (VBT) (114).

Overall, DES and more recently DCB seem to be the most
effective treatment approaches for ISR, backed by the results
of several meta-analyses (161–164), with a recent collaborative
meta-analysis pointing to a higher risk of TLR associated with
paclitaxel-coated balloon (PCB) compared with DES, in the
subgroup of patients with DES-ISR (165). It is worth noting that
the enrolled trials in these meta-analyses included patients with
both restenosed BMS and DES.

Tada et al. managed to show in a retrospective study
that morphological assessment of the ISR tissue by OCT can
guide the selection of the appropriate treatment strategy. This
group compared different treatment strategies based on the
OCT restenosis tissue characterization, in terms of mid-term
ISR recurrence (re-ISR = binary restenosis on angiography)
and TLR. The study population comprised a majority of
patients with DES-ISR and a minority with BMS-ISR, and
three strategies were compared: plain old balloon angioplasty
(POBA) only, with high-pressure or scoring balloon inflated

to almost rated burst pressure, POBA followed by PCB,
or POBA followed by DES implantation and post-dilation.
Importantly, PCB and DES performed equally across all tissue
morphologies. Furthermore, in patients with homogeneous or
high backscatter tissue pattern, PCI with POBA only was an
independent predictor of re-ISR, which was attributed to the
high proliferative activity of vascular smooth muscle cells in
this lesion subset. Similarly, PCB and DES had lower ISR rates
compared to POBA only, in patients with a layered neointima,
but with no difference in TLR rates. Notably, such lesions
include a certain amount of vascular smooth muscle cells in their
adluminal layer. Contrarily, in patients with a heterogeneous
or low backscatter neointima, there was no difference between
the three treatment approaches, mostly due to the speculated
excessive inflammation and hypersensitivity to drugs and/or
polymers in this lesion pattern, where the use of a DES or PCB
might aggravate inflammation (166). It is reasonable to infer
that non-calcified neoatherosclerosis (Waksman type II B) can
be approached in a similar manner (136).

Recently, the results of a pooled analysis of the OCT
substudies of the RIBS IV and V prospective randomized clinical
trials (patients with DES-ISR and BMS-ISR, respectively) have
shown concurring results. The presence of neoatherosclerosis
at the time of the index ISR procedure (detected by OCT) did
not influence acute and long-term re-PCI outcomes (including
angiographic and OCT outcomes at 6–9 months, and clinical
outcomes at 3 years of follow-up). Moreover, these substudies
suggested that both PCB and EES are effective and safe treatment
options for ISR with neoatherosclerosis, although the limited
sample size did not allow for more definitive conclusions as to
the differential response to the chosen treatment (167).

When PCB was compared to EES, in the treatment of BMS
ISR in 55 patients, OCT showed a better healing response in
terms of stent strut coverage with PCB than EES, with no
difference in the mean NIH area nor the luminal areas between
the two treatments. Subsequently, there was no difference in
the TLR rates either (168). Interestingly, Pleva et al. reported
a significantly lower 12-month late luminal loss with PCB
than with EES, when used to treat BMS restenosis, but with
no difference in MACE (162). In contrast, the RIBS V trial
has showed a lower rate of TLR at 3-year follow-up (with
no difference in stent thrombosis rates) (169) with the use of
EES than with PCB.

Bioresorbable vascular scaffolds (BVSs) emerged as another
treatment option in ISR, where OCT proved to be helpful in
optimizing implantation (170). However, late angiographic and
clinical results were shown to be inferior to second generation
DES (171–173).

In the very challenging subset of resistant/recurrent ISR,
intracoronary imaging can be very helpful in delineating the
number of stent layers at the lesion site, in addition to assessing
the expansion of each stent layer. In the case of multiple
layers of ISR, VBT is mostly the treatment of choice, as
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further stent layers are to be avoided (114, 174, 175). DCB
is another option to avoid multiple metallic layers. However,
it was shown recently to be less effective for ISR lesions
with three or more previously implanted stent layers, with
significantly higher rates of the primary endpoint of MACE
(mainly driven by TLR) and the secondary endpoint of TLR,
both >40% at 1 year (176). Waksman et al. in their algorithm
adopt the same approach that in the presence of >2 layers of
stent (Waksman type V), an additional layer of stent should
better be avoided (136). In cases where DES implantation is
used to treat ISR, it has been illustrated by IVUS that stent
underexpansion is a significant cause of recurrence, which
highlights the importance of intravascular imaging to ensure
adequate stent expansion (177).

In keeping with this, Yin et al. explored in a retrospective
observational study the ISR characteristics by OCT that lead
to repeat DES stenting underexpansion. The study included
restenotic BMS, as well as first- and second-generation DES. Old
stent underexpansion (MSA <4.5 mm2 and expansion <70%),
multiple layers of old stent, significant neointimal, or peri-stent
calcium (maximum calcium angle >180◦ and/or maximum
calcium thickness >0.5 mm) were all independently associated
with new stent underexpansion, which in turn had a higher rate
of myocardial infarction and TLR at 2 years (178). Therefore,
in cases with significant calcium, disruption by ELCA or IVL
should be considered to facilitate full expansion of the new stent,
akin to de novo stenting.

Another subset for recurrent ISR is stent fracture (Waksman
type I B), where repeat stenting with an EES or ZES was non-
different from the use of DCB, in terms of 12-month binary
re-restenosis and repeat TLR, which were unfortunately high
in both groups (179). In contrast, another prospective large-
scale study that assigned treatment for stent fracture-related ISR,
depending on the fracture angiographic subtype (180) (repeat
DES for type I/II, and balloon angioplasty for type III/IV), had
lower repeat ISR and repeat TLR rates, which were not different
from those in the non-fracture comparator group (102). In
either study, intravascular imaging did not inform the choice
of treatment, and therefore, its added value in that respect
remains unexplored.

Knowledge gaps

Definitions of ISR based on intracoronary imaging need to
be further validated in terms of clinical outcomes, to replace
the angiographic restenosis that is as yet too often used as
a study endpoint.

The most effective protocol (and tool) for imaging-guided
stent implantation has to be determined, to avert the key
mechanical problem of stent underexpansion but also to
best recognize other predictors of stent failure. For instance,
different intravascular imaging-based stent sizing approaches

were proposed, including more conservative vs. more aggressive
approaches, for selection of the appropriate stent diameter,
but they have not been compared head-to-head, in terms of
feasibility and clinical outcomes including ISR and clinically
driven TLR.

Once the ISR has set in, there is a lack of evidence as to
whether an individualized/tailored ISR management approach
based on the underlying substrate/mechanism detected by
intravascular imaging has an impact on clinical outcomes. In
other words, treatment recommendations are largely based
on the observational data and expert consensus rather than
randomized controlled trials. Therefore, the added value of
the systematic use of intracoronary imaging in guiding re-
interventions is still unsettled. The results of the ongoing
ILUMIEN IV trial (NCT03507777) and IMPROVE trial
(NCT04221815) will help to better define the role of OCT and
IVUS, respectively, in this regard (69, 181). An ideal treatment-
oriented imaging-based classification would in particular enable
the identification of lesions in which DCB angioplasty can
provide sufficiently good outcomes without the need for
additional stent implantation.

Newer technologies such as high-definition ultrasound
warrant further head-to-head comparisons with established
technologies such as OCT, in terms of PCI guidance, and impact
on clinical outcomes.

Future directions

The cost-effectiveness of IVUS, particularly in patients at
a greater risk of restenosis, has been shown (182). However,
similar studies are needed for OCT to overcome the financial
barrier in countries where the additional cost is prohibitive
because of inadequate reimbursement. This will promote wider
adoption and integration into routine practice.

Refinements in technology, such as lower-profile and
more deliverable imaging catheters, faster pullbacks, higher
resolution, and fully automated software to support online
assessment, are expected to make the imaging technology more
user-friendly and more widely adopted.

A recently developed 60-MHz high-definition IVUS (HD-
IVUS) system tends to combine the advantages of IVUS and
OCT, in the sense that it offers superior axial resolution
compared to contemporary 40–45 MHz IVUS transducers (<40
vs. ∼100 µm), faster catheter pullback speeds (10 vs. 0.5 mm/s),
and more temporal resolution (60 vs. 30 frames/second) and
yet maintains the advantage of greater imaging penetration
relative to OCT, with visualization of the vessel wall (EEL) (183).
Although data are still preliminary and derived from small-sized
studies, each of HD-IVUS and OCT seems to maintain some of
its original strengths. For example, in a prospective study of 29
lesions in 29 patients, HD-IVUS had an excellent concordance

Frontiers in Cardiovascular Medicine 15 frontiersin.org

https://doi.org/10.3389/fcvm.2022.843734
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-843734 August 3, 2022 Time: 14:50 # 16

Abouelnour and Gori 10.3389/fcvm.2022.843734

with OCT on luminal area measurements, both pre- and post-
intervention. However, before intervention, HD-IVUS offered
better visualization of the EEL. Moreover, after intervention,
OCT more frequently identified TP, stent-edge dissection, and
ASM. It is still unclear whether this additional morphological
information provided by OCT compared to HD-IVUS has
clinical implications (184).

Another interesting development is the ultrafast single
cardiac cycle OCT system developed by Kim et al. with
a pullback speed of 100 mm/s, with the prospective ECG
triggering technology, which enabled imaging of long coronary
segments of a swine in vivo within one cardiac cycle, with
minimal cardiac motion artifact. This technology has yet to be
translated to clinical use (185).

In an attempt to obtain more physiologic insight by IVUS
after stenting, it has been retrospectively shown that the
difference in intraluminal intensity of blood speckle on IB-
IVUS between the ostium of the target vessel and the distal
reference of the implanted stent may predict TVR, based on its
relationship to post-procedural FFR (186). This approach needs
to be prospectively tested.
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