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Coronary

Stent underexpansion (SU) and aorto-ostial lesions (AOL) are challenging 
lesion subsets commonly faced during percutaneous coronary intervention 
(PCI). When confronted simultaneously, these can lead to suboptimal 
procedural results and negatively influence clinical outcomes. Despite 
being two distinct entities, SU and AOL share specific features in terms of 
procedural management, predominately owing to the high prevalence of 
severe calcifications and the need for dedicated techniques to achieve an 
optimal result.1,2 In this review, we summarise the clinical features and 
treatment strategies for these two conditions.

Stent Underexpansion
Definition
Robust evidence suggests that SU is one of the key determinants of 
restenosis and thrombosis after PCI.3,4 SU is defined as the suboptimal 
expansion of the stent compared to the reference vessel diameter, 
occurring immediately after PCI. Stent expansion can be assessed using 
the absolute value of the minimum stent area (MSA) or the MSA in relation 
to the reference vessel (relative expansion, %). In de novo lesions, 
calcification length, circumferential superficial calcified deposits, nodular 
calcification, and small reference vessel diameter have been demonstrated 
to be associated with an increased risk of SU.5 In the setting of in-stent 
restenosis (ISR), other predictors such as neointimal calcification, previous 
SU and multiple layers of stent have also been implicated.6

Strategies to Avoid Stent Underexpansion
In most cases, SU is a consequence of unproper lesion evaluation and 
preparation. The risk of SU can be significantly reduced by careful 
evaluation of a specific lesion’s features. Several predictive models, 
mostly relying on intracoronary imaging, have been developed. 
Calcification angle >180°, length >5 mm and thickness >0.5 mm have all 

been demonstrated to be associated with an increased risk of SU (Fujino 
score).7 Beyond these, other important predictors of SU, such as reduced 
reference lumen area and plaque burden, have been described.8 
Following lesion evaluation, a specific debulking strategy should be 
chosen according to its features. Several algorithms to manage coronary 
calcifications have been proposed.9 Briefly, for balloon-crossable lesions 
a pre-dilation with non-compliant (NC) or scoring/cutting balloons sized 1:1 
with the vessel reference diameter should be attempted. In case of 
ineffective lesion preparation, other more advanced debulking strategies 
such as intravascular lithotripsy (IVL), rotational atherectomy (RA) or orbital 
atherectomy (OA) should be considered according to the crossability of 
the lesion and the deepness of the calcification. For balloon uncrossable 
lesions, upfront atherectomy should be considered. Before stent 
implantation, proper lesion preparation should be routinely confirmed. 
This can be achieved by evaluating the expansion of a 1:1-sized NC balloon 
at the lesion site (absence of ‘dog bone’ effect). If available, intracoronary 
imaging can provide further details by identifying indirect signs of effective 
debulking as calcium fractures.10

Diagnosis
While angiography is limited for the evaluation of SU, it is still the 
standard diagnostic strategy in several cath labs due to a limited 
penetration of intracoronary imaging in routine clinical practice.11 When 
relying on isolated angiography during PCI, operators should pay close 
attention to the expansion of the balloons in two orthogonal projections. 
When available, the diagnostic utility of coronary angiography can be 
increased substantially with dedicated stent enhancement tools such as 
StentBoost (Philips Medical Systems) and ClearStent (Siemens). These 
systems can be useful either to evaluate the morphology of previously 
implanted stents or to highlight the presence of calcifications which 
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could not be detected with simple fluoroscopy. Additionally, some 
technologies can offer the possibility of a 3D reconstruction of the 
implanted stent, thereby providing a quantitative evaluation of stent 
expansion (3Dstent, GE HealthCare).

Intracoronary imaging is the gold standard technique to diagnose SU. For 
this purpose, either intravascular ultrasound (IVUS) or optical coherence 
tomography (OCT) can be used. Despite several imaging-based definitions 
of SU currently available, there is no consensus on which should be 
preferred. Specifically, the percentage of underexpansion is expressed as 
a ratio between MSA and the vessel’s area, which can be measured in 
different ways (at MSA site, as a mean absolute reference measure, as a 
linearly predicted value or according to the proximal/distal reference 
sizes).12 Moreover, SU can be categorically defined using different 
percentage thresholds for each one of these definitions (30%, 20% or 
10%, respectively).13 Considering the high heterogeneity between these 
different definitions, it is not surprising that the incidence of this 
complication varies dramatically according to the used criteria, ranging 
between 5% and 40% of cases.12–14 Similarly, while there is a consensus 
that this complication is associated with poor outcomes, the relationship 
between the different definitions and the risk of target lesion failure is 
variable, especially when considering the most sensitive criteria (i.e. 
those using low percentages cut-offs to define SU).1,12–14

Current consensus documents for the use of intracoronary imaging 
recommend using an absolute value of MSA <5.5 mm2 for IVUS or 
<4.5 mm2 for OCT to define stent underexpansion, or 80% of the MSA/
average reference lumen as a relative value to define the presence of 
underexpansion.15 The SU definitions used in major trials on imaging-
guided PCI have been synthesised in Table 1.

Treatment
NC balloons are commonly used as a first-line strategy to treat SU. 
Although these devices can be effective in improving the stent luminal 
area when insufficient lesion preparation has been performed, or under-
sized stents have been deployed, they often fail in complex settings and 

can rupture when attempting to reach higher inflation pressures.16 When 
NC balloons fail, super high-pressure balloons (which have rated burst 
pressures of up to 35 atm) can be useful, yet reports on SU have described 
conflicting results in terms of efficacy.17,18 Moreover, concerns exist 
regarding the risk of coronary perforation.

Scoring and cutting balloons are widely available devices, often used as a 
second-line treatment for complex calcific lesion preparation due to their 
safety and ease of use. Compared to NC balloons, these devices have 
been demonstrated to be effective in improving luminal diameters and 
final MSA.19 Despite this, their utility in SU is limited and few experiences 
have been reported.20 The presence of the stent struts can limit the 
contact surface between the scoring/cutting blades with the vessel lumen, 
as demonstrated in bench test models.21 An important anatomical setting 
where cutting/scoring balloons can be effective is represented by highly 
fibrotic coronary lesion (de novo or restenosis related to SU). Those 
lesions tend to be poorly responsive to other techniques commonly used 
to face coronary calcifications, while they can be associated with a similar 
risk of major complications as coronary perforation. In such cases, these 
devices can be effective in increasing acute lumen gain and facilitate 
further interventions.22,23 Moreover, when a stent-less strategy with drug-
coated balloons (DCB) is planned, some evidence suggests that cutting 
and scoring balloons might increase anti-restenotic efficacy of those 
devices, probably due to an increased distribution of the antiproliferative 
drug secondary to the incisions caused by the scoring/cutting elements at 
the level of the neo-intima.24

Since the first case descriptions, there has been growing interest in the 
use of IVL to treat SU. To date, two different observational studies, the 
CRUNCH and the DRAGON registries, have supported the efficacy of IVL 
in increasing MSA of severely underexpanded stents, with no significant 
procedural complications in most cases.25,26 Notably, a significant 
proportion (41.4%) of patients enrolled in the CRUNCH registry showed 
acute SU, highlighting the potential benefits of IVL-PCI as a bail-out 
strategy when this complication is identified immediately after stent 
implantation. Nevertheless, it is unclear if IVL can compromise the drug-
eluting capacity of the treated stents.27 To date, most of the studies have 
reported very limited follow-up of patients, which prevents definitive 
conclusions on the long-term efficacy of this strategy.28 Overall, IVL for the 
treatment of SU should be considered as an off-label/bail-out option, until 
more definitive data are available.

Post-PCI RA, also called ‘stent ablation’, should be considered as a bail-
out strategy for treating uncrossable/undilatable older stents. This 
technique can lead to partial or complete removal of the metallic scaffold 
and can facilitate further lesion-preparation and/or stent delivery.29 Some 
concern has existed regarding the risk of distal embolisation of metallic 
particles and possible systemic toxicity, but studies have shown this risk 
to be negligible.30 Rotational atherectomy (RA) has been proven to be 
effective in this setting, with procedural success rates >80%.31 
Nevertheless, the risk of burr entrapment when performing stent ablation, 
especially with small burrs, is significant due to the presence of the stent 
struts. In addition, other complications have been reported during stent 
ablation such as high rates of no-reflow and vessel perforations.32 Even if 
stent ablation seems effective in the short term, prospective studies have 
shown an elevated risk of lesion failure, questioning its late clinical 
efficacy.33 Regarding OA, to date, its use for SU treatment has not been 
described. Considering the specific features of OA, currently its application 
in this setting is discouraged due to concerns related to the risk for stent 
deformation potentially caused by the elliptic ablating cycles, which could 

Table 1: Criteria for Optimal Stent Expansion in 
Major Randomised Studies on Imaging Guided 
Percutaneous Coronary Intervention

Study Optimal Expansion Criteria
HOME DES IVUS 201071 IVUS: MSA ≥5mm2 or >90% of distal reference area

AIR-CTO 201572 IVUS: MSA >80% of mean reference area

CTO-IVUS 201573 IVUS: MSA ≥ distal reference area of ≥5 mm2

DOCTORS 201674 OCT: MSA >80% of mean reference area

ROBUST 201875 OCT: MSA >80% of mean reference area

IVUS-XPL 201576 IVUS: MSA >90% of distal reference area

ILUMIEN III 201677 OCT: MSA >90% of both proximal and distal reference areas

ULTIMATE 201878 IVUS: MSA ≥5mm2 or >90% of distal reference area

iSIGHT 202179 IVUS and OCT: MSA >80% of mean reference area

RENOVATE COMPLEX 
PCI 202380

IVUS: MSA >5.5 mm2 or >80% of mean reference area
OCT: MSA >4.5 mm2 or >80% of mean reference area

ILUMIEN IV 202381 OCT: MSA >90% of both proximal and distal reference areas

OCTOBER 202382 OCT: MSA >90% of both proximal and distal reference areas

OCTIVUS 202383 IVUS and OCT: MSA >80% of mean reference area

DES = drug-eluting stents; IVUS = intravascular ultrasound; MSA = minimal stent area;  
OCT = optical coherence tomography.
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lead to unreversible damage of the platform and the mandatory need for 
second stent implantation.

Excimer laser coronary atherectomy (ELCA) modifies plaque compliance 
through three distinct mechanisms: 1) photochemical, by breaking 
carbon-carbon bonds; 2) photothermal, by inducing cellular rupture due 
to thermic energy; and 3) photomechanical, by inducing air bubble 
formation and explosions.34 Considering these several mechanisms of 
action, it has been hypothesised that laser atherectomy could be 
particularly effective in treating native coronary lesions behind the 
stent’s struts, without damaging the device and potentially acting on the 
original cause of the underexpansion.35 This hypothesis has led to a 
growing interest in its potential use for SU treatment. In the ELLEMENT 
registry, ELCA has been proven to be effective in this setting when 
combined with contrast injection instead of classical saline.36 A particular 
subset of SU often requiring aggressive management are those lesions 
with two or more layers of previous stents, which represent in most 
cases a consequence of previous unsuccessful attempts to treat older 
under-expanded devices. In such cases, conventional treatment 
strategies often fail and stent ablation techniques can be necessary.37 
Overall, considering the significant risk for major complications, patients 
with SU not responding to balloon-based strategies and requiring more 
advanced treatments (either RA or ELCA) should be referred to high-
volume centres with experienced operators, with available intracoronary 
imaging.

According to European recommendations, drug-eluting stents (DES) 
should be preferred over DCB for the treatment of ISR, which is a common 
finding in SU.38 Nevertheless, compared to DES, DCB can provide 
sustained delivery of antiproliferative drugs without the need for 
permanent scaffold implantation, potentially limiting the risks associated 
with multiple metallic layers.39 To date, head-to-head comparisons and 
pooled analyses comparing new-generation DES and DCB in ISR 
interventions have shown generally comparable efficacy in coronary 
interventions which have previously used bare-metal stents (BMS), 
however, DES might be superior to DCB when treating ISR from previous 
DES.40 When severe SU is the most likely cause of ISR, one or more of the 
previously cited strategies could be necessary to effectively debulk native 
coronary calcifications and facilitate stent’s expansion. Nevertheless, 
optimal results cannot always be achieved, and residual SU might still be 
present. In the latter case, DCB could be preferable, limiting the risk of 
further underexpansion of a new metallic device and allowing easier 
future interventions in case of recurrent ISR. Otherwise, if no residual SU 
is present following lesion preparation, DES implantation is feasible, using 
intracoronary imaging guidance to select the appropriate diameter and to 
limit the length of the new device.41 Figures 1 and 2 show examples of ISR 
associated with previously untreated SU and IVL assisted PCI in this 
setting.

Aorto-ostial Lesions
Definition
AOLs are defined as atherosclerotic plaques located in the ostial segments 
of native coronary vessels or surgical grafts.42 AOLs are encountered in 
~1.5% of unselected patients referred to coronary angiography,42 but their 
incidence is higher in patients with known coronary artery disease or 
previous interventions.43

Compared to other types of lesions, AOLs present with specific anatomical 
and pathological features. In particular, high prevalence of intramural 
fibrotic degeneration extended to both intimal and medial layers and 

different types of complex calcifications (including isolated nodular 
lesions) have been documented.44,45 Some of these specific properties 
have been attributed to the unique anatomical relationship with the aortic 
wall, and it has been suggested that they could be a consequence of the 
continuous mechanical shear stress induced by systemic pressure.46

Studies investigating the specific outcomes of AOL treated with PCI are 
limited. In the era of BMS, AOL were identified as an independent 
predictor of restenosis following PCI.47 Despite the introduction of DES, 
the risk of stent failure has not yet been completely abolished. 
Contemporary evidence suggests that, compared to non-AOL, AOL could 
be associated with a twofold higher risk of target lesion failure and 
revascularisation after PCI.48 Considering that most of the relevant studies 
referred to the BMS or early DES era, it is probable that these trends could 
have improved with contemporary PCI standards and the latest devices.

Diagnosis
Similarly to SU, angiography can lead to suboptimal evaluation of AOL.42 
Occasionally, diagnostic catheters may inject contrast media distally to 
the lesion, hiding the presence of the stenosis. Moreover, the lack of a 

Figure 1: Optical Coherence Tomography Evaluation 
of Drug-eluting Stent In-stent Restenosis

Sequentially distal, mid and proximal segments showing significant stent underexpansion of 
previous device.

Figure 2: Intracoronary Imaging 
in Stent Underexpansion

B

158%

A

1.46 mm  1.70 mm

2.92 mm 6.69 mm

A: Optical coherence tomography evaluation of intrastent restenosis of proximal left anterior 
descending artery with severe due to stent underexpansion. B: New optical coherence 
tomography run after intravascular lithotripsy showing adequate stent expansion.
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proximal reference segment can hinder the estimation of the severity of 
the stenosis. Invasive pressure ventricularisation and/or damping, or the 
absence of backwards aortic flow, should be considered indicators of 
possible AOL. Catheter-induced ostial spasm is not infrequent and can 
generate similar findings. Effective visualisation of ostial lesions often 
requires non-standard projections and their proper discrimination from 
the aortic wall can be difficult (Figure 3A and B).49

Intracoronary imaging can be useful in evaluating the morphological 
features and severity of AOL (Figure 3C). IVUS has been proven to be helpful 
in this setting50 and when evaluating left main stenosis it can even provide 
a direct indication for the need for coronary revascularisation due to the 
presence of reliable anatomical diagnostic cut-offs (safe intervention 
deferring for minimal areas ≥6 mm2).51 In this case, operators should pay 

particular attention to the coaxial position of the IVUS catheter within the 
coronary ostium and preferentially use guide catheters with smaller curves 
to avoid rotational distortion of the image. The use of OCT in AOL can be 
difficult owing to challenges with adequate blood clearance at the ostium.52

Physiological indices such as fractional flow reserve (FFR) and 
instantaneous wave-free ratio (iFR) can be used to safely infer myocardial 
ischaemia if special precautions are taken, including pressure equalisation 
in the aorta and careful intracoronary nitro-glycerine administration with 
coaxial guide catheter positioning.53

Plaque Preparation in Aorto-ostial Lesions
In AOL, scoring and cutting balloons can be effective when NC balloons 
fail to achieve adequate expansion.54 Compared to the latter, these 
devices provide more grip on the lesions and are less exposed to the risk 
of ‘melon seeding’, which is common in AOL-PCI.

Soon after its introduction RA has been recognised as a valid tool to 
facilitate AOL interventions.55 Indeed, considering the high prevalence of 
severe calcification in conjunction with a lack of guide catheter support 
and difficulty in delivering the equipment, RA can provide an attractive 
alternative to facilitate PCI in this setting, especially in the right coronary 
artery.56 Observational studies have shown that RA of AOL is associated 
with durable procedural results and low rates of clinical events, although 
outcomes are still inferior to the ones of non-AOL treated with the same 
strategy.57–59 From a procedural perspective, there are several technical 
issues which might hinder effective ablation of AOL. Operators should pay 
close attention to the coaxial position between the catheter, which is 
typically not engaged in the coronary artery, and the ostium. Considering 
that during the first ablative runs the catheter is usually pushed back 
towards the aorta, proper telescopic reengagement of the guide over the 
burr device is usually needed. In such cases, extra-support guidewires 
should be preferred to increase stability.60

The use of OA for AOL is generally not recommended due to an increased 
risk of aortic dissection which can be caused by the elliptical rotation of 
the burr during the initial ablative passes.61 Once OA can be delivered 
beyond the lesion, an alternative technique of reverse ablation has been 
proposed to improve procedural safety.62

IVL is an effective technique for the treatment of AOL. While ostial lesions 
were relatively underrepresented in the Disrupt CAD studies, larger 
proportions of these patients have been included in more contemporary 
investigations (near to 16%) with no reports of detrimental effects.63,64 The 
use of IVL in ostial LM could raise concerns regarding the need for 
prolonged balloon inflations and the risk of extended periprocedural 
ischaemia; however, observational registries have demonstrated its 
safety even in this high-risk setting.65

Stent Implantation and Drug-coated 
Balloons in Aorto-ostial Lesions 
Stent implantation in AOL faces specific challenges, including the need for 
adequate coverage of the ostium, the risk of recoil and underexpansion. 
Proximity to the guiding catheter with the potential risk for longitudinal 
deformation of the stent during PCI can also hinder the treatment of this 
type of lesion.

Geographical miss is common when performing AOL-PCI and can be 
associated with an increased risk of lesion failure.66 Several techniques 
have been developed to overcome this and enable accurate stent 

Figure 4: Treatment Algorithm for 
Stent Underexpansion

Stent underexpansion
(intravascular imaging)

Adequate expansion

Yes No

Yes No

No

Super high-pressure
balloon IVL

E�ective

E�ective

Consider surgery/medical
therapy

New DES/DCB

Consider atherectomy (RA or ELCA)
in highly experienced centres

NC balloons
Cutting/scoring balloons

Yes

DCB = drug-coated balloon; DES = drug-eluting stent; ELCA = excimer laser coronary atherectomy; 
IVL = intravascular lithotripsy; NC = non-compliant; RA = rotational atherectomy.

Figure 3: Diagnostic Strategies for Aorto-ostial Lesions

A B C

A: 30° right anterior oblique view showing a filling defect in the proximal segment of the right 
coronary artery. B: 90° right anterior oblique view confirming the presence of an aorto-ostial 
lesion. C: Intravascular ultrasound evaluation showing the presence of severe concentric 
calcification previously undetected with angiography.
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implantation with adequate lesion coverage such as the use of a floating 
wire in the aortic sinus.

Regarding expansion, a higher risk of SU has been reported for AOL due 
to the presence of severe calcification or fibrotic plaques, which can 
induce stent recoil after implantation.67 In a recently published registry 
reporting data from 170 AOL of the right coronary artery, >40% of lesions 
showed isolated calcified nodules, which have been demonstrated to be 
associated with higher rates of target vessel failure following 
revascularisation compared to non-nodular phenotypes.45 Adequate 
plaque preparation, as previously discussed, is key to ensure adequate 
expansion. Some stents with higher radial force and reinforced structures 
that can resist longitudinal deformation have been designed to try to 
overcome these challenges.68

There is significant interest in the use of stent-less strategies such as DCB 
for the treatment of de novo lesions. The high rates of immediate recoil 
following balloon angioplasty in AOL69 could limit the effectiveness of DCB 
and, to date, few studies have included these types of lesions.70 Two 
randomised trials aiming to compare DCB and DES for de novo lesions of 
major coronary arteries are ongoing. Both the SELUTION de novo 
(NCT04859985) study and the TRASNFORM II (NCT04893291) study will 
include patients with right coronary artery ostial lesions and aim to 
provide relevant data.

Conclusion
Treatment of SU and AOL represents a complex scenario in interventional 
cardiology, highlighting the need for dedicated strategies for calcium 
management, prior to deployment of stents. While adequate vessel 
preparation guided by intravascular imaging can be effective at preventing 
stent failure in these situations, impaired outcomes are still prevalent 
among these high-risk patients undergoing PCI. Herein, we have 
summarised the key techniques and considerations for the performance 
of PCI in SU and AOL. Two treatment algorithms for SU and AOL are 
proposed in Figures 4 and 5. However, each technique has specific 
benefits and limitations, and their use should be considered on an 
individual patient basis, depending on their anatomy.

The lack of a universally accepted definition of SU and the systematic 
exclusion of AOL in several major studies has limited the generalisability 
of the available evidence on the long-term outcomes of PCI in these 
clinical scenarios. Data from future studies are highly anticipated, which 
may address these gaps in evidence and enable interventional 
cardiologists to select an optimal interventional strategy, thereby 
improving procedural efficacy and safety and reducing late clinical events 
risk. 

Figure 5: Treatment Algorithm for Aorto-ostial Lesions

Aorto-ostial lesion

Intracoronary imaging

Calcific lesion

NC balloon
Cutting/scoring balloon

Adequate lesion
preparation

Yes

Yes

No

DES

DES

Adequate lesion
preparation

Super high-pressure
balloon

DES RA

No

IVL

Confirm adequate
lesion preparation

Cutting/scoring
balloon

Fibrotic lesion

Select proper angiographic
projection

DES = drug-eluting stent; IVL = intravascular lithotripsy; RA = rotational atherectomy.
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