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Abstract
Calcified coronary nodules (CCNs) represent a distinct and under-recognized form of coronary artery calcification 
with significant implications for percutaneous coronary intervention (PCI). Unlike superficial or sheet-like 
calcifications, CCNs are characterized by protruding, irregular calcium deposits that disrupt luminal integrity, 
promote thrombus formation, and hinder optimal stent expansion. They have been implicated in acute coronary 
syndromes (ACS), in-stent restenosis (ISR), and PCI failure, yet they are underappreciated on angiography. This 
review provides a comprehensive overview of the pathophysiology, diagnostic modalities, and interventional 
challenges associated with CCNs. Intravascular imaging, particularly optical coherence tomography (OCT) and 
intravascular ultrasound (IVUS), plays a crucial role in distinguishing nodular from concentric or superficial 
calcium, thereby guiding appropriate lesion preparation strategies. It also facilitates differentiation between 
eruptive and non-eruptive nodules, which exhibit distinct prognostic and therapeutic characteristics. Various 
calcium modification techniques-including rotational atherectomy, orbital atherectomy, intravascular lithotripsy, 
and scoring/cutting balloons-offer specific advantages and limitations in treating nodular calcium. We also discuss 
evolving interventional strategies to optimize PCI outcomes and note that restenosis rates with covered stents are 
unacceptably high, making them unsuitable as a treatment option. Finally, we highlight the need for further 
research into hybrid calcium modification techniques and long-term PCI outcomes in patients with CCNs. Coronary 
artery bypass grafting remains a viable alternative.
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INTRODUCTION
Calcified coronary nodules (CCNs) represent a distinct form of coronary artery calcification, differing from 
both superficial and deep calcific deposits[1-3]. Initially identified as a cause of acute coronary syndromes 
(ACS), with reported prevalence in culprit lesions ranging from 2%-8% in the literature[4-7]. CCNs are now 
increasingly recognized as contributors to percutaneous coronary intervention (PCI) failure, including 
suboptimal stent expansion and In-Stent Restenosis (ISR)[5]. The Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree (PROSPECT) trial reported a CNN prevalence of 17% per artery 
and 30% per patient among non-culprit lesions in ACS patients[8]. CCNs are often underdiagnosed or 
misdiagnosed as thrombus on angiography. Accurate identification and classification require 
high-resolution intravascular imaging. Their protrusion into the vessel lumen increases the risk of 
complications during PCI, necessitating specialized plaque modification strategies. This review aims to 
provide a comprehensive overview of CCNs, focusing on their pathophysiology, diagnostic modalities, and 
interventional challenges.

PATHOPHYSIOLOGY OF CALCIFIED CORONARY NODULES
CCNs arise from chronic mechanical stress, microfractures, and inflammation-mediated calcification. 
Unlike traditional calcium deposits, they form as discrete nodules that can erode through a thin fibrous cap, 
leading to luminal fibrin deposition and thrombus formation[9-10]. Their pathological features are 
distinguished by specific formation sites, histopathologic characteristics, cellular mechanisms, and clinical 
risk factors.

CCNs frequently arise in regions subjected to high shear stress, such as vessel bifurcations. These areas, 
including the proximal-to-mid sections and ostial right coronary artery (RCA), as well as the left main 
coronary artery bifurcation, are prone to larger hinge motion of the coronary artery[1,10]. This vulnerability 
may be explained by the interplay of torsional stress with variations in the cardiac cycle and higher lipid 
burden at these sites[5,10,11]. Additionally, eccentric, less calcified, and more flexible calcium segments located 
between heavily calcified concentric regions may be more vulnerable to external mechanical forces due to 
greater movements during the cardiac cycle. At such sites, there appears to be a relative absence of collagen 
matrix that might increase susceptibility to torsional stress, facilitating protrusion of fragmented calcium 
sheets through fibrous caps into the lumen[5,7,10]. This process can induce intraplaque haemorrhage 
consequential to injury of adjacent capillaries or arterioles, resulting in intraluminal narrowing[10]. Acutely, 
this narrowing can resemble ACS. Over time, however, intraplaque haemorrhage can resolve with 
osteogenic transformation, resulting in a non-eruptive CCN. Notably, hinge motion fracturing underlying 
calcified sheets has also been observed in association with stent fracture[4,5,12,13].

The histopathological characteristics of CCNs have been well described[1,4]. They are morphologically 
distinct from other coronary occlusion lesions, including fibrocalcific plaques and fibrous cap atheromas. 
Although CCNs belong to the spectrum of lesions associated with thrombosis, they should be distinguished 
from plaque rupture and plaque erosion. Plaque rupture involves fibrous cap disruption, exposure of the 
necrotic core, and infiltration by macrophages and other inflammatory cells. Plaque erosion refers to 
thrombus formation overlying an intact plaque, or irregular luminal surfaces without thrombus but with 
diminished underlying plaque, without localized calcification[4]. In this process, exposed intima is 
characterized by smooth muscle cells and proteoglycans[1]. In contrast, CCNs cause endothelial denudation 
and fibrous cap disruption over irregular plaques with protruding calcification, often accompanied by 
substantial calcium deposits proximal or distal to the lesion[10,14]. CCNs are inherently thrombogenic, 
typically initiating fibrin deposition over disrupted nodules, followed by platelet aggregation[9]. This 
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underlies their high thrombogenic potential[14], a mechanism also relevant following PCI when CCNs 
protrude into the lumen through stent struts[15]. For example, delayed strut coverage and suboptimal stent 
apposition have been frequently observed in lesions where CCNs are exposed to blood flow, predisposing to 
ACS recurrence[6].

CCNs are part of the broader spectrum of coronary calcification patterns. Variants include 
microcalcification, punctuate calcification, fragmented calcification, dense sheets of calcification, and 
nodular calcification, classified primarily by size[10]. Microcalcification, the earliest form, is thought to 
originate from smooth muscle cell apoptosis and macrophage accumulation, leading to punctuate deposits. 
These deposits may coalesce into larger deposits and extend from the necrotic core into the adjacent 
collagenous matrix[16]. Progressively, calcified sheets can fracture, producing nodular calcifications and 
protruding nodules that disrupt the endothelium and trigger acute thrombosis[16]. The mechanisms of 
calcium deposition are incompletely understood, but osteogenesis likely contributes to both atherosclerotic 
lesions and coronary calcification. Calcium regulatory proteins - including matrix G1a protein (MGP), 
osteocalcin, and bone morphogenetic protein-2 (BMP-2) - may facilitate calcium and hydroxyapatite 
deposition within the arterial extracellular matrix[17]. Another theory involves medial calcification in 
peripheral arteries of patients with long-standing diabetes, attributed to disrupted intracellular signaling 
pathways that give rise to osteoblast-like cells and osteoid metaplasia[18]. Additional contributors include 
calcium precipitation driven by chondrocyte-like cells, activated macrophages, local cytokine release, 
apoptosis of smooth muscle cells, macrophage and cholesterol accumulation, and bone deposition - all of 
which promote oxidative stress and calcification[18]. Interestingly, patients with either early or advanced 
coronary disease may exhibit elevated levels of osteocalcin-expressing endothelial progenitor cells, which 
may accelerate ossification[18].

CCNs can be phenotypically classified as eruptive or non-eruptive [Figure 1]. These subtypes differ in both 
prognosis and histopathology. Eruptive CCNs consist of fragmented calcium protruding through the 
fibrous cap, often with overlying thrombus[11]. They are commonly associated with healed plaques and 
intraplaque hemorrhage. Non-eruptive CCNs, or nodular calcifications, typically display smooth, intact 
fibrous caps without overlying thrombus and may represent a healed eruptive CCN[11]. The CLIMA 
(Relationship between Coronary pLaque morphology of the left anterIor descending artery and long terM 
clinicAl outcome) registry demonstrated that eruptive CCNs exhibit thinner fibrous caps and smaller 
luminal diameters compared with non-eruptive CCNs[14].

The clinical significance of this classification is paradoxical. Although eruptive CCNs are associated with 
better stent expansion, they generally predict worse long-term prognosis, though data on acute events 
remain inconsistent[7,11]. Eruptive CCNs more frequently occur in the mid-RCA, while non-eruptive CCNs 
are less common in the left main or distal branches of the left anterior descending, left circumflex, and right 
coronary arteries[11]. Eruptive nodules tend to be more mobile in the absence of collagen matrix, intraplaque 
hemorrhage, and fractured calcium. Target lesion revascularization (TLR) occurs twice as often in lesions 
with eruptive CCNs, yet no association has been found between calcium modification strategies (e.g., orbital 
atherectomy, rotational atherectomy, or intracoronary lithotripsy) and two-year TLR outcomes[11]. Mortality 
rates are also higher among patients with eruptive CCNs[8]. This aligns with their higher prevalence in ACS 
compared with non-eruptive CCNs, suggesting that eruptive CCNs may be predictive of future PCI 
complications.

Risk factors for CCNs largely overlap with those for atherosclerosis and thrombosis. Patients with CCNs are 
typically older and more likely to have hypertension, diabetes, and chronic kidney disease, as well as a 



Page 4 of Chiswell et al. Vessel Plus. 2025;9:17 https://dx.doi.org/10.20517/2574-1209.2025.3418

Figure 1. Key morphological differences between eruptive and non-eruptive CCNs. (A) Non-eruptive nodules typically have smooth 
surfaces without overlying thrombus; (B) Eruptive nodules demonstrate irregular surfaces protruding into the vessel lumen, often with 
superficial thrombus; (C) OCT image of a non-eruptive CCN with a smooth fibrous cap; (D) OCT image of an eruptive CCN with 
fragmented, protruding calcium extending into the lumen. CCNs: Calcified coronary nodules; OCT: optical coherence tomography.

history of coronary artery bypass grafting (CABG)[4,5,10]. The influence of sex remains inconsistent in the 
literature[2,10]. While the connection between renal dysfunction and coronary calcification is well established, 
the specific impact of hemodialysis on CCN lesions is unknown. Interestingly, non-eruptive CCNs are more 
frequently observed in native coronary segments proximal to anastomoses of grafted vessels and in patients 
with triple-vessel disease. Although chronic kidney disease prevalence is high in both groups, no differences 
have been observed between eruptive and non-eruptive CCNs[14].

DIAGNOSTIC MODALITIES
Accurate identification and differentiation of coronary atherosclerotic plaque are clinically important for 
determining optimal intravascular lesion preparation, guiding percutaneous therapy, and supporting 
ongoing patient management. Diagnostic modalities with varying sensitivity and specificity include 
angiography and intravascular coronary imaging, such as coronary computed tomography angiography 
(CCTA), intravascular ultrasound (IVUS), and optical coherence tomography (OCT).
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CCTA
CCTA is a highly sensitive, non-invasive method for assessing coronary calcium burden and is less invasive 
than IVUS or OCT. It allows for morphological characterization of calcific plaques (both longitudinally and 
circumferentially) and enables assessment of calcium density and resistance to fracture [Figure 2][19]. 
However, CCTA lacks the spatial resolution needed to distinguish nodular or sheet-like calcium, which can 
only be evaluated with intracoronary imaging modalities, and its accuracy may be affected by blooming 
artifacts[20]. Emerging evidence suggests that CCTA-derived metrics, particularly Maximum Calcified Plaque 
Area (MCPA), are strongly associated with the presence of CCNs identified on OCT. This indicates a 
potential role for CCTA as a non-invasive predictor of CCNs[20].

Angiography
Angiography can reveal baseline characteristics of coronary calcification, including reference diameter, 
minimal lumen diameter, percentage of diameter stenosis, and lesion length[4]. Common angiographic 
features of CCNs include luminal haziness, abrupt vessel tapering, and step-like lesions. However, its ability 
to identify CCNs is limited by their irregular morphology, as previously documented[5,21]. A case series 
published in 1996 reported three patients whose calcified nodules were initially misdiagnosed on 
angiography as thrombi but were later correctly identified as nodules using IVUS[21]. We present a case that 
demonstrates some of these features [Figure 3].

IVUS
IVUS, which uses highly penetrable ultrasound waves, generates sequential cross-sectional images of the 
coronary vessel and lumen[22]. It is effective in detecting calcific lesions and shows a strong correlation with 
histological findings, with a sensitivity of 90% and a specificity of 100%[23]. On IVUS, CCNs typically appear 
as eccentric, hyperechoic, calcified lesions with acoustic shadowing that protrude into the lumen[21]. Other 
CCN features include a convex luminal surface (non-eruptive), an irregular luminal surface (eruptive), an 
irregular leading edge of calcium, and negative remodeling [Figure 4][4]. However, IVUS is limited in its 
ability to detect microcalcifications smaller than 0.05 mm[23]. As novel IVUS techniques with higher 
transducer frequencies emerge, the detection rate of calcified nodules is expected to increase.

OCT
OCT is considered the gold standard for CCN identification and has substantially improved the 
understanding of post-PCI outcomes of the two subtypes of CCNs. Unlike other modalities, OCT can 
distinguish between plaque rupture and coronary nodules, and it uses infrared light to penetrate calcium, 
enabling precise characterization of the morphology and thickness of calcified lesions[11].

OCT enables accurate identification of calcific nodules by differentiating eruptive CCNs, which have 
irregular surfaces, from non-eruptive CCNs, which appear smooth and lack overlying thrombus. Its 
high-resolution axial imaging (10-20 microns) can detect CCNs with disrupted fibrous layers and superficial 
thrombus, providing detailed insights into coronary calcification and distinguishing them from 
non-eruptive lesions[5-7,14].

A major clinical advantage of OCT is its ability to assess stent expansion during PCI. CCNs tend to restrict 
stent expansion and are associated with higher rates of in-stent restenosis[6]. In the recent Calcified Lesion 
Intervention Planning Steered by OCT (CALIPSO) trial, patients with calcified lesions were randomized to 
undergo PCI guided by either OCT or conventional angiography. OCT guidance resulted in a significantly 
larger minimal stent area (MSA) compared with angiography alone (6.5 mm2 vs. 5.0 mm2, P < 0.001)[24]. It 
also improved stent expansion and reduced malapposition without increasing procedural complications. 
Similarly, a subgroup analysis from the ILUMIEN IV Study: Optical Coherence Tomography (OCT) 
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Figure 2. Features of CCNs identifiable on ultra-low dose, 640-slice volumetric CCTA. (A) prospective ECG-gated imaging with 
intravenous contrast following pre-treatment with sublingual nitrates. The effective dose for the angiographic run was 10.6 mSv/758 
DLP. Extensive coronary calcification is visible, indicated by yellow arrows; This is compared with IVUS, where the nodule is marked by 
a yellow asterisk (B), and with angiography (C). CCNs: Calcified coronary nodules; CCTA: coronary CT angiography; ECG: 
electrocardiogram; DLP: dose-length product.

Guided Coronary Stent Implantation Compred to Angiography: A Multicenter Randomized trial 
(OPTIMAL) in PCI demonstrated that, in complex angiographic lesions (including severely calcified 
lesions), OCT-guided intervention achieved a larger MSA and a lower risk of the composite endpoint of 
serious major adverse cardiovascular events (MACE) - cardiac death, target-vessel myocardial infarction, or 
stent thrombosis - compared with angiography-guided PCI at 2 years post intervention[25]. Moreover, 
definite or probable stent thrombosis at 2 years occurred in six patients (0.6%) in the OCT-guided group 
compared with 15 patients (1.6%) in the angiography-guided group. However, there was no difference in 
target vessel failure between the groups. Notably, the proportion of patients with severely calcified lesions 
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Figure 3. A 69-year-old patient successfully treated for a calcified nodule. The calcified nodule appears as a radiolucent lesion in (A) and 
(B), indicated by yellow arrows; The calcified lumen is shown in (C) and (D), indicated by yellow asterisks.

was modest in both groups (34% in the OCT-guided arm and 32.2% in the angiography-guided arm)[25], and 
no subgroup data were available specifically for calcified coronary nodules.

Acutely, stent expansion is greater in eruptive CCNs than in non-eruptive CCNs. This distinction is 
clinically important, as stent underexpansion is a key predictor of long-term stent patency and clinical 
outcomes. OCT can therefore help identify lesions that may require more aggressive preparation before 
stent implantation[6].

Despite its advantages, OCT has limitations. Infrared light cannot penetrate fibrin-rich thrombus, which 
obscures visualization of the underlying lesion. Moreover, fibrin-rich thrombus appears bright, irregular, 
and protruding on OCT, making it difficult to distinguish from calcified spicules in eruptive CCNs[26].

Summary
In detecting calcified lesions, OCT is more sensitive than angiography but less sensitive than IVUS[27]. Due 
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Figure 4. Hallmark features of CCNs on IVUS. (A) IVUS shows an eccentric, hyperechoic lesion with acoustic shadowing irregularly 
protruding into the vessel lumen, characteristic of an eruptive CCN; (B) IVUS shows a severe nodule, indicated by the yellow arrow, with 
an irregular leading edge of calcium. CCNs: Calcified coronary nodules; IVUS: intravascular ultrasound.

to its limited penetration, OCT provides a less reliable assessment of deep calcium and can be challenging to 
use in large-diameter vessels or ostial lesions. However, its superior image resolution enables earlier 
detection of microcalcifications compared with IVUS, and it is particularly effective in differentiating 
eruptive from non-eruptive calcium nodules[22]. While OCT excels in characterizing calcium morphology 
and identifying calcium nodules, IVUS may be preferable in larger vessels or ostial lesions. CCTA, although 
less effective in detailing lesion characteristics, can better estimate calcium burden and guide the selection of 
an appropriate invasive intracoronary imaging modality. Ultimately, the choice of imaging should be 
tailored to lesion characteristics and patient risk factors.

TREATMENT
Calcium modification strategies
CCNs present several challenges, including reduced vessel compliance, high mechanical resistance, heavy 
calcification, and eccentric morphology, all of which contribute to suboptimal stent apposition. Inadequate 
lesion preparation may lead to insufficient stent expansion and an increased risk of stent failure. To address 
this, various calcium modification strategies, such as atherectomy, intravascular lithotripsy (IVL), and 
specialized balloon technologies, have been explored to optimize PCI outcomes in CCNs.

Rotational atherectomy
Rotational atherectomy (RA) utilizes a high-speed, diamond-tipped burr to modify calcified plaques 
through antegrade “cutting” of the calcium surface[28]. The principle of differential cutting involves 
selectively ablating inelastic material while displacing elastic tissue away from the burr. While effective in 
lesions with concentric and sheet-like calcium, RA has shown limited efficacy in treating protruding calcific 
nodules[29,30].

Clinical evidence regarding RA in CCNs has been largely inconclusive. A subgroup analysis from the 
ROTA-Shock trial demonstrated that both RA and IVL reduced CCN thickness and plaque angle but did 
not significantly decrease plaque volume. Stent eccentricity remained high in both groups[31]. However, as 
there was no control group without RA or IVL, it was unclear whether the observed CCN displacement 
resulted from calcium modification or stent deployment. Other studies have reported no significant 
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differences in stent expansion between RA, modified balloons (MB), and high-pressure non-compliant 
(NC) balloons[32]. Furthermore, RA did not significantly reduce ischemia-driven target vessel 
revascularization (TVR) compared to NC balloons, likely due to persistent stent malapposition[33]. To our 
knowledge, there are no published studies directly comparing RA outcomes in eruptive versus non-eruptive 
CCNs; thus, existing findings can only be generalized to CCNs overall.

Several factors must be considered when evaluating the limitations of RA in CCNs. Guidewire bias - the 
relative position of the guidewire to the calcified nodule and vessel wall- plays a critical role. Suboptimal 
wire bias can prevent the burr from adequately engaging the calcified nodule, particularly in cases of 
eccentric calcification or vessel tortuosity, leading to inadequate plaque modification and an increased risk 
of vessel dissection[34].

In some cases, multiple burr sizes and favorable wire bias may be necessary to achieve adequate calcium 
modification [Figure 5]. Expert consensus guidelines recommend strategic burr manipulation and, when 
necessary, upsizing to a larger burr to enhance calcium modification[35].

Orbital atherectomy
Orbital atherectomy (OA) employs an eccentrically mounted, diamond-coated crown that expands laterally. 
Through differential sanding and centrifugal forces, it enables bidirectional plaque modification, which is 
particularly effective for nodular calcium.

The Pivotal Trial to Evaluate the Safety and Efficacy of the Diamondback 360°® Orbital Atherectomy System 
in Treating De Novo, Severely Calcified Coronary Lesions (ORBIT) trial established the role of OA in 
treating severely calcified coronary lesions[36]. However, other evidence suggests that OA may be inferior to 
RA for treating sheet-like or concentric calcification. In the Direct Comparison of Rotational vs. Orbital 
Atherectomy for Calcified Lesions Guided by Optical Coherence Tomography (DIRO) trial, which enrolled 
100 patients assessed by OCT and randomized 1:1 to OA or RA before PCI, RA resulted in a greater 
increase in lumen area (72.2% vs. 39.2%, P < 0.01) and superior mean stent expansion (72.2% vs. 64.1%, P = 
0.05)[37]. Similarly, the Eclipse trial did not show superiority of OA over conventional balloon angioplasty 
before stenting in calcified lesions[38]. Although the MSA was slightly larger in the OA group (7.67 mm2 vs. 
7.42 mm2, P = 0.08), clinical outcomes were comparable, with similar TVR rates at 1 year (11.5% vs. 10%, P = 
0.28)[38]. These findings suggest that angiographic evidence of calcification may not be a reliable criterion for 
patient selection.

In our clinical practice, OA has been more effective than RA for eccentric or nodular calcification due to its 
differential sanding mechanism. It also performs better in large vessels at high speeds and, while still 
influenced by wire bias, is less affected than RA. OA improves vessel compliance and is associated with low 
rates of vascular injury, making it a promising alternative to RA in specific cases.

IVL
IVL delivers acoustic shockwaves that fracture both superficial and deep calcium, thereby facilitating stent 
expansion. A recent multicenter systematic review and meta-analysis of 38 studies involving 2,977 patients 
reported a procedural success rate of 98% and a clinical success rate of 96%. The analysis also showed 
significantly reduced residual area stenosis following IVL and PCI, with low incidences of MACEs, 
myocardial infarction (MI), and death at 30 days[39].



Page 10 of Chiswell et al. Vessel Plus. 2025;9:17 https://dx.doi.org/10.20517/2574-1209.2025.3418

Figure 5. Case of successful rotablation of an eruptive nodule with favorable wire bias. (A and B) Angiographic views of severe 
mid-RCA disease (asterisk); (C) OCT showing an eruptive calcified nodule. (D) OCT post-RA using a 1.75mm burr and RotaWire 
Extra-support wire demonstrating embedded bias; (E) OCT showing excellent stent apposition and increased luminal area following PCI 
with a 4.0 DES and post-dilation using a 5.0 NC balloon. RCA: Right coronary artery; OCT: optical coherence tomography; RA: 
rotational atherectomy; NC: non-compliant; DES: drug-eluting stent.

While highly effective and safe for concentric calcification, the role of IVL in treating protruding calcified 
nodules remains less well defined. A pooled OCT analysis from the Disrupt-CAD I-IV trials demonstrated 
that IVL effectively reduces residual area stenosis of CCNs and achieves long-term outcomes comparable to 
non-CCNs[40]. Additionally, in the ROTA-Shock trial, RA and IVL yielded similar outcomes in reducing 
CCN thickness and plaque angle, although neither strategy significantly reduced plaque volume[31].

In severely stenotic or tortuous vessels, where catheter delivery is challenging, upfront atherectomy (RA or 
OA) may be necessary to facilitate IVL insertion. In such cases, the cost implications of combining IVL with 
atherectomy should be considered. NODULE-SHOCK, an upcoming prospective randomized controlled 
trial, is designed to evaluate the efficacy of IVL with or without RA in patients with CCNs[41], using minimal 
stent area as the primary endpoint.

Although current evidence remains limited, existing data suggest that IVL holds promise in the 
modification of CCNs, offering favorable procedural success and clinical outcomes.
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Modified balloons (Cutting or scoring balloons)
Cutting and scoring balloons are specialized angioplasty devices equipped with microblades or scoring 
elements designed to produce controlled plaque fractures (e.g., Scoreflex NC and Wolverine balloons).

The Cutting Balloon to Optimize Predilatation for Stenting (COPS) trial, which randomized patients with 
calcified lesions to cutting balloon (CB) or non-compliant balloon (NCB) inflation before PCI, 
demonstrated significantly larger minimal stent areas in the CB group compared to the NCB group 
(8.1 mm2 vs. 7.3 mm2, P = 0.035) and improved stent symmetry at the calcified level (eccentricity index 0.84 
vs. 0.8, P = 0.013)[42]. The Comparison of Strategies to PREPARE Severely CALCified Coronary Lesions 
(PREPARE-CALC) trial, which compared RA and MB, reported comparable rates of late lumen loss, target 
vessel revascularization, and myocardial infarction between groups[29]. In our clinical practice, these balloons 
are most effective for focal lesions with mild to moderate calcification but are less effective for large nodules 
or deeply embedded calcium deposits.

Overall, RA, OA, IVL, and MB have all demonstrated comparable clinical outcomes in small-scale 
studies[43]. However, their relative efficacy in treating CCNs remains uncertain. Hybrid strategies combining 
multiple calcium modification techniques have shown promise in case studies, but robust clinical validation 
is lacking[44-46]. Further randomized trials are needed to determine optimal lesion preparation strategies in 
CCNs.

Optimizing PCI outcomes
CCNs pose a higher risk of procedural complications during PCI because they hinder stent delivery and 
expansion. Effective management, therefore, requires a nuanced understanding of nodule characteristics 
and tailored interventional approaches.

Characteristics of calcific nodules
The choice of a calcium modification strategy in PCI is largely determined by the morphological 
characteristics of CCNs. As previously described, eruptive CCNs, typically marked by fibrous cap disruption 
and a more deformable structure, often respond well to NC balloon angioplasty and IVL, enabling 
satisfactory stent expansion[47]. However, despite their deformability, eruptive nodules are associated with 
poorer clinical outcomes, primarily due to early reprotrusion of calcium into the stented segment[48,49] 
[Figure 6].

In contrast, non-eruptive CCNs, though linked to a more favorable clinical prognosis, pose greater 
procedural challenges due to their dense, rigid architecture and resistance to deformation. In one study 
evaluating the use of IVL in CCNs, all eruptive nodules (100%) were deformable, compared to 65% of 
non-eruptive CCNs[47]. As such, more aggressive modification approaches are recommended for 
non-eruptive lesions, often combining techniques such as high-pressure NC balloon inflation, modified 
balloons, IVL, and atherectomy to achieve optimal stent deployment[50].

High-pressure post-dilatation with non-compliant balloons
Following initial lesion preparation, high-pressure post-dilatation using NC balloons is essential to ensure 
optimal stent expansion [Figure 7]. This approach aids in achieving maximal luminal gain and reduces the 
risk of stent underexpansion, a known predictor of adverse cardiac events.

While adequate stent expansion is vital, caution must be exercised to avoid excessive post-dilatation, which 
can cause vessel perforation, particularly on the side opposite the calcified nodule. Achieving the right 



Page 12 of Chiswell et al. Vessel Plus. 2025;9:17 https://dx.doi.org/10.20517/2574-1209.2025.3418

Figure 6. Eruptive nodule reprotrusion post-PCI. (A) Coronary angiogram showing severe calcified RCA nodules. OA was performed, 
followed by stenting of proximal, mid, and distal lesions under IVUS guidance; (B) Post-stent IVUS showed good stent apposition and 
lumen expansion; (C) Repeat coronary angiogram 6 months later revealed recurrent nodule in the mid-RCA; (D) IVUS showed nodule 
reprotrusion through the stent. PCI: Percutaneous coronary intervention; RCA: right coronary artery; OA: orbital atherectomy; IVUS: 
intravascular ultrasound.

balance requires careful, incremental balloon inflation. It is also important to note that eccentric expansion 
is frequently observed, but this is of less concern as long as the MSA is adequate.

Managing procedural complications
Stent underexpansion
Coronary calcification is the strongest predictor of stent underexpansion[51], which is closely linked to TVR. 
Adequate lesion preparation is essential to prevent this complication and should include intravascular 
imaging for accurate lesion sizing and characterization, along with tailored calcium modification strategies. 
When underexpansion occurs despite appropriate lesion preparation, evidence supports the use of post-PCI 
IVL. IVL delivers acoustic pressure waves that fracture underlying calcium, thereby facilitating subsequent 
stent expansion and apposition. In a multicenter registry of patients with stent underexpansion, post-PCI 
IVL significantly increased the minimum lumen diameter (from 1.49 mm to 2.41 mm, P < 0.001) and 
improved stent expansion by 125% (P = 0.016)[52].

Distal embolization
Eruptive calcific nodules are associated with a higher risk of distal embolization due to the fragmentation of 
calcific material during intervention. This can lead to downstream microvascular obstruction, increasing the 
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Figure 7. Combination of RA and high-pressure balloon dilatation for eruptive CCNs. (A) Severe mid-RCA stenosis resulting in distal 
vessel CTO; (B) IVUS showing extensive long-segment calcification with eruptive CCNs; (C) Rotational atherectomy performed with a 
1.5mm burr, followed by pre-dilatation with 2.75 and 3.0 mm NC balloons to high pressure, then PCI with overlapping drug-eluting 
stents (DESs); (D) Post-treatment IVUS showing good stent apposition. CCNs: Calcified coronary nodules; RA: rotational atherectomy; 
IVUS: intravascular ultrasound; RCA: RIGHT coronary artery; NC: non-compliant; PCI: percutaneous coronary intervention; CTO: 
chronic total occlusion.

risk of periprocedural myocardial infarction. In particular, RA and OA may exacerbate this issue by 
generating particulate debris.

Mitigation strategies again emphasize optimal lesion preparation. Intravascular imaging is critical for lesion 
characterization, enabling accurate vessel sizing and selection of appropriate calcium modification tools 
while avoiding overdilation. IVL may offer an alternative to atherectomy with a potentially lower risk of 
embolization. The use of embolic protection devices is generally limited in coronary interventions 
compared to peripheral vascular procedures.

Edge dissections and vessel perforation
The selection of atherectomy devices must be tailored to lesion morphology to minimize the risk of edge 
dissections and vessel perforation. RA is suitable for concentric, heavily calcified lesions or nodular lesions 
with favorable wire bias, whereas OA may be preferred for eccentric or nodular calcifications particularly in 
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larger vessels. When feasible, intravascular imaging before atherectomy is valuable, as it demonstrates wire 
bias. Both rotational burrs and orbital atherectomy crowns follow the course of the guidewire and imaging 
catheter. If areas of contact with normal vessel segments or minor plaque are identified, atherectomy in 
these regions should be avoided or minimized. Careful device sizing and adherence to recommended 
operational speeds are critical to prevent vascular injury.

Plaque shift in bifurcation lesions
Calcified plaques in bifurcation lesions carry a risk of plaque shift, potentially compromising side branch 
patency. This occurs when plaque in the proximal main vessel segment or at the bifurcation carina shifts 
into the side branch ostium, impeding blood flow. Carina shift into the side branch has also been proposed 
as a mechanism of compromise[53]. Intracoronary imaging with IVUS is an effective method for evaluating 
plaque burden and predicting ostial side branch involvement. In a retrospective observational study, RA of 
the main vessel in calcified bifurcation lesions was associated with a significantly lower incidence of side 
branch compromise and occlusion during PCI[54]. Strategies such as side branch protection or bifurcation 
PCI may be needed to maintain side branch patency and optimize outcomes [Figure 8].

Overall, the management of coronary calcific nodules requires a comprehensive approach that includes 
accurate lesion characterization, meticulous lesion preparation, and vigilant management of potential 
complications. Advanced imaging techniques and individualized interventional strategies are essential to 
improve PCI outcomes in patients with calcified coronary lesions.

CLINICAL OUTCOMES AND FUTURE DIRECTIONS
CCNs may be considered harbingers of increased risk associated with standard PCI strategies. Patients with 
CCNs generally experience worse outcomes after PCI compared to those without, necessitating careful CCN 
classification, lesion preparation, calcium modification, and tailored interventional strategies.

Refining imaging modalities will be critical for accurate identification and phenotypic classification of 
CCNs, which have both prognostic and therapeutic implications. Hybrid imaging and artificial intelligence 
(AI)-driven techniques, such as optical coherence tomography-near infrared spectroscopy (OCT-NIRS), 
may enhance the precision of targeted interventions[55]. NIRS, for example, has previously been combined 
with IVUS to detect lipid content within plaques and arterial walls [56]. Ongoing studies are exploring the 
role of CCTA and AI in periprocedural planning. One such study, the P4 (Precise Procedural and PCI Plan; 
NCT05253677) trial, is a multicenter, non-inferiority randomized controlled trial (RCT) comparing 
CCTA-guided PCI with IVUS-guided PCI for calcified coronary lesions[20].

In lesions with CCNs requiring PCI, stenting is particularly challenging due to factors such as hinge 
locations, complex geometry, intraluminal hemorrhage, absent collagen matrix, and calcium fragmentation, 
all of which increase the risk of lesion deformity. Re-protrusion of calcific nodules through stent struts is 
associated with worse clinical outcomes compared to other mechanisms of ISR[7]. Drug-eluting balloons 
(DEBs) alone have been proposed to reduce this risk, but clinical data remain limited; further studies are 
warranted to validate their theoretical benefit and confirm safety regarding the risk of recoil[57]. Similarly, 
covered coronary stents have been suggested as a potential future strategy to mitigate reprotrusion, though 
evidence is sparse[7]. Bioresorbable vascular scaffolds (BRSs) offer another theoretical advantage by 
providing initial mechanical support and drug delivery similar to drug-eluting stents, while gradually 
dissolving over time and potentially reducing long-term ISR risk. Although no studies have specifically 
examined BRS use in CCNs, extrapolation from broader research on calcified lesions suggests comparable 
angiographic success. Nonetheless, these procedures often require longer procedural times and carry more 
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Figure 8. Staged PCI for a severely calcified LAD-diagonal bifurcation. (A) Angiographic views showing diseased LAD and diagonal 
vessels; (B) OCT of the LAD showing a non-eruptive nodule. The diagonal was pre-dilated to facilitate OCT; (C) OCT of the diagonal 
showing non-eruptive nodules at the ostium; (D) RA of the diagonal with 1.5 mm and 1.75 mm burrs. The diagonal was then post-
dilated with a 2.5 mm NC balloon, followed by deployment of a 2.5 × 18 mm DES; (E) DK Crush was performed; (F) Final OCT post-PCI. 
PCI: percutaneous coronary intervention; DES: drug-eluting stent; OCT: optical coherence tomography; RA: rotational atherectomy; NC: 
non-compliant; DK: double-kissing; LAD: left anterior descending.

than a twofold increase in periprocedural myocardial infarction risk-likely due to lesion complexity and the 
need for extensive lesion preparation[58]. Moreover, the nodular and protrusive morphology of CCNs can 
complicate BRS deployment, particularly impacting scaffold expansion and recoil.

Sequential lesion preparation techniques, along with advancements in bioresorbable scaffolds and covered 
stents, may provide future opportunities for targeted interventions to reduce re-protrusion and mitigate 
ISR[55]. For example, one case report described a patient who experienced coronary perforation post 
drug-eluting stent (DES) implantation at a CCN lesion. Deployment of a PK PapyrusTM covered stent with a 
polyurethane membrane did not result in CCN protrusion on follow-up[59], and no TLR occurred over 2 
years. Future research should focus on earlier detection of calcium nodules, hybrid imaging approaches that 
combine IVUS and NIRS, assessment of recurrence rates with different peri-interventional approaches, and 
the role of CABG as a rescue therapy.

CONCLUSION
Calcified coronary nodules present unique challenges in coronary intervention due to their irregular 
morphology and resistance to conventional PCI techniques. Advances in imaging and lesion modification 
have improved outcomes, but further studies are needed to refine treatment algorithms regarding safety, 
efficacy, and long-term prognosis. A tailored approach incorporating imaging guidance, calcium 
modification, and optimal stenting techniques is essential for improving patient outcomes.
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