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Xu et al. Circulation 2012;126:537-45

Clinical Outcome of patients with Non-Culprit Calcified Lesions (A PROSPECT Sub-study)

Plaque composition on outcome 



Post-PCI



Hazard Ratio 

[95% CI]
P Value

All-cause death 1.46 [1.01, 2.12] 0.043

Ischemic TLR 1.42 [1.13, 1.80] 0.003

ARC definite stent thrombosis 1.83 [1.07, 3.14] 0.027

MACE (Death/MI/TLR) 1.35 [1.14, 1.60] 0.0004

Moderate-Severe Calcification: 
Impact on Ischemic Outcomes

Covariates included in the model:

Death: Moderate/severe calcification, age, gender, diabetes: any, diabetes: insulin, current smoker, prev CABG, prev MI, prior PCI, unstable 

angina, number stents implanted, LAD lesion treated, baseline RVD, baseline MLD, baseline TIMI 0/1

Ischemic TLR and MACE: Moderate/severe calcification, age, gender, diabetes: any, diabetes: insulin, current smoker, hypertension, 

hyperlipidemia, prev CABG, prev MI, prior PCI, unstable angina, number stents implanted, LAD lesion treated, ostial location, lesion length, 

baseline RVD, baseline MLD, baseline TIMI 0/1

ARC definite ST: moderate/severe calcification, age, diabetes: any, current smoker, prev MI, unstable angina, baseline RVD, baseline TIMI 0/1

Impact of Calcification on Outcome: Meta-analysis of 11,651 patients from 14 RCT



Impact of Coronary Calcification

Impairs Device Crossing Delamination

Δ elution kinetics

Calcium behind Stent

Lumen Area: 1.75mm2

Underexpansion



Outcomes in Complex PCI

JACC Interv. 2019 Apr 8;12(7):607-620

Clinical Outcomes
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Log rank p < 0.001

10.2%

16.9%

Time 

(Years)

Intravascular 

Ultrasound

Angiography

All Lesion 0.573 (0.460-0714

Bifurcation Lesion 0.682 (0.498-0.934

Chronic Total Occlusion Lesion 0.670 (0.408-1.102)

Left Main Disease 0.203 (0.126-0.329)

Long Lesion 0.602 (0.450-0.804)

Multi-Vessel PCI 0.639 (0.473-0.864)

Multiple Stents Implantation 0.532 (0.332-0.855)

In-Stent Restenosis Lesion 0.837 (0.403-1.740)

Calcified Lesion 0.458 (0.052-4.012)

0.01 0.1 1 10

Favors Intravascular 

Ultrasound

Favors Angiography



High Risk Clinical and Lesion Characteristics
Pooled analysis of 13,380 pts from contemporary DES trials

(cardiac death, TV-MI, or ID-TVR)

Risk Factors for Target Vessel Failure

RR [95% CI] P

Diabetes* 1.50 [1.28, 1.76] <0.0001

ACS NSTEMI* 1.42 [1.31, 1.54] <0.0001

Stent Length >28mm* 1.14 [1.06, 1.23] <0.001

Bifurcation# 1.31 [1.11, 1.56] 0.0019

Moderate to Severe Ca2+* 1.62 [1.37, 1.91] 0.06

Chronic Total Occlusion# 1.31 [0.99, 1.75] <0.0001

In-Stent Restenosis# 1.88 [1.57, 2.26] <0.0001

CKD/ESRD# 1.82 [1.55, 2.13] <0.0001

Ali & Stone et al. EuroIntervention 2020;EIJ-D-20-00501



Goals of therapy in CAC
Cross the lesion/Modify Plaque

• Cross the lesion

 enables lesion access for upscaling 
balloons and stents.

• Plaque modification: 

 Debulking calcific plaque

 Inducing calcium fracture 

 Maximizing luminal gain (stent expansion)



Balloon Based Strategy

Aggressive

Non-compliant Scoring 

(AngioSculpt)

Cutting

(Wolverine)

Compartmental

(Chocolate)

Ultra-high 

pressure 

(OPN)

Device ACCF/AHA/SCAI 2011 ESC/EAPCI 2014

Cutting 

balloon 

angioplasty

• Might be considered to avoid slippage induced 

coronary artery trauma during PCI for in-stent 

restenosis or ostial lesions in side branches. (Class 

IIb-C)

• Should not be performed routinely during PCI. 

(Class III-A)

May be useful in highly 

calcified, rigid ostial 

lesions.

Levine GN et al. JACC 2011;58:e44-122

Windecker S et al. EHJ 2014;35:3541-619



Non-Balloon Based Strategies 

Levine GN et al. JACC 2011;58:e44-122

Windecker S et al. EHJ 2014;35:3541-619

• Lazer Atherectomy 

• Rotational Atherectomy 

• Orbital Atherectomy 

Device ACCF/AHA/SCAI 2011 ESC/EAPCI 2014

Rotational 

atherectomy

• Reasonable for fibrotic or heavily calcified lesions 

that might not be crossed by a balloon catheter or 

adequately dilated before stent implantation. (Class 

IIa-C)

• Should not be performed routinely for de novo lesions 

or in-stent restenosis. (Class III-A)

Might technically be

required in cases of tight 

and calcified lesions, to 

allow subsequent passage 

of balloons and stents.



Limitations of Existing Technologies

Balloon Based Atherectomy Lazer

Insufficient Force

Bias

Wire Bias Unpredictable

Perforation



IVL



Intravascular Lithotripsy – Where it all began 
• Fall of 2009

• Sunday evening in a hourly 

rental lab, somewhere in 

Mountain View, Ca

• A MacGyver’d lithotripsy 

device

• Eggs from a Safeway in 

Mountain View (or John 

Adams ranch)

• iPhone 1

“it’s doing something”

“looks like it blew a whole in the 

back side, what we’re seeing on 

the front side is the membrane”

“I think this is going to work”

 



Intravascular Lithotripsy

• Expanding and collapsing 

vapor bubble creates a 

short burst of acoustic 

pressure waves

• A localized field effect 

within the vessel fractures 

both superficial and deep 

calcium

• Acoustic pressure waves 

travel through the vessel 

tissue with an effective 

pressure of ~50 atm 



Mechanism of Action
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• Cracks due to compression are parallel to the applied force.

• Tensile cracks are perpendicular to the applied force.

• Shear cracks are perpendicular to the tensile stress.



Mechanism of Action 

IVL (Ultra) high pressure balloon



Mechanism of Action
Calcium Fracture 
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Kereiakes and Ali et al. JACC Interv. 2021 28;14(12):1275-1292
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Intravascular Lithotripsy: MOA I

• High Speed Sonic Pressure Wave Created Inside Integrated Balloon

Unfocused lithotripsy 

energy is created at 

the emitters which are 

contained in a fluid 

filled coupler.

Emitter

Fluid filled 

Balloon 

Video: Actuation of Single Pulse (20µs/frame)

Electrical energy is 

delivered to the emitter, 

initiating the steam 

bubble, which expands & 

collapses – creating sonic 

pressure waves.



Algorithm for Calcified Lesions



IVL – Smash it

Grind it  - RA, OA

Break it - Lazer 

Tear it- NC Balloon

Choices



Superficial (Luminal)Deep (Medial)

RA/OASNC/Specialty balloon

Nodular/Eccentric

OCT or IVUS to Assess Calcium* Uncrossable Lesion

OCT: ≤2 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: <2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

RA, OA, IVL, ELCA

Yes DES

Full NC Balloon Expansion and/or Calcium Fracture (or nodular debulking) present on OCT or IVUS?

Final OCT/IVUSNC @≥18 atmNoIVL, ELCA,OA, RA

OCT: ≥3 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: ≥2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

Angiographic Moderate/Severe Calcification

Algorithmic Approach 

IVL, ELCA

Karimi Galougahi and Ali.Curr Cardiol Rep. 2021 5;23(4):33.



Superficial (Luminal)Deep (Medial)

RA/OASNC/Specialty balloon

Nodular/Eccentric

OCT or IVUS to Assess Calcium* Uncrossable Lesion

OCT: ≤2 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: <2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

RA, OA, IVL, ELCA

Yes DES

Full NC Balloon Expansion and Calcium Fracture (or nodular debulking) present on OCT or IVUS?

Final OCT/IVUSNC @≥18 atmNoIVL, ELCA,OA, RA

OCT: ≥3 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: ≥2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

Angiographic Severe Calcification

Algorithmic Approach 

IVL, ELCA

Karimi Galougahi and Ali.Curr Cardiol Rep. 2021 5;23(4):33.



Calcium Fracture

IVUS calcium fracture



Calcium Fracture



Superficial (Luminal)Deep (Medial)

RA/OANC/Specialty balloon

Nodular/Eccentric

OCT or IVUS to Assess Calcium* Uncrossable Lesion

OCT: ≤2 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: <2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

RA, OA, IVL, ELCA

Yes DES

Full NC Balloon Expansion and Calcium Fracture (or nodular debulking) present on OCT or IVUS?

Final OCT/IVUSNC @≥18 atmNoIVL, ELCA,OA, RA

OCT: ≥3 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: ≥2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

Angiographic Severe Calcification

Algorithmic Approach 

IVL, ELCA

Karimi Galougahi and Ali.Curr Cardiol Rep. 2021 5;23(4):33.



Deep (Medial) Calcification - Atherectomy
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• In Thick-cap Fibrocalcalcific plaque atherectomy is limited



Deep (Medial) Calcification - IVL
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• In Thick-cap Fibrocalcalcific plaque IVL may induce Ca2+ fracture



Deep (Medial) Calcification - ELCA
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• In Thick-cap Fibrocalcalcific plaque IVL may induce fracture 



Superficial (Luminal)Deep (Medial)

RA/OANC/Specialty balloon

Nodular/Eccentric

OCT or IVUS to Assess Calcium* Uncrossable Lesion

OCT: ≤2 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: <2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

RA, OA, IVL, ELCA

Yes DES

Full NC Balloon Expansion and Calcium Fracture (or nodular debulking) present on OCT or IVUS?

Final OCT/IVUSNC @≥18 atmNoIVL, ELCA,OA, RA

OCT: ≥3 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: ≥2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

Angiographic Severe Calcification

Algorithmic Approach 

IVL, ELCA

Karimi Galougahi and Ali.Curr Cardiol Rep. 2021 5;23(4):33.



Pre OAS

Post OAS OCT

OAS cutting can be seen 

even in large lumen area or 

at side branch (lumen 

independent) at wire bias 

Atherectomy
MOA

Favorable Wire Bias



Ca2+-dependent lesion Preparation 

Pre-OCT

Area 2.06mm2

Atherectomy reduces thickness

Area 2.93mm2

Ca2+ fracture at point of thinning

Area 5.08mm2

Area 9.38mm2

Expansion >100%Ali. Eurointervention. 2018:6;13(18):e2105-e2108.



Wire-bias dependent lesion Preparation 



Atherectomy – Wire Bias
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• In extreme angulation, atherectomy may injure the vessel wall.



Mechanism of Action

Circumferential Calcium Fracture 

Pre-Procedure Post IVL

Ali and Fajadet et al. iJACC.2017;10(8):897-906.
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Mechanism of Action

Kereiakes and Ali et al. JACC Interv. 2021 28;14(12):1275-1292



Disrupt CAD: OCT Sub-studies

Ali et al. iJACC. 2017

Ali et al. Circ Cardiovasc Interv. 2019

DISRUPT CAD :  OCT demonstrated multiple circumferential calcium fractures and excellent stent expansion



IVL Safety
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Clinical success Angiographic

success

Angiographic

Complications
MACE, 30D

Orbital atherectomy 

(ORBIT II study)

IVL-metaanalysis

Kereiakes et al. JACC int. 2021: 14(12):1337-48

Cardiovasc Revasc Med. 2022;36:73-82



Superficial (Luminal)Deep (Medial)

RA/OANC/Specialty balloon

Nodular/Eccentric

OCT or IVUS to Assess Calcium* Uncrossable Lesion

OCT: ≤2 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: <2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

RA, OA, IVL, ELCA

Yes DES

Full NC Balloon Expansion and Calcium Fracture (or nodular debulking) present on OCT or IVUS?

Final OCT/IVUSNC @≥18 atmNoIVL, ELCA,OA, RA

OCT: ≥3 of the following criteria:
1) Thickness: >0.5 mm; 2) length >5 mm;
3) arc: >50% of circumference 

IVUS: ≥2 of the following criteria: 
1) circumferential; 2) >5 mm length & >270° 
arc; 3) calcified nodule; 4) vessel ≤3.5 mm 

Angiographic Severe Calcification

Algorithmic Approach 

IVL, ELCA

Karimi Galougahi and Ali.Curr Cardiol Rep. 2021 5;23(4):33.



Calcium nodule (CN)

• Eruptive CN: Accumulation of small calcium fragments with 

irregular surface and adjacent proximal or distal deep sheet 

calcification

• Nodular calcification (healed calcified nodule): Accumulation 

of small calcium fragments with smooth thick fibrous cap with 

adjacent proximal or distal deep sheet calcification

Torii, S. et al. J Am Coll Cardiol. 2021;77:1599-611. Lee, T. et al. J Am Coll Cardiol. 2017;10:883-91. Ali et al. EuroIntervention 2021;17:e105-e123.

Eruptive Calcific Nodule Calcified Protrusions Calcific sheet

Nodular Calcium 



Pre-IVL Pre-IVL Post-IVL Post-Stent

Nodular Calcification: IVL MOA



• Consistent stent expansion and MSA following IVL treatment previously demonstrated in 

lesions with CN

• However, the long-term clinical impact of these acute findings has not been reported

IVL in CN Lesions

43

Ali Z & Shlofmitz R. (2023) JACC Int. In press.
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Conclusions

• The new algorithm;

IVL is safe and effective across 

all calcium morphologies
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