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Abstract
Background: Electrical intravascular lithotripsy (E-IVL) uses shock waves to fracture calcified plaque.
Aims: We aimed to demonstrate the ability of laser IVL (L-IVL) to fracture calcified plaques in ex vivo
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human coronary arteries and to identify and evaluate the mechanisms for increased vessel compliance.
Methods: Shock waves were generated by a Ho:YAG (Holmium: yttrium-aluminium-garnet) laser (2 J,
5 Hz) and recorded by a high-speed camera and pressure sensor. Tests were conducted on phantoms and
19 fresh human coronary arteries. Before and after L-IVL, arterial compliance and optical coherence
tomography (OCT) pullbacks were recorded, followed by histology. Additionally, microcomputed tomog-
raphy (micro-CT) and scanning electron microscopy (SEM) were performed. Finite element models (FEM)
were utilised to examine the mechanism of L-IVL.

Results: Phantom cracks were obtained using 230 um and 400 um fibres with shock-wave pressures of
84+5.0 atm and 62+0.4 atm, respectively. Post-lithotripsy, calcium plaque modifications, including fractures
and debonding, were identified by OCT in 78% of the ex vivo calcified arteries (n=19). Histological analy-
sis revealed calcium microfractures (38.7+10.4 um width) in 57% of the arteries which were not visible by
OCT. Calcium microfractures were verified by micro-CT and SEM. The lumen area increased from 2.9+0.4
to 4.3+0.8 mm? (p<0.01). Arterial compliance increased by 2.3+0.6 atm/ml (p<0.05). FEM simulations sug-
gest that debonding and intimal tears are additional mechanisms for increased arterial compliance.
Conclusions: L-IVL has the capability to increase calcified coronary artery compliance by multiple

mechanisms.
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Abbreviations

CAC coronary artery calcification
E-IVL electrical intravascular lithotripsy
FEM finite element model

L-IVL laser intravascular lithotripsy
ocT optical coherence tomography

PCI percutaneous coronary intervention
SEM scanning electron microscopy
Introduction

Coronary artery calcification (CAC) complicates percutaneous
coronary intervention (PCI) by reducing vessel compliance, inter-
fering with device delivery, impairing balloon expansion, and
possibly causing uneven drug distribution in the arterial wall'.
Furthermore, CAC causes damage to the drug-eluting polymer,
resulting in a higher rate of treatment failure’. Decreased vessel
compliance also reduces the expansion of implanted stents, which
can lead to stent failure as well as complications such as stent
thrombosis and restenosis®>. Calcium localisation (superficial or
deep), distribution (focal, circumferential or longitudinal exten-
sion) and thickness also adversely impact procedural time and
success®. CAC is an independent predictor of a lower survival
rate and is strongly correlated with major adverse cardiovascular
events (MACE) post-PCI°.

Given the significant challenges calcium presents in PCI, a vari-
ety of therapeutic devices have been developed over the past sev-
eral decades®®. These devices utilise one or more of three energy
mechanisms: mechanical, electrical, and optical. Mechanical
devices (e.g., cutting balloons with microsurgical blades) increase
luminal area greater than plain old balloon angioplasty (POBA) and,
therefore, increase compliance. However, these cutting procedures

cannot reach calcium located deep in the vessel wall®. Rotational
and orbital atherectomy devices utilise a rotating tip with abrasive
diamonds that cut tissue and reshape the calcific atherosclerotic
lesion'?. These devices debulk plaque but can only remove super-
ficial calcium. Moreover, mechanical atherectomy devices do not
greatly increase vessel compliance®!?, and use of these devices car-
ries a risk of no-reflow and vessel perforation’. Electrical intravas-
cular lithotripsy (E-IVL) uses an electrical discharge to generate
ultrasonic waves which crack calcium deep in the arterial wall with-
out material removal, leaving soft tissue intact’. However, E-IVL
is limited in the treatment of coronary arteries. The smallest E-IVL
catheter diameter is 0.047” (1.2 mm), therefore, it is challenging to
cross many calcified lesions that have a mean lumen diameter of
0.8 mm (Salem et al. The mechanism of balloon uncrossability ass-
ested by intravacular ultrasound. J Am Coll Cardiol. 2020;75:1447).
Atherectomy is sometimes performed prior to E-IVL to provide cor-
onary access for lithotripsy, adding time and cost to PCI procedures
and increasing the risk of no-reflow.

High-energy laser pulses can be delivered through a catheter
via a small diameter (e.g., 50 um) silica optical fibre"' compatible
with small balloon profiles. Optical fibres can be incorporated into
commercial low-profile, lubricious balloons. E-IVL uses thicker
and less compliant balloons to minimise the chance of balloon
rupture due to electric arcing. Furthermore, in laser-based IVL
(L-IVL), shorter laser pulses can result in higher pressure ampli-
tude generation at similar pulse energies'?. Ultrashort electric
pulse generation is challenging because of the high impedance of
transducing high voltage pulses along small diameter wires. Thus,
L-IVL provides some advantages over E-IVL.

Herein, we present the first study of L-IVL. Bench-top experi-
ments were conducted to verify that acoustic pressure amplitudes
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Figure 1. Laser IVL study design. A) Graphical representation of the experimental design (*selected arteries). B) Cross-sectional images of

the laser IVL catheter: (B1) 400 um optical fibre with glass cap, (B2) 230 um optical fibre in balloon. CT: computed tomography;

1VL: intravascular lithotripsy;, OCT: optical coherence tomography,; SEM: scanning electron microscopy



are generated by the collapse of laser-induced cavitation bub-
bles in saline. Ex vivo studies were conducted on human calci-
fied coronary arteries. Various imaging techniques, including
optical coherence tomography (OCT), histopathology, microcom-
puted tomography (micro-CT), and scanning electron microscopy
(SEM), were performed to verify that calcium plate microfrac-
tures had occurred, and to identify and evaluate any additional
mechanisms of increased vessel compliance. Finite element model
(FEM) studies evaluated the contribution of debonding and intimal
tears to increased vessel compliance (Supplementary Appendix 1).

Methods

The present study was first conducted on phantoms simulat-
ing coronary artery calcification. After the laser-based lithotripsy
was validated on phantoms and the pressure amplitude was deter-
mined, the study was carried out on fresh ex vivo calcified cor-
onary arteries. A graphical representation of the experiments is
shown in Figure 1.

BENCH-TOP STUDIES

PHANTOM PREPARATION

Solid phantoms (3-5 mm inner diameter [ID], 2 cm length, 1-2 mm
wall thickness) were made from plaster of Paris (DAP Products
Inc.), and Ultracal 30 (Capital Ceramics) with fixed powder/water
ratios of 2:1 and 100:38, respectively,' to validate L-IVL. We con-
structed 30% gelatin phantoms (gelatin, G2625, Sigma-Aldrich)
with two embedded BegoStone (BEGO USA; powder/water ratio
5:1)" plates (3 cm, 1 mm thickness) to mimic a vessel wall con-
taining calcifications.

LASER LITHOTRIPSY

Experiments were performed with a Ho:YAG (Holmium: yttrium-
aluminium-garnet) laser (Lumenis Pulse 120H, A=2.1 pm; Boston
Scientific) at a fixed 5 Hz pulse frequency and a 70 ps pulse dura-
tion. Two sizes of silica optical fibres (400 pm [glass capped] and
230 pm [in balloon]; MED-Fibers) were centred inside phantoms
that were fully submerged in saline.

PRESSURE MEASUREMENTS

Shock-wave pressure amplitude profiles were recorded by a high-
frequency pressure sensor (active diaphragm diameter 0.218”;
PCB Piezotronics). The optical fibre was oriented at 90° to the
normal axis of the pressure sensor at a separation distance of
3 mm. Recorded pressure amplitude profiles were calculated for
a 1 mm separation distance to simulate an in vivo application.
DEMONSTRATION OF EQUIVALENT PRESSURE GENERATION
OF AN OPTICAL FIBRE WITH OR WITHOUT BALLOON
MATERIAL

Pressure amplitudes generated by the 400 pm optical fibre were
tested with non-compliant balloon material (Pebax; Biomerics),
used for our L-IVL catheter balloon, and with a contemporary
E-IVL balloon (Shockwave Medical). Both measurements were
compared with the pressure generated by the optical fibre sub-
merged in saline without balloon material. The balloon material

was placed both in direct contact with and at a distance of 3 mm
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from the pressure sensor surface, to mimic direct contact or the
distance between the balloon and the vessel wall, respectively. The
balloon wall thickness (30 um) was identical for both L-IVL and
E-IVL materials.

EX VIVO HUMAN ARTERIES

Following the validation of L-IVL in phantoms, 11 fresh ex vivo
human hearts were obtained. All coronary arteries were utilised
within 24 hours of death. This study was approved by the insti-
tutional review board of the South Texas Blood & Tissue Center.
OPTICAL COHERENCE TOMOGRAPHY IMAGE ACQUISITION
AND ANALYSIS

Ex vivo coronary arteries were evaluated using the ILUMIEN
OPTIS OCT System and Dragonfly Imaging Catheter (Abbott).
Calcified plaque was identified in OCT images as a highly atten-
uated signal with sharply delineated borders. Areas with calci-
fied lesions were denoted with a tissue-marking dye (Mart-It;
McKesson) on the outside of the vessel wall. Using recorded OCT
images, the calcium arc, length, thickness, lumen area (before and
after L-IVL), and calcium score were determined in the treatment
area (Supplementary Table 1).

MEASUREMENT OF ARTERIAL COMPLIANCE

The lumen diameter was determined by OCT, and compliance
was measured before and after L-IVL using an inflation device
(Merit Medical) and a balloon catheter (Medtronic) that matched
the lumen diameter (1:1). First, baseline balloon compliance was
measured in the air. Starting from zero-gauge pressure, saline
was injected into the balloon at constant volume increments of
0.25 mL. Pressure values were recorded at each volume (from O to
2.5 mL). Measurements were stopped before the specified balloon
burst pressure was reached. Next, the balloon was inserted into the
arterial region with significant calcification. Measurements were
performed in triplicate, before and after L-IVL treatment.

LASER LITHOTRIPSY TREATMENT

A set of ex vivo arteries (n=4, from 4 hearts) were treated with
a 230 um optical fibre in a balloon (3 mm x 20 mm) filled with
saline and pressurised at 4 atm. Fifteen ex vivo arteries (7 hearts)
were treated with 400 pm optical fibres with glass caps. Each
artery was submerged in saline, and the optical fibre was posi-
tioned within the marked calcified area using an aiming beam.
Shock waves were generated by a Ho:YAG laser at a fixed 5 Hz
pulse frequency and 2 J of energy. On average, 30 and 100 laser
pulses (glass-capped optical fibre and fibre in balloon, respec-
tively) were applied per 10 mm of arterial length.

HISTOLOGY, COREGISTRATION WITH OCT IMAGES AND
ANALYSIS

Arteries were fixed in 10% formalin and radiographed with
a Faxitron MX-20 (Faxitron Bioptics LLC). All arteries were
immersed in decalcifying solution (Epredia Cal-Rite; Fisher
Scientific) for 12-24 hours. Arteries were sliced into 2-3 mm
rings (~15 rings/artery) and processed for paraffin-embedding
(Sakura Finetek). Sections of 5 pm were cut at 150 um intervals
and stained with haematoxylin and eosin (H&E). The OCT frames
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and histological sections were coregistered using anatomical land-
marks (e.g., side branches, calcification sites, lumen geometry) and
external tissue-dye markings. The fracture width was measured at
three locations along the length of the fracture and averaged.
MICROCOMPUTED TOMOGRAPHY

Selected ex vivo arteries were scanned before and after L-IVL with
a desktop micro-CT system (SkyScan 1173; Bruker) equipped with
a microfocus X-ray tube with a 5 um spot size, using a 20 um iso-
tropic voxel size, 60 kV, 167 pA, and a 0.5 mm aluminium filter.
Specimens were affixed to a plastic specimen holder filled with
cold saline. As the artery was not cut, micro-CT was able to show
calcified plaque architecture.

SCANNING ELECTRON MICROSCOPY

Samples were fixed with McDowell Trump’s fixative (Electron
Microscopy Sciences) and subsequently incubated in 10% NaOH
solution for 6-10 days — 1% tannic acid and mixture of 1% OsO4
in 0.1 M sodium cacodylate buffer, modified from Stephenson
et al’’. After dehydration in a series of alcohol solutions, a plas-
tic embedding protocol was used to preserve the calcified plaque
architecture'®. Before imaging, segments were coated with a layer
of gold (Au) using a PELCO SC-7 unit (PELCO). Images were
acquired at 5 keV using a ZEISS Crossbeam 340 SEM (ZEISS)
equipped with an Oxford X-Max SDD X-ray detector (Energy-
Dispersive Spectroscopy; Oxford Instruments) for the identifica-
tion of chemical constituents.

FINITE ELEMENT MODELLING OF COMPLIANCE PRE- AND
POST-L-IVL

Histological images of the arteries were used to generate FEMs to
analyse the relationship of lumen area to pressure. While treated
images showed calcium plate modifications, intact and partial
intact cross-sections were recreated by removing all or some
fractures in the calcium plate images. The two-dimensional (2D)

cross-sections were extended longitudinally for 3 mm to create
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three-dimensional (3D) models. Both the arterial wall and calcifi-
cations were assumed to be isotropic, incompressible, and hyper-
elastic material with a polynomial strain energy density function'.
Details of the arterial wall and plaque material coefficients can
be found in Supplementary Table 2. Simulation of the pressur-
ised inflations were performed using FEM software ABAQUS
(Dassault Systémes Simulia Corp).

STATISTICAL ANALYSIS

Continuous variables are expressed as meantstandard deviation
(SD). A paired t-test was used to compare the difference between
pre- and post-treatment of the same artery. The Pearson correla-
tion coefficient was computed to test correlation between two var-
iables. A value of p<0.05 was considered statistically significant.

Results

LASER-INDUCED ULTRASONIC PRESSURE WAVE
GENERATION

Upon pulsed-laser irradiation, the light-saline interaction creates
a vapour bubble (Figure 2A, Figure 2B). The collapse of the vapour
bubble (Figure 2C, Figure 2D) generates a shock wave. Pressure
versus time data in response to a single pulse (2 J, 5 Hz) achieved
62.0+£0.4 atm and 84.0+5.0 atm with 400 um and 230 pum fibres,
respectively (Figure 2E).

Pressure amplitude measurements with and without L-IVL bal-
loon material showed that the L-IVL non-compliant balloon mate-
rial did not attenuate the pressure wave. A single laser pulse emitted
by a 400 um fibre reached a pressure of 61.6+2.5 atm for L-IVL
non-compliant balloon material versus 61.5+2.9 atm for Shockwave
Medical’s balloon material (n=5 for both; p=0.12). No difference in
pressure amplitude was observed when the balloon material did or
did not contact the pressure sensor surface (L-IVL balloon: 61.6+2.5
atm vs 66.3+5.6 atm; p=0.12; E-IVL balloon: 61.5£2.9 atm vs
63.3+2.1 atm; p=0.29, respectively). Due to equivalent pressure
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Figure 2. Mechanism of laser-based IVL. A,B) Bubble formation in saline. C,D) Bubbles collapse, generating a sonic pressure wave.

E) Pressure versus time data measured with a pressure sensor after a single pulse at the same setting used for the phantom and ex vivo artery

experiments (2 J, 70 us pulses). IVL: intravascular lithotripsy



phantom wall

Laser lithotripsy for calcified coronaries

before k__A
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Figure 3. Laser lithotripsy in calcium phantoms. A) 400 um optical fibre with a glass cap: (A1) pressure measurement set up, (A2) plaster of
Paris phantom, (43) phantom before L-1VL, (A4) phantom after L-IVL. B) 230 um optical fibre in a balloon: (B1) pressure measurement set
up, (B2) cross-sectional diagram of gelatin phantom with two BegoStone plates, (B3) phantom before L-1VL, (B4) phantom after L-1VL.
Fractures are labelled with white arrows. L-1VL: laser intravascular lithotripsy

amplitude generation through both balloon materials and the chal-
lenges in custom prototyping L-IVL balloons for arteries with vari-
able lumen diameters, many of the results presented below were
performed with glass-capped optical fibres without a balloon.

BENCH-TOP STUDY WITH PHANTOMS

Various phantoms were constructed to validate the ability of
L-IVL to generate a shock wave with amplitude sufficient to frac-
ture calcium. Plaster of Paris cylindrical phantoms (n=6) devel-
oped fractures due to L-IVL with a 400 pm glass-capped fibre
at 2 J pulse energy (Figure 3A). Ultracal 30 phantoms presented
a higher fracture threshold than plaster of Paris phantoms due
to the higher bulk modulus of water/Ultracal 30 mixtures at the
ratio 100:38'%. Ultracal 30 phantoms (n=6) were fractured on aver-
age after 125425 pulses, with the highest fluence rate achieved
in 230 pm fibres, with 2 J pulse energy and 70 ps pulse duration
(greater than 70 atm).

Before IVL

After IVL

Gelatin phantoms (3.5 mm ID) with embedded BegoStone plates
simulated a soft vessel wall with hard calcium plates (Figure 3B).
Fractures in embedded BegoStone plates were created in all phantoms
(n=4) using a 230 pm fibre (2 J, 5 Hz) in a balloon (3.5 mm) pressur-
ised at 4 atm. Fractures were detected with photography and were vis-
ible perpendicular to the optical fibre orientation (Figure 3B4).

EX VIVO HUMAN CORONARY ARTERIES

Baseline OCT assessment showed an average calcium arc, thick-
ness and length in the target area of 145.3£40.60°, 0.8+0.3 mm,
and 5.3+1.9 mm, respectively, indicating significant calcification
(Figure 4A) (n=19 arteries, n=11 hearts). The treatment was con-
ducted in a pre-marked calcified area based on OCT (Figure 4B).
Measurements of the laser power before and after L-IVL treat-
ment showed no change (8.2+0.7 W and 8.3£0.6 W, respectively;
p=0.85), suggesting consistent shock-wave amplitudes were deliv-

ered to treated arteries.

Micro-CT

Figure 4. L-1VL experiments in ex vivo human coronary arteries with a 230 um optical fibre in a balloon. A) X-ray of the artery before

histological processing, confirming the presence of calcification in the treatment area. B) Dissected human coronary artery with calcified
region marked in blue. Green and red marks denote the proximal and distal ends of artery. C-D) Representative OCT images before (C) and

after L-1VL (D). White arrows indicate fracture, the blue arrow the debonding of the calcium plate/non-calcium plate junction. E-F)
Representative micro-CT images before L-IVL (E) and after L-IVL (F). CT: computed tomography; L-IVL: laser intravascular lithotripsy;

OCT: optical coherence tomography
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STUDIES WITH A LASER FIBRE IN A BALLOON

Four arteries from 4 hearts were treated with a 230 pm optical
fibre in a balloon inflated to 4 atm pressure (Figure 3B1), which
demonstrated fractures of calcified plaque on OCT (Figure 4C,
Figure 4D) and micro-CT images (Figure 4E, Figure 4F). The
lumen area measured by OCT before and after treatment increased
from 4.6+3.3 mm? to 5.542.8 mm? (n=4; p=0.05).

STUDIES WITH A GLASS-CAPPED LASER FIBRE

Fifteen arteries from 7 human hearts were treated with a 400 um
glass-capped laser fibre (Figure 3A1). Comparison of OCT pull-
backs before and after treatment showed that L-IVL led to a sig-
nificant increase in lumen area (from 2.9+0.4 mm? to 4.3+0.8 mm?,
n=15; p=0.038) that was observed in 87% of treated arteries
(Figure 5A). Analysis of OCT pullbacks did not show a significant
correlation between the calcium score and the change in lumen area
(corr.=0.12; p=0.653). These data are consistent with an increase in
artery lumen area regardless of calcium score. A significant increase
in compliance was observed after L-IVL in 53% of arteries (p<0.05)
(Figure 5B). In addition, a comparison of balloon compliance in the
air before and after ex vivo experiments confirmed that no changes
in balloon compliance occurred that might artificially impact meas-
urements of arterial compliance (Supplementary Figure 1).

After L-IVL, OCT-observed modifications included calcium
plate fractures and debonding in 15 arteries (78%) (Figure 5C,
Figure 5D). On average 3.4+2.3 fractures were observed per tar-
geted 10 mm lesion. Multiple (2 to 3) calcium fractures on a sin-
gle OCT frame were identified in 26% of treated arteries. The
width and depth of the calcium fractures were 0.32+0.18 mm and
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0.47+0.31 mm, respectively. Calcium fractures following L-IVL
were also confirmed with micro-CT (Figure 5E).
Histopathological evaluation of the arteries after L-IVL revealed
calcium microfractures in 57% of treated arteries, which were not
all visible with OCT (Figure 6) possibly due to a deep position of
the calcium plates and limited light penetration. These microfrac-
tures were located in both superficial and deep calcium plates (from
0.14 mm to 1.84 mm). The thickness of calcium microfractures was
38.7£10.4 um, and the depth of calcium plates was 1,743.3+939.5
um. A detailed analysis of H&E sections showed that microfractures
were associated with debonding of the calcium plate (30%), while
5% of the sections had microfractures only. Coregistration of histo-
logical images with micro-CT confirmed microfractures (Figure 6B).
To better understand the relationship between calcium plate frac-
ture, calcium microfracture, and debonding, SEM of calcified arter-
ies was performed. The protocol was developed to eliminate artefacts
during sample processing and to provide qualitative information
about calcium plate and collagen fibrous interaction. As demonstrated
in Figure 7, calcium microfractures and debonding are both appar-
ent in the region of thickest calcium. Calcium plate composition was
confirmed with X-ray spectroscopy (Supplementary Figure 2).

RELATIVE CONTRIBUTION OF CALCIUM FRACTURE,
DEBONDING, AND INTIMAL TEARS IN IMPROVING
ARTERIAL COMPLIANCE

Different FEMs derived from histology, which included intact
arterial components, calcium fractures, debonded calcium plate/

non-calcium plate interfaces, and intimal tears, were analysed to

0CcT Micro-CT

Figure 5. L-1VL experiments in ex vivo human coronary arteries with a 400 um optical fibre with a glass cap. A) Average lumen area before
and after L-1VL (p=0.038). B) Spaghetti plot of ex vivo artery compliance at given volumes before and after L-IVL (p<0.05). C) Representative
OCT images before L-IVL. D) OCT images after L-IVL (white arrows indicate calcium fractures, the blue arrow the debonding of the calcium
plate). E) Representative micro-CT images before (E1) and after (E2) L-IVL. CT: computed tomography, L-IVL: laser intravascular

lithotripsy; OCT: optical coherence tomography
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Figure 6. Representative examples of calcium plaque modifications induced by L-1VL. A) Optical coherence tomography images after L-IVL

treatment (A1) were coregistered with histological sections stained with H&E at 4x (A2) and at 25x (A3) magnification (white arrows indicate

calcium fracture, the blue arrows show the debonding of calcium plate and red lines represent measurements of calcium fractures).

B) Longitudinal micro-CT scans of calcified ex vivo coronary artery segment before (Bl) and after (B2) laser IVL, and coregistered

histological cross-section (B3). CT: computed tomography, H&E: haematoxylin and eosin; L-IVL: laser intravascular lithotripsy

Figure 7. SEM demonstrating calcium plate fracture and debonding at the calcium plate/non-calcium plate junction in response to L-1VL.

A) Cross-sectional view of an ex vivo coronary SEM sample after plastic embedding protocol: A1,A2) control samples, A3,44) after L-IVL

with a 230 um laser fibre in a balloon. B1-B4) SEM images of a magnified region of the calcium plate (white arrows indicate calcium plate

fracture, blue arrows show debonding, red arrows are plastic sticks used for embedding sample): Bl, B2) control samples, B3, B4) afier

L-IVL. L-IVL: laser intravascular lithotripsy; SEM: scanning electron microscopy

determine the relative contribution of mechanisms that increase
vessel compliance (Figure 8). Changes in the lumen area of the
calcified coronary artery were calculated versus lumen pressure to
give vessel compliance (Figure 8B). FEM simulation results sug-
gest that fractures in calcium plates alone had a minor contribution
to increasing vessel compliance, and compliance increases with
greater numbers of fractures. Debonding and intimal tears contrib-
uted more to increasing arterial compliance than calcium fractures
alone (Figure 8BD, Figure 8BE, Figure 8BF).

Discussion

An effective treatment for calcium is motivated by the clinical
objective to fully expand a stiff arterial wall (Central illustration).
The presence of heavily calcified coronary lesions can be over-
whelming and result in incomplete stent deployment, resulting in

“stent regret” with adverse outcomes?. In such cases, more sophis-
ticated methods of calcium remodelling are required. Therefore,
a new balloon-based approach for the treatment of severe arte-
rial calcification using pulsatile sonic pressure waves was success-
fully adopted into practice’. However, despite the success in safely
cracking calcium within the vessel wall by E-IVL, some coronary
lesions remain uncrossable due to catheter profiles of 1.2 mm. In
fact, atherectomy is sometimes performed prior to E-IVL to pro-
vide coronary access for lithotripsy, which increases the time and
cost of the PCI procedure and still increases the risk to the patient
of the no-reflow phenomenon.

The initial use of excimer lasers without balloons in the 1990s to
vaporise plaque had a high complication rate due to uncontrolled
microcavitations in blood with contrast. The safety of excimer laser
has been proven for calcified coronary plaque fracture when lasing
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Figure 8. Effect of calcium plate modifications on coronary artery compliance determined by finite element model (FEM). A) Cross-sectional
image of artery after L-1VL treatment (H&E). Ba-Bf) Six FEM models to compare the relative importance of calcium plate fracture,
debonding, and intimal tears on improving vessel compliance. C) Lumen area plotted as function of lumen pressure for these models.

Ca?': calcium,; FEM: finite element model; H&E: haematoxylin and eosin; L-IVL: laser intravascular lithotripsy
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CENTRAL ILLUSTRATION Laser-based intravascular lithotripsy (L-IVL) modifies calcium plates in coronary arteries.
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L-1VL in ex vivo human coronary arteries shows successful calcium treatment (OCT, micro-CT) leading to increased lumen area and

compliance due to calcium fracture and debonding. CT: computed tomography, OCT: optical coherence tomography

in saline®. Optical fibres were first placed in balloons by Spears et  mitigating misdirected pressure wave generation and non-specific
al'® to weld coronary dissections — although this approach failed due ~ thermal injury. Although lasers can transmit large pulse energies
to heat-induced vessel constriction. Greater safety is expected for  (~2 J) over very small fibre cross-sections (~50 um), no U.S. Food
L-IVL, since microcavitations are contained within a balloon, thus  and Drug Administration (FDA)-approved L-IVL device exists.



Navigation of the laser balloon to the calcified region to be
treated with laser IVL is identical to the placement of any balloon
during percutaneous transluminal coronary angioplasty. Lasers have
temporal design advantages over electricity for shock-wave genera-
tion. Increasing the laser fluence rate by decreasing pulse duration
maintains the same energy and can result in greater pressure ampli-
tude generation'®. Smaller diameter fibres can also deliver greater
fluence rates than large diameter fibres, providing a spatial design
advantage for lasers over electricity. Our study demonstrated that
L-IVL can achieve higher peak pressures (200 atm, data not shown)
than values reported for E-IVL (50 atm in coronaries and 100 atm
in peripheral vessels)’. Our study demonstrates the ability of L-IVL
to fracture calcium in solid phantoms and ex vivo human coronary
arteries. L-IVL, when treating calcified ex vivo coronary arteries,
increases both lumen area and arterial compliance. L-IVL fracture
of both deep and superficial calcium plates was confirmed with
OCT, histology, micro-CT and SEM.

Despite the demonstrated safety of E-IVL in multiple clinical tri-
als, asynchronous ventricular pacing can occur. Two reports of ven-
tricular fibrillation were entered into the FDA’s MAUDE database,
and a third case was published®, as well as three reports of atrial
fibrillation/flutter?'*. Given the high number of patients treated
with E-IVL, safety has not been a concern. The mechanism of pac-
ing is unclear: electric pacing is one mechanism, but reports sug-
gest ultrasonic waves can result in ion channel current modulation.
The tetrodotoxin-resistant Nav1.5 channel is the most common Na*
channel isoform in cardiomyocytes, and previous studies have dem-
onstrated the mechanical sensitivity of this channel**%, If the latter
is a mechanism, then L-IVL may also result in ventricular pac-
ing, although further studies are required. Interestingly, no known
reports of laser-induced cardiac pacing exist despite decades of use
of coronary laser atherectomy.

In the 1990s, publications of in vivo balloon angioplasty of calci-
fied coronary arteries examined with intravascular ultrasound dem-
onstrated that arterial dilation at the angioplasty site occurred due to
dissection at the calcium plate/non-calcium plate junction®. In our
study, we observed not only the expected calcium plate fractures in
response to L-IVL, but also separation between the calcium plate
and the non-calcium plate interface, which we term “debonding”.
The relative contribution of calcium fracture, debonding, and inti-
mal tear mechanisms for increasing arterial compliance was investi-
gated by FEM simulations. The impact of separating atherosclerotic
tissue adjacent to the calcium plate — or debonding — is shown to
improve arterial compliance by FEM (Figure 8).

Recent studies using X-ray diffraction demonstrate that fibrous
tissue in atherosclerotic plaque is oriented circumferentially but
becomes more longitudinally directed as it transitions toward
attachment to a calcium plate?’. Stress depends upon fibril orienta-
tion, with the greatest tissue stress in the longitudinal direction of
collagen fibrils®®. The geometry of fibrous calcified plaque inter-
faces can amplify stresses near the lesion interface?”. Therapeutic
procedures that separate the calcium plate/fibrous tissue inter-
faces can relieve residual stress and may contribute to improved

Laser lithotripsy for calcified coronaries

coronary arterial compliance to a greater extent than calcium plate
fractures alone.

Arterial lithotripsy may utilise a previously unrecognised mech-
anism — debonding — for increasing arterial compliance and treat-
ing atherosclerotic plaque. Moreover, excimer and E-IVL clinical
efficacy may support our FEM simulation results for observed
improvement of arterial compliance. FEM results also suggest
that calcium plate fractures alone did not result in a significant
improvement of arterial compliance. The addition of debonding
and intimal tears did improve arterial compliance in combination
with calcium plate fracture. By better understanding the underly-
ing mechanical mechanisms, modifications in energy delivery to
the vessel wall may further improve clinical outcomes.

Limitations

There are concerns related to L-IVL which were not addressed in
the current study. We have achieved a pressure amplitude of up to
200 atm. Shockwave Medical E-IVL achieves 50 atm in clinical
practice. There is no literature detailing how many atmospheres
generated by IVL can cause arterial perforation. There is a simi-
lar concern for the number of IVL pulses delivered. We delivered
over 10 pulses/sec without damage to the balloon; however, we
have not yet delivered 10 pulses/sec to an ex vivo coronary artery.
Shockwave Medical IVL coronary catheters deliver 1 pulse/sec. The
impact of the high pulse rate available with laser is not currently
known. Finally, it is unknown whether laser IVL causes myocardial

pacing similar to that seen with Shockwave Medical E-IVL.

Conclusions

We demonstrated that L-IVL can expand the development of
sonic-based interventional devices for the treatment of calcified
coronary arteries. We have presented the advantages of L-IVL and
identified new mechanisms in shock wave approaches to increase
arterial compliance.

Impact on daily practice

E-IVL has advanced the field of treatment of calcified coro-
nary arteries. However, limitations persist such as concerns
over crossability due to the profile of wires and electrodes.
L-IVL allows miniaturisation of the lithotripsy source, solving
the problem of the crossing profile. Translation of our results
into patient care will expand the lesion subset who are treatable
with IVL without preprocedural plaque modification.
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Supplementary data
Supplementary Appendix 1. Finite element analysis of pressure-lumen area relation.

Simulation of the pressurized inflations were done using an FEA package (ABAQUS®). Arterial wall,
atherosclerotic plague and extracellular lipid (ECL) pools were meshed using eight-node linear brick
reduced integration (C3D8R) elements. Both arterial wall and calcifications were assumed to be isotropic,
incompressible, and hyperelastic material with polynomial strain energy density function. A uniform
pressure up to 112 mmHg was gradually applied to the lumen mimicking balloon expansion. Both ends of
the artery were free to expand radially but fixed in other directions. The material constants of the coronary

arterial wall for the HGO model were determined by letting #= 0 in equation (2) and refitted it to the

mechanical behavior of coronary artery sample #2 given in the report. All material constants are given in
supplemental Table S1. A constraint was used to eliminate the relative motion between contacting faces. In
addition to the pre- and post-fractured models, more models with partial/complete de-bonding defined as
the calcium plate separating fromthe surroundingtissue were simulated to determine howtheywould affect

arterial compliance.

W = Cpo(I, —3) + Coo(I, —3)% + Cop(I; — 3)° + Cyp(I, — 3)° (¢9)

Where I; is the first invariant of deformation tensor and C, to C,, are material constants. Medial and

adventitial layers were assumed to be anisotropic, incompressible, and hyperelastic material with HGO

strain energy density function.
W = .“(fl - 3) +%Ei:4,6[EXPEk:{K(r1 —-3)+ (1- EKJEE - 1]}:}_ 1) (2)

Where k,, k., 4 and « are material constants, e represents fibre angle and f; is the pseudo-invariant that

reflects the stretch ratios in the two diagonal fibre directions.



Supplementary Table 1. Calcified coronary lesion characteristics.

Variable

400 um fibre

230 um fibre

number of arteries

15

4

maximum calcium angle, °

145 [66, 231]

215 [75, 342]

calcium thickness, mm 0.8 [0.36, 1.33] 0.6 [0.53, 0.72]
calcium length, mm 5.3 [1.6, 8.0] 6.3 [1.6, 14]
calcium score 3° 2 [0, 4] 412, 4]
lumen gain, mm? 1.4 [0.04, 8.64] 0.9 0.4, 1.7]
compliance changes, % 53 NA

Supplementary Table 2. Material coefficient for arterial wall and atherosclerotic plaque for

finite element model studies.

C1o (MPa) C,o (MPa) C3o (MPa) C4o (MPa)
ECL pool 0.045 0.17 -0.13 0.11
Ca** 0.21 64.86 -3.5e3 1.999e5
u (MPa) k, (MPa) ko a
Adventitia 0.26778e-3 1.531e-3 121.53 67.6
Media 0.436e-3 10.308e-3 5.93 25.8




Baloon compliance

16.0
14.0
12.0
E balloon 3.5x8- PRE
+ 10.0
= ~ — balloon 3.5x8- POST
¢ 80
2 = balloon 3.5x12- PRE
@ 6.0
s balloon 3.5x12- POST
4.0
balloon 4x12- PRE
2.0
— = balloon 4x12- POST
0.0

0 025 05 075 1 125 15 175 2
volume (mL)

Supplementary Figure 1. Balloon compliance.
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Supplementary Figure 2. Scanning electron microscopy of ex vivo human coronary arteries



A. The cross section images of ex vivo human coronary artery (Al — control region, A2 — region after laser IVL (red arrows calcific
plaque, green arrow lumen, yellow line — spectroscopy sampling). B-D. Spectroscopy element analysis across atherosclerotic plaque
(yellow line) in control (B1-C1) and treated (B2-C2) regions. The high calcium (Ca), phosphorus (P) and oxygen (O) content
suggestive of a hydroxyapatite deposition in the plaque region (D1-D2).



