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Background: Calcium is a constituent of numerous types of atherosclerotic
plagues. While various vessel modification devices have been introduced,
plague heterogeneity presents a challenge to direct therapy to specific
components within the arterial wall.

Aims: We introduce a novel approach for non-destructive modification of
arterial fibrocalcific plaques with controlled spatial-temporal diode-laser
irradiation. The laser thermomechanical approach enables the controlled
formation of microstructural defects, stress relaxation, microcracking, and
plague molding. Primary objectives of this exploratory study include: (1)
Determine an optimal laser dosimetry in fibro-calcific plaques in ex vivo
human arteries that mitigates against non-specific thermal injury of the vessel
wall; (2) Identify arterial structural modifications; and (3) Characterize changes
in lumen, vessel diameter and compliance in response to laser irradiation.
Methods: Diode laser radiation with a wavelength of 1,470 nm is delivered to
ex-vivo human femoral artery specimens through an optical fiber inside a
semi-compliant balloon containing heavy water. Laser dosimetry at the
intimal surface is specified using a numerical model informed by vessel
lumen diameter and beam profile measurements. Radiometric temperature
increases at the outer surface of the vessel in response to laser irradiation is
measured with an infrared camera. Micro-CT and IV-OCT images, recorded
before and after laser irradiation, are aligned and co-registered using
customized software. Micro-CT is utilized to identify changes in calcium
plagues in response to laser irradiation (microcracking, voids, change in
density). Changes in lumen diameter and compliance are assessed by High
Frequency IV-OCT.

Results: A candidate window for laser dosimetry is determined both
theoretically and experimentally in the range of 150-300 W/cm?. Micro-CT
images demonstrate fractures in calcium and changes in the plaque structure
at irradiation sites with an azimuthal calcium extent greater than 300°.
Increases in lumen area up to 28% and compliance up to 2.4x is observed.
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Conclusion: This proof-of-concept study demonstrated that modulated diode
laser irradiation can modify the mechanical and structural characteristics of
fibrocalcific arteries and increase vessel compliance. Additional studies are
required in arteries with different levels of calcification and plaque distribution
to optimize laser dosimetry for targeted vessel modifications.

KEYWORDS

arterial compliance, calcified plaques, laser, non-destructive modification, cardio-

vascular disease

1 Introduction

Atherosclerosis leads to a reduction of vessel compliance,
increased stenosis, and vascular flow resistance. Atherosclerosis
contribute to the

and plaque burden

cardiovascular disease (CVD), the leading cause of death

progression  of

worldwide, accounting for 17.9 million deaths annually (1). The
presence of calcification, a major component of advanced
obstructed artery disease, is associated with the occurrence of
(MACE),
increased mortality, rate of acute myocardial infarction, stroke,
and heart failure (2).
conventional balloon angioplasty and stenting and can pose

Major Adverse Cardiovascular Events including

Calcified plaques are resistant to

significant challenges during interventional and revascularization
procedures (3). Successful treatment of fibro-calcific arterial
plaques aims to restore lumen patency, increase vascular
and blood flow, and
complications of interventional procedures.

compliance reduce the associated

Current percutaneous treatments for advanced calcified
arteries include high-pressure balloon dilation, cutting or
scoring balloons, intravascular lithotripsy (IVL), and mechanical
orbital or laser atherectomy to prepare the lesion for additional
stent implantation. Existing methods utilize a destructive, non-
targeted approach to calcium and are associated with
complications, primarily extensive vessel dissection and the
potential for vessel perforation (4, 5). Shockwave Medical (Santa
Clara,

currently widely used for treating calcified lesions.

California) has introduced an electrical technique,
The
Shockwave device generates large amplitude sonic waves
(~50 bar) that are transmitted through the balloon to the
arterial wall, fracturing calcified plaque and facilitating further
stent expansion of the artery at lower pressure (6, 7). Excimer
laser atherectomy (ELCA, Philips) employs a UV laser (308 nm
wavelength) to facilitate photoablation through various laser
catheters. Radiation at a wavelength of 308 nm is absorbed by
collagen, which can result in unintended damage to the vessel
wall (8). These and other related complications underscore the
importance of ongoing efforts to develop novel, safer, and more
effective therapeutic modalities that target plaque precisely and
modify vessels with minimal collateral damage.

For over four decades, laser irradiation of tissues has been
employed clinically to ablate, coagulate, or otherwise modify
targeted structures. Numerous clinical laser treatments rely on a
hormetic effect, where the dose-response follows an Arndt-
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Schulz inverted U-shaped curve (9, 10). Non-destructive laser
modification of tissue mechanical properties was first introduced
to reshape or mold nasal septal cartilage (11). The mechanical
elastic modulus of the irradiated cartilage is temporarily reduced
by applying a specific laser dosimetry below the maximum in
the associated Arndt-Schulz inverted U-shaped curve, allowing
for cartilage reshaping in a user-specified manner (12). The
non-destructive laser cartilage modification approach has been
successfully applied in otolaryngology (13-16), in otoplasty to
correct ear deformities (12), in orthopedics for restoration of
intervertebral discs (16), and to treat meniscus cartilage in
osteoarthritic knee joints (17). Laser reshaping of calcified costal
cartilage has also been demonstrated (15).

We report the use of the thermomechanical effect of laser
radiation as a novel approach for non-destructive modification
of the structure and mechanical properties of multicomponent
calcium arterial plaques. Controlled spatiotemporal modulation
of laser radiation can induce the formation of microstructural
defects, stress relaxation, microcracks, and calcified plaque
molding. Simulations of thermal based therapies of arterial
tissues that incorporate the coupled thermal, elastic, structural
modifications have been reported (18-21). A model of tissue
modification leading to a decreased mechanical elastic modulus
has been developed in (22). The mathematical model describing
these structural changes is based on two equations: a heat
diffusion equation and a phenomenological equation for the
phase field, which describes the modification and reduction of
Young’s elastic modulus through the breaking of chemical
bonds. This
incorporates laser heating and tissue microcracking but cannot

model for one- and two-dimensional cases
quantitatively predict the optimal laser dosimetry for the
effective and safe laser molding of atherosclerotic plaques.

Here, we present a three-dimensional mathematical model
that describes the non-stationary process of heat conduction
during laser irradiation. The model predicts the spatiotemporal
temperature distribution throughout the laser-irradiated vessel
wall, the dynamics of bond breaking and microcracking in
atherosclerotic plaques, as well as thermal non-specific damage
to the vessel wall. The laser-based method can provide precise
and selective modification of atherosclerotic plaques while
minimizing damage to healthy tissue, thereby reducing risks
such as vessel perforation and dissection.

The primary objectives of this study are: (1) To establish a
therapeutic window for laser dosimetry in diseased ex vivo
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human fibrocalcific arteries that mitigate against non-specific
thermal injury to the vessel wall; (2) To identify structural
modifications in response to laser irradiation; and (3) To
characterize changes in vessel and lumen diameter and
compliance in response to laser irradiation.

2 Experimental methods and
theoretical model

2.1 Protocol

The multi-step experimental protocol begins with the
acquisition of an arterial specimen and concludes with multi-
modal image analysis, see Figure 1.

2.1.1 Arterial specimen acquisition and storage

Human femoral arteries received from the University of
California Irvine Willed Body Program were prepared inside a
biosafety cabinet. After receiving the artery, a saline solution
was gently irrigated over the outer arterial surface to clean and
hydrate the specimen. The saline solution was also purged
through the arterial lumen to remove any residual debris. Luer
locks were fixed on proximal and distal positions of the artery
using a cyanoacrylate fastener (super-glue). Femoral artery
specimens were placed into a sterile container filled with chilled
saline and stored at 4°C.

The characteristics of fibrous and calcium plaque included in
the analysis as measured by Micro-CT and IV-OCT, are reported
in Table 1. Plaque thickness ranges from ~0.25 to ~1 mm.

10.3389/fcvm.2025.1652529

2.1.2 Porcelain bead fiducial markers for micro-
CT and IV-OCT imaging

Porcelain beads (1 mm diameter) are utilized as fiducial
markers for micro-CT and IV-OCT imaging. Porcelain beads
are carefully fixed onto the outer surface of the femoral artery at
predefined longitudinal and azimuthal locations using a
cyanoacrylate chemical fastener. The porcelain beads aid in
identifying, registering, and differentiating regions in recorded
Micro-CT and IV-OCT pre- and post-irradiation images.

2.2 Experimental setup for laser irradiation
of arterial specimens

A fiber-coupled diode laser source (nLight NL-
p2-040-1470-10-A-R01) emitting light at a wavelength of
1,470 £ 10 nm at a maximum output power of 40 W is utilized.
Diode laser light is delivered through a low-OH multimode
optical fiber (NA =0.22, 200 um diameter core). Treatment laser
light (1,470 nm) is combined with an aiming beam (633 nm)
using a dichroic, see Figure 2. Both treatment (1,470 nm) and
aiming (633 nm) beams are coupled into a 200 pm low OH
multimode optical fiber that interfaces with a fiber-optic-rotary-
junction (FORJ, Princetel, JSM). The FOR]J allows the treatment
fiber to rotate mechanically during irradiation while the
proximal fiber remains stationary. An in-house angle-polished
side-firing fiber (Med Fiber) with a 600 um core diameter (NA
0.22) was used for the delivery of laser light. The distal end of
the angle-polished side-firing fiber is encased in a sealed Poly-
micro tube to ensure total-internal reflection from the cleaved
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FIGURE 1
Protocol for laser arterial irradiation and analysis.
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TABLE 1 Human femoral artery specimens included in the study.

Specimen number

Length (mm)

Wall thickness (mm)

10.3389/fcvm.2025.1652529

Lumen diameter (mm) Calcification arc angle

One-way stopcock

1 65 4 ~4.5 ~360°

2 65 4 ~4.5 ~317°

3 90 3 ~5 ~97°

4 90 3 ~5 ~102°
4 )
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FIGURE 2
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Schematic of experimental setup for laser irradiation and compliance measurement. The saline tank, pump, pressure gauges, and IV-OCT system
were inactive during laser irradiation and used for compliance measurement.
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surface. Laser dosimetry for irradiation using an angle-polished
fiber utilizes a peak power of 15 W, a pulse duration of 10 ms,
and a sequence of single-pulse emissions.

A plexiglass tank (23 cmx 16 cmx 16 cm, wall thickness
5.5 mm) with inlet and outlet ports is utilized to position the
arterial specimen for laser irradiation. The femoral artery
specimen was positioned in the plexiglass tank, ensuring the
vessel was submerged in a sterile saline solution to mimic
physiological conditions. Barbed leurs at the proximal and distal
ends of the arterial specimen are inserted into polymer tubes
that are mechanically fastened to the walls of the plexiglass tank.
A semi-compliant balloon sized for the femoral artery specimen
is inserted into the artery after sterilization.

The laser treatment fiber (angle polished side-firing fiber) is
inserted into the artery while using the aiming beam to identify
target tissue irradiation sites based on recorded Micro-CT
images. The laser power is adjusted according to the arterial
lumen diameter (measured via Micro-CT and IV-OCT) to
deliver the specified laser
duration). Selected laser power (W) was determined from the

dosimetry (e.g., power, pulse
specified laser dosimetry value (J/cm?), calculated using the
measured beam profile and the distance from the central axis of
the laser treatment fiber to the arterial lumen wall.

Just before laser irradiation, saline is partially removed from
the plexiglass tank to expose the top surface of the arterial
specimen. A FLIR camera (FLIR A320, Teledyne FLIR) is
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positioned at a fixed conjugate to the outside surface of the
arterial wall. After the FLIR camera recording is initiated,
emission from the 1,470 nm laser is triggered to irradiate the
targeted area of the arterial specimen. Radiometric temperature
monitoring of the arterial wall outer surface during laser
irradiation was recorded using the FLIR camera.

2.3 Micro-CT and IV-OCT imaging

Micro-CT and IV-OCT imaging are conducted before and
after laser irradiation. Pre-treatment Micro-CT facilitated the
identification of candidate irradiation sites, the thickness of
calcium in the arterial wall, wall thickness, and lumen diameter.
Dimensions derived from Micro-CT of the arterial specimen are
used to plan laser dosimetry and interpret results. A Siemens
CT system (Siemens Inveon®™ Multi-Modality System) with
resolutions ranging from 6 to 16 microns was employed to
image the specimens; sample scan dimensions are approximately
25mmx 17 mm. Inveon post-processing software provided
advanced 3D viewing capabilities and cross-sectional views of
the arterial specimen.

IV-OCT imaging was performed using a High-Frequency
Intravascular Optical Coherence Tomography (HF-IV-OCT
Gentuity) system. The IV-OCT and Micro-CT imaging and

measurement procedures were performed both before and after
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laser irradiation of the treated arteries, and the results

were compared.

2.3.1 Pre- and post-irradiation IV-OCT and micro-
CT image alignment

Customized software was developed to align the pre- and post-
irradiation IV-OCT and Micro-CT images. Pre- and post-
irradiation IV-OCT image data were exported from the IV-OCT
system. Each pair of pre- and post-irradiation videos are
imported into custom software for registration and alignment.
For longitudinal alignment of IV-OCT images, the live views of
the artery recorded during each pullback are used. In the live
view, porcelain registration markers are used to measure small
differences in pullback velocities between pre- and post-
When
longitudinal alignment, the video of the shorter artery is slowed

treatment. time-stretching is necessary to achieve
down, resulting in sparse frame duplication rather than
lost frames.

For axial alignment of IV-OCT pullbacks, recorded images are
used for reference. The alignment process involves: (a) identifying
features in both pre- and post-irradiation IV-OCT images and
rotating one video such that both features align at the same
clock-position in both videos; (b) repeating this process for
multiple features across frames; (c) interpolating the rotation of
the video across all feature alignments to ensure both videos
remain rotationally aligned during in-between frames. After
alignment, both videos were cropped to highlight the IV-OCT
measurement sections and the frame number, lumen area,
deduced lumen diameter value, and displayed side-by-side.

Micro-CT imaging data is exported in a video format. These
videos do not contain a live view, and porcelain registration
markers are used for longitudinal alignment of pre- and post-
irradiation Micro-CT images that were cropped and then
displayed side-by-side.

2.4 Theoretical model

We consider a tissue modification mechanism that leads to
stress relaxation and microcracking of fibrous calcium plaques,
based on the controlled rupture of chemical bonds. The
corresponding mathematical model is based on coupled partial
differential equations: (1) Heating effects are described by a
non-uniform heat diffusion equation (18); (2) The elastic
response due to non-uniform heating of different materials and
local bond rupture is captured by a phenomenological phase
field model described by the function a(r, t). The phase field

TABLE 2 Laser irradiation sites and corresponding dosimetry.

Azimuthal
irradiation sites

Specimen

Longitudinal
irradiation sites

irradiation sites

10.3389/fcvm.2025.1652529

indicates the density of unbroken bonds at space-time position
(r, t) (22, 23). Thermal expansion and the impact on heat
propagation is implicitly included in the phase field a(r, t).
Specifically, the activation energy (U, Supplementary Equation S4)
includes the thermal expansion coefficient [a(T)] as indicated in
Supplementary Equation S4A. The temporal evolution of the phase
field is given by a first-order partial differential equation:

Oa(r, t)

ot

(a — ao)Py(r, t) eY)

with an Arrhenius probability Py(r, t) for breaking bonds given by

Uy )
kgT(r)

Py(r, t) = Py exp( ()

Here 0 < gy < 1 is a residual phase-field when bonds are broken, T
is absolute temperature depending on time ¢ and coordinate r, kg
-Bolzman constant, Py, a probability coefficient, and U, the energy
barrier for breaking bonds which depends on the strain and stress
in the system. The rate of bound breaking can be controlled by
changes in T and U,

The heat diffusion and other equations used in the analysis are
described in Section 3.3 in Supplementary Information. These
dynamic equations are solved numerically on high-performance
graphics processors.

2.4.1 Laser dosimetry

For each human femoral artery specimen, laser dosimetry was
determined based on the calcium distribution and other
characteristics such as lumen diameter and wall thickness
obtained from IV-OCT and Micro-CT measurements. Various
laser settings are investigated, including pulse width, frequency,
exposure time, and laser spot area, depending on the type of
fiber The
parameters are used in the experiments: 50-ms pulse duration at

optical applicator. following laser irradiation
a frequency of 5 Hz, delivered in two pulse sequences of 5s
each (i.e., 25 pulses per pulse sequence). Artery 1 was treated
using a conical tip fiber (MF600/630-RN Radial Tip fiber, MED-
Fibers Inc) and provided an annular incident beam profile on
the arterial lumen with a laser power density of 153 W/cm?.
Artery 2 was treated with an angle-polished side-firing fiber
(MF600/660-HCN Angle polished fiber, MED-Fibers Inc) and
provided a slightly elliptical incident beam profile on the arterial
lumen wall with a laser power density of 200 W/cm®>. As shown

in Table 2, artery 1 had a total of two laser irradiation sites, and

L R S
LS e N S )
|| W
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Total Fiber Spot size Laser dosimetry
applicator | diameter (mm) (W/cm?)
2 Conical tip ~1 153
6 Angle cleaved ~1 200
36 Angle cleaved ~0.8 50-300
30 Angle cleaved ~0.8 150, 300
frontiersin.org
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artery 2 had a total of six laser irradiation sites. For both arteries, a
5mm diameter semi-compliant balloon (BYond Medical, CA)
filled with heavy water and inflated to a pressure of 5 BAR
during laser irradiation. Heavy water was used to pressurize the
balloon as it is transparent to a laser wavelength of 1,470 nm,
thus ensuring that desired laser dose could be delivered to the
vessel wall. The balloon is inflated with heavy water that is
transparent to radiation emitted by the diode laser (24) and is
utilized in an FDA approved atrial defibrillation catheter (25).

Arteries 3 and 4 exhibit moderate atherosclerosis. Arterial
compliance measurements were conducted on both arteries
before and after laser irradiation. Laser irradiation parameters:
50-ms pulse durations at a frequency of 5 Hz, delivered in three
pulse sequences of 5s each. As shown in Table 2, artery 3
received a total of 36 laser irradiation sites, and artery 4 had a
total of 30 laser irradiation sites. Arteries 3 and 4 were treated
using a side-firing fiber (MF600/660-HCN Angle polished fiber,
MED-Fibers Inc. Artery 3 was treated with laser power density
ranging from 50 to 300 W/cm®. For artery 4, the laser dosimetry
alternated between 150 and 300 W/cm® based on calcium
deposition at the irradiation site. For arteries 3 and 4, a 5.5 mm
diameter semi-compliant balloon was inflated with heavy water
to a pressure of 10 bars during laser irradiation.

2.5 Arterial compliance measurement

Arterial compliance is a measure of the ability of an artery to
expand the lumen area in response to an increase in pressure. For
arterial compliance measurements, the same plexiglass tank
utilized for laser irradiation of the specimens is employed as
shown with grey color in Figure 2. Two pressure gauges were
positioned at distal and proximal locations, and one variable
flow pump transported saline into the artery. One tube connects
the saline tank to the pump, and the other tube connects the
pump to a luer at the proximal end of the arterial specimen.

The artery is connected to the plexiglass tank using barbed
luers, which are connected to the proximal and distal ends of
the artery. The IV-OCT catheter is introduced through the
proximal end and positioned to image irradiation sites. The
recorded IV-OCT pullback provides quantitative image data of
the arterial cross-sectional area, which is utilized to determine
arterial compliance.

To study the effect of laser irradiation on arterial compliance,
pre- and post-treatment IV-OCT images are recorded. First, all
valves are opened to remove any air from inside the artery and
connecting tubes. The specimen is properly flushed with saline,
and the distal stopcock is closed. Closing the distal stopcock
allows for pressurizing the artery at a selected pressure. Each
pressure gauge is turned ON and zeroed before starting the
saline pump.

The first reading is recorded at ambient atmospheric pressure.
At this pressure, the IV-OCT catheter is introduced, and a
pullback is performed to record baseline vascular lumen areal
data. For the second set of readings, the pump is turned ON
until intraluminal pressure reaches 1 PSI (51.7 mmHg). An IV-
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OCT pullback is
(51.7 mmHg) intraluminal pressure. The procedure is repeated
for 2 PSI (103.4mmHg) and 3 PSI (155.1 mmHg). After
recording the pre-irradiation compliance data, we proceed with

recorded while maintaining a 1 PSI

laser irradiation of the artery. A second set of compliance
measurements is repeated after laser irradiation. IV-OCT data is
exported, and the software is analyzed to determine the luminal
diameter and area for each longitudinal position. Pre- and post-
irradiation arterial compliance measurements are aligned in
accordance with the procedures outlined above for IV-OCT
alignment. The arterial diameter and area for each IV-OCT
frame are calculated. After alignment and data extraction, pre-
and post-irradiation arterial compliance data are computed.
Compliance (C) was measured as C=AA/AP and has units of
mm?/mmHg or mm?/psi.

3 Results

3.1 Computed spatial-temporal
temperature in ex vivo arterial specimens

Arterial specimens are simulated in an idealized geometry in a
cuboid volume, which is discretized in a regular mesh with a mesh
length of 10 um. The thickness of the arterial wall, including all
plaque layers and adventitia and medium (AM), corresponds to
the size in the x-direction, which is also the direction of
incident laser radiation. The different arterial tissue components
are implemented as homogeneous layers, stacked in the
x-direction with a geometry corresponding to experimentally
measured layer thicknesses using IV-OCT or Micro-CT
(Figure 3A).

The perpendicular directions, y and z, correspond to the
length and circumference of the artery, respectively. The
dimensions in these directions are chosen sufficiently large
enough such that thermal effects at the y and z boundaries can
be neglected.

We simulate and compare the temperature evolution and
distribution at the external boundary, specifically for arteries 2
and 3. Figure 3 shows the simulated layered structure and laser
irradiation along the x-axis. The laser profile is depicted on the
left. Panels (B) and (C) show temperature data corresponding to
irradiation site 4 of artery 3, which were estimated from IV-
OCT data. Panel (B) shows the temperature distribution along
the x-axis (direction of incident laser radiation). Panel (C)
shows the temporal temperature evolution at all internal tissue
boundaries and the external surface.

3.2 Measured and computed radiometric
temperature response profiles

Figure 4 shows a representative example of measured vs.
simulated radiometric temperature increase in response to laser
irradiation. Simulated arterial layer thicknesses obtained from
Micro-CT and IV-OCT are (CP, FP, AM): 0.81, 0.2, 0.99 mm,
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FIGURE 3
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(A) Schematic cross section of an artery showing external adventitia (A), media (M), and intima (I) layers. In a diseased artery, the intima accumulates
plaques—either calcified (CP) or fibrous (FP), as shown in the right half of the cross section. Diseased tissue is simulated by distinguishing CP, FP, and
AM (the combined A and M layers) due to their different material parameters as an idealized plane layered system (top). Please note that plaque order
and layer thicknesses may vary as indicated. Laser radiation enters the inside center, and the simulated laser pulse sequence and measuring points,
and lines for temperature measurement are shown. (B) Temperature profiles along the central x-axis at different times for a system similar to site 1 of
artery 3 with a CP layer of 0.81 mm and an FP layer of 0.2 mm between CP and AM. The laser power density was 300 W/cm?, and the circular laser
spot had a radius of 0.5 mm. The pulse sequence consisted of a 5 Hz, 5s-long sequence followed by a 5s off period, repeated three times. (C)
Simulated maximum temperatures at indicated layer interfaces (see vertical cyan lines in (B) and external boundary for the same irradiation site.

t(s]

respectively. Measured radiometric temperature closely follows the
simulated profile with maximum temperature at the outer surface
reaching around 60°C. Figure 4B displays experimental vs.
simulated radiometric temperature increase vs. time for artery 2
with laser dosimetry of 200 W/cm?® Simulated arterial layer
thicknesses obtained from Micro-CT and IV-OCT are (CP, FP,
AM): 0.4, 0.1, 1.22 respectively. The maximum temperature
recorded on the outer surface of the artery is 30°C. Figure 4C
demonstrates the temporal profile vs. position at different times.

3.3 Computed laser dosimetry and stress
relaxation

To simulate complex heterogeneous diseased arterial tissues,
tissue properties such as the heat diffusion constant are treated
as spatially dependent functions—an important feature for
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discretization of the differential operators, see Supplemental
Information.

Arterial specimens are simulated in an idealized geometry in a
cuboid volume, which is discretized in a regular mesh with a mesh
length of 10 um. The thickness of the arterial wall, including all
plaque layers and adventitia and medium (AM), corresponds to
the size in x-direction, which is also the direction of incident
laser radiation. The different arterial tissue components are
implemented as homogeneous layers, stacked in the x-direction
with a geometry corresponding to experimentally measured
layer thicknesses using IV-OCT or Micro-CT (Figure 3A).

The perpendicular directions, y and z, correspond to the
length and circumference of the artery, respectively. The
dimensions in these directions are chosen sufficiently large
enough such that thermal effects at the y and z boundaries can
be neglected.

Figure 5 shows the dependence of the average temperature in
CP and AM layers as function of laser power density at different
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FIGURE 4

(A) Comparison of experimental maximum temperature at point cey for artery 3, site 1 for two pulse sequences, see also Figure 1C. Since the
temperature inside the CP layer reaches 100°C, effects of latent heat and related strong evaporation lead to some differences in the heating and
cooling rate between experiment and simulation. The latter does not consider the boiling of water. (B) Comparison of experimental maximum
temperature at point Cey for artery 2 (0.1 mm FP, 0.4 mm CP, 1.22 mm AM, power density 200 W/cm?, 0.3 mm x 0.45 mm elliptical laser spot)
for two pulses. (C) Comparison of external temperature profiles for artery 2 at different times.
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FIGURE 5
(A) Laser dosimetry window calculation for artery 2. (B) Calculated
stress relaxation; laser fluence bounds for the therapeutic window
are defined by a minimum of 20% stress relaxation (lower bound)
or maximum temperature of 100°C in the CP (upper bound). (C)
Therapeutic laser dosimetry window (yellow region) for a
simulated system with 1.5 mm thick calcium plaque as a function
of laser beam diameter d.

times for a highly calcified system with 1.5 mm-thick CP layer.
Panel (B) shows the corresponding dependence of the stress in
the CP layer relative to the initial stress, obtained by a phase-
field model which describes the temporal evolution of the
specific density of unbroken chemical bonds, a(r, t), where a=1
corresponds to no broken bonds and a =0 to the case where all
bonds are broken.

Using the unbroken bond density we can then derive the stress
relaxation using the stress-strain relation, o = Eg, with Young’s
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modulus E(r) = Ey - a(r) + E;, where E, is the value if no bonds
are broken and E; if all are broken—see Supplementary
Information for more details.

Panels (A) and (B) correspond to a laser spot diameter of
0.6 mm. Defining the maximum safe power density for
treatment as the power at which the CP layer reaches 100°C and
the minimum power density at which the system shows a stress
relaxation of 20% is taken as a therapeutic window. Performing
the simulations for different laser spot sizes gives the range of
estimated therapeutic windows, see panel (C).

The heat-diffusion calculations for the spatial-temporal
temperature dependence are accompanied by the phase-field
simulation mentioned above. Zones (areas) with 50% of broken
chemical bonds are interpreted as microcracks. Figure 6 shows a
visualization of this phase-field in the simulated layered
simulation system after irradiation for 18s at site 4 of artery
3. In the CP layer, laser irradiation produces microcracking,
which is especially pronounced near the material interface
layers, while no microcracks are visible in AM tissue. We
analyzed the pore size distribution having typical size of 9 um in
a small sub-volume near the CP-FP interface (highlighted in
panel (A) on the pm-scale, shown in panel (B).

3.4 Calcium plaque cracking

A calcium crack width of greater than 1 mm was observed for
both human femoral arteries. Figure 7C shows a top view of the
calcium fracture in artery 1. The post-irradiation scan shows the
presence of a large crack in calcium, measuring approximately
4 mm. Figure 7D shows a top view of the calcium fracture in
artery 2. The calcium fracture in the post-irradiation scan is
approximately 3 mm (Table 3).

3.5 Structural and arterial compliance
changes in response to laser irradiation

Comparison of pre- and post-irradiation IV-OCT images
showed laser-induced plaque modifications, see Figure 8.

Compliance measurement on two laser-treated human
femoral arteries (Artery 3 and 4) is performed. Comparison of
pre- and post-irradiation IV-OCT images reveals clear evidence
of laser-induced modification, as shown in Figure 8. A post-
irradiation image (Figure 8A) shows void formation in the
arterial wall (yellow arrows). Similarly, we observe shrinkage in
the arterial wall thickness, which is denoted by blue arrows.
Figure 8B shows void expansion in the arterial wall in the post-
irradiation image, which is denoted by yellow arrows. The voids
and shrinkage of the irradiated tissue are signs of the
accumulation and coalescence of microdefects formed due to
the rupture of chemical bonds. These modifications in the
arterial wall result in an increase in arterial compliance.

Post-irradiation images detect new void formation and
shrinkage of plaque thickness in the arterial wall. The voids and
shrinkage of the irradiated tissue may be signs of the
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(A) Visualization of simulated pores/microcracks after 18 s laser irradiation on the 10 pm scale for site 4 of artery 3 (0.56 mm CP, 0.2 mm FP, 1.28 mm
AM, power density 250 W/cm?, 0.5 mm circular laser spot. The shown pores represent averages on this length scale. (B) Distribution of pore sizes
after 15, 18, and 19's, showing a typical size of 9 um in a sub-volume shown in (A)—in this sub volume, higher resolution simulations are
performed for a 1 um resolution. Note, typical pores form after about 15 s of irradiation.

accumulation and coalescence of microdefects formed due to the
rupture of chemical bonds. These modifications in the arterial wall
result in an increase in arterial compliance, see Table 4. A post-
irradiation image shows the void formation, see Figure 8A,
indicated by yellow arrows, and the shrinkage in the arterial
wall, which is denoted by blue arrows. Figure 8B shows void
expansion in the arterial wall in the post-irradiation image,
which is denoted by yellow arrows.

3.5.1 Arterial compliance measurements

Pre- and post-irradiation IV-OCT changes in arterial lumen
area and diameter were measured by the longitudinally and
azimuthally aligned pullbacks.
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An increase in lumen area was observed in all radiated arteries,
of different degrees and location, depending on calcium
distribution and specific laser dosimetry (varying from 50 to
300 W/ecm?). An increase in compliance was also observed
throughout the entire irradiated region, as shown in Figure 9.

4 Discussion

Current clinical calcium plaque modification techniques,
including orbital/rotational
lithotripsy and/or shockwave, rely on indirect mechanical or
acoustic energy delivery that is not precisely targeted to specific

atherectomy and intravascular
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FIGURE 7

Calcium crack analysis of pre- and post—-irradiation micro-CT images. (A) Calcium cracking at the laser irradiation site in artery 1. (B) Calcium cracking
at the laser irradiation site in artery 2. (C) Top view of calcium crack at treatment site in artery 1. (D) Top view of calcium crack at treatment site in
artery 2. See Supplementary Information for aligned Micro-CT pullback video.

TABLE 3 Measurement of average calcium thickness and calcium crack width and length.

Femoral Minimum Maximum Calcium arc | Calcium crack | Calcium crack | Arterial lumen
artery calcium calcium thickness width (mm) length (mm) | diameter (mm)
specimen thickness (mm) (mm)

1 0.123 0.702 ~360 0.110 543 5.36

2 0.183 0.54 ~317 0.105 2.164 471

plaque sites, nor can their dosimetry be dynamically controlled  hydroxyapatite (HA), where a small heating leads to
during irradiation. In contrast, the laser-based approach  thermomechanical strain and stress, resulting in the formation
presented here offers some potential advantages of directed  of microcracks at the boundaries of HA areas. For this purpose,
energy delivery to pre-imaged (IV-OCT) calcified regions we use infrared laser radiation absorbed not by collagen but by
through focused optical targeting, overcoming the spatial tissue water.
targeting limitations of conventional acoustic methods and Thus, the novelty of the present approach lies in the targeted
customizable dosimetry that can be adapted in real-time to  modification of the mechanical strength of calcium plaques and
plaque morphology. laser dosimetry (including temporal and spatial radiation and
The present approach differs from other methods based on  laser type) that allows us to achieve this goal. Specifically, the
lithotripsy (destruction) processes, which utilize significant  proposed technique has the potential advantage of targeting a
mechanical or thermal effects. Calcium plaques are modified  specific diseased site in the artery and treatment with a
using stress relaxation processes and the creation of  controlled laser dosage.
microdefects (microcracks) that reduce the mechanical strength The presented mathematical model is useful to better
of hydroxyapatite (calcium plaques), thereby facilitating further =~ understand the effect and mechanism of laser-induced arterial
expansion of the artery at a lower balloon pressure. The basis of  modification. The model predicts spatiotemporal temperature
tissue modification is the process of breaking chemical bonds,  distribution throughout the arterial wall under the influence of
which occurs with laser heating and thermal deformation in  laser radiation. In addition, the dynamics of bond breaking and
heterogeneous calcified arteries. We rely on the large difference  microcracking of calcified tissue, as well as the therapeutic
in thermal expansion coefficients between tissue water and  window for safe and effective laser irradiation, are predicted.
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Pre-treatment Post-treatment

FIGURE 8

Pre- and post-irradiation IV-OCT B-scans at treatment sites (A) artery 3 (B) artery 4. Blue arrow identifies shrinkage of the fibrotic plaque components
(panel A), while the yellow arrow shows new void formation (panel A) or expansion (panel B). See Supplementary Information for aligned IV-OCT
pullback video.

TABLE 4 Pre- and post-irradiation IV-OCT measurements of arteries 3 and 4.

Specimen | Fluence at the treatment Post-irradiation

Lumen area Lumen diameter Lumen area Lumen diameter
(mm?) (mm) (mm?) (mm)

3 250 W/cm? 14.9 16.2
4 300 W/cm? 20.6 5.1 21.6 5.2

Heating and structural modifications of tissues occur during  deformities (12), orthopedics for restoring intervertebral discs
laser irradiation and depend on the optical and thermophysical  (16), and also treating osteoarthritis of the knee joint.
properties of the artery, the size and location of its structural To determine the optimal laser settings, the following laser
components, laser parameters, and exposure time (18, 26). parameters were varied: laser power, laser spot diameter, and
Primary laser dosimetry parameters include the wavelength, exposure time.

power, laser spot diameter, pulse duration, repetition frequency, Model results suggest:
the number of pulses in a pulse sequence, the number of such
sequences, and the time interval between successive sequences. (1) Calculations of the spatiotemporal temperature field for a
The emission wavelength (1,470 nm) of diode laser radiation is calcified artery, which is considered as a multilayered
absorbed by tissue water. Laser dosimetry includes a pulse structure, see Figure 3A, including calcium plaque CP,
duration of 50 ms, a pulse repetition frequency of 5 Hz that is fibrous plaque FP, and the external part of the intact tissue
selected based on preliminary calculations that consider both (AM). This structure approximates the actual complex,
theoretical and experimental results of laser tissue modification heterogeneous structure of a calcified plaque, allowing for
in otolaryngology for correcting nasal septal deformities and the study of the primary features of the laser’s effect on a
shaping calcified costal cartilage implants (11-15). This calcified artery, see Figures 3B,C. Note that due to the
application extends to otoplasty for correcting auricle different optical properties of the various arterial
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FIGURE 9

Measured compliance of the arteries at (2-1) PSI for artery 3 and 4 respectively. An average increase of lumen area of 1 mm? with a maximum
increase of 2.5 mm? is observed in artery 3 (comparing pre -in blue- with post treatment- in yellow), with laser dosimetry that varied from 50 to
300 W/cm?. The largest increase in compliance is reported at the irradiation site corresponding to 300 W/cm?. A similar response of increased

10.3389/fcvm.2025.1652529

compliance over the entire irradiated region is displayed for artery 4.

constituents, the temperatures at the different boundaries

between CP, FP, and AM differ significantly, see Figure 3C.
(2) Figure 4 illustrates a comparison of model results with
experimental radiometric temperature data on the outer
surfaces of arteries 2 and 3, supporting the validity of the
mathematical model.
(3) Figures 5, 6 present the model’s predicted results. Figure 5A
illustrates the spatial distribution of microcracks along the
of the calcified

microcracks are situated at calcified boundaries, and no

various components artery. Most
microcracking in the AM layer of the vessel wall is
5B depicts the of

microcrack sizes. The typical sizes of microcracks range

anticipated.  Figure distribution
from 8 to 10 um, which are difficult to detect using IV-
OCT but sufficient to reduce the mechanical modulus of
the calcium plaque. Microcracks emerge during laser
irradiation, and their number increases rapidly 18s after
the onset of laser treatment. Similar findings regarding
laser-induced microcracking have been previously examined
and reported for cartilage and ocular tissues (13, 16, 22, 27,
28). The mathematical model enables the computation of
internal stress reduction in the calcified artery due to the
formation of microcracks, as shown in Figure 5. Figure 6C
presents the therapeutic window for laser irradiation of
calcified arteries as a function of laser spot size.

Note that the three-dimensional heat spread leads to greater
energy losses and necessitates higher laser dosimetry for the
smaller laser spot diameters used for arteries 3 and 4, as shown
in Table 2. Microcracking occurs at lower power density for
arteries 1 and 2 compared to arteries 3 and 4, due to reduced
thermal energy losses associated with the larger spot diameter.
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Although several processes can lead to non-specific tissue
injury, including denaturation or cracking that may extend to
the external vessel wall, we define an upper limit as the
maximum laser fluence that will prevent water from boiling in
the vessel wall. The mathematical model allows for the
prediction of laser-induced heating, stress relaxation, and
microcracking of arterial calcium plaques, as well as the
therapeutic window for effective and safe laser irradiation of
calcified arteries to enhance their compliance. The predicted
therapeutic laser dosimetry window is sufficiently wide so that
the proposed laser modification approach could be applied to
coronary and peripheral arteries of various diameters. Further
studies are required to translate the proposed laser approach
into coronary arteries that have a higher risk profile.

Calcium in arteries is generally in the form of hydroxyapatite
(29). Hydroxyapatite is considered a brittle material, suggesting
that little or no plastic deformation occurs before the material is
fractured. Cracking was predominantly observed experimentally
with  high
distribution (i.e,, large arc angle), whereas non-calcified or

in arterial segments circumferential ~calcium

minimally calcified regions remained intact. This aligns with
that
distribution in arterial walls, creating localized mechanical

studies demonstrating calcium deposits alter stress
discontinuities (30). In structural mechanics, preloading a brittle
material is known to aid reaching the point of a critical load, a
point beyond which the material fractures. Inflating the balloon
before laser irradiation can aid in preloading the calcium plaque
in the arterial wall and reduce the energy required to reach the
critical load point. Studies report that calcified plaques fracture
at lower pressures when pre-conditioned with mechanical strain
(31). The laser’s photothermal effect could synergize with this
preload, exacerbating crack formation via thermo-mechanical

induced fatigue.
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While controlled cracking may facilitate plaque modification,
thickness)
of image-guided

calcium distribution (arc
the benefit
parameter optimization to avoid complications (e.g., dissections

variability in angle,

underscores potential laser
in non-calcified regions).

Laser irradiation induces localized circumferential expansion
at laser irradiation sites, coinciding with regions of
observed cracking.

Note that the formation of theoretically predicted micron-
sized microcracks cannot be detected using IV-OCT, and the
macrocracks shown in Figure 7 are the result of the coalescence
of numerous small microcracks.

Although an increase in lumen area was observed in irradiated
specimens, therapeutic efficacy can depend on multiple factors.
For example, the wall shear stress impacts the hemodynamics in
the artery and should also be considered. Moreover, in cases
when the artery is stented after an interventional procedure, the
should be
considered and appropriate imaging techniques (eg., IVUS or
IV-OCT) employed (32-34).

Response of the arterial luminal wall to incident radiation was

preparation of the luminal surface carefully

highly dependent on laser dosimetry. A table of compliance
change for each treatment site is presented (Supplementary
Table S3) Although these
preliminary data suggest that higher laser doses can result in

in Supplementary Information.
larger increases in compliance, the trend is not monotonic and
requires additional study. Considering the large heterogeneity in
arterial specimen composition, the variation is not entirely
unexpected. A higher laser dose corresponds to a higher risk of
luminal damage. Achieving an optimal laser dosimetry and proper
position on the Arndt-Schulz inverted U-shaped curve can ensure
the desired therapeutic effect with minimal risk of arterial damage.
Adjacent untreated segments also exhibited increased compliance,
likely due to stress redistribution from the irradiation sites.

Experimental and model results suggest that optimal laser
irradiation parameters must consider both calcium distribution
and local wall thickness to achieve therapeutic benefits while
minimizing long-term non-specific injuries. Future work can
concentrate on computational modeling of stress redistribution
and long-term in vivo studies of vascular remodeling following
laser-induced mechanical alterations. While controlled cracking
may facilitate plaque modification, variability in calcium
distribution (arc angle, thickness) highlights the potential
advantages of image-guided laser dosimetry optimization to
avoid acute complications (e.g., dissections in non-calcified
regions).

A potential advantage of the presented approach over existing
methods using destructive lithotripsy processes is the non-
of
thermomechanical action, which provides stress relaxation and

destructive  modification tissue  through  controlled

microcracks that facilitate further expansion of the artery at
The
microstresses in the arterial wall, however, could induce a

lower balloon pressures. controlled introduction of
pathogenic response. For example, the shear stress distribution
along the luminal walls has long been associated with the

pathogenesis of atherosclerotic plaques. Moreover, Jansen et al.
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(2024) caution that interactions between calcifications, collagen
degradation, and macrophage activity can amplify inflammatory
and thrombotic responses (35, 36). Therefore, any approach
(such as that introduced in this work) to induce microcracks
must carefully balance mechanical remodeling with biological
consequences to avoid exacerbating plaque vulnerability (37).
The ex vivo studies conducted in this paper have obvious
limitations, including the lack of experimental data on the safety
of laser-assisted thermomechanical effects, the limited number
of irradiated arteries with limited variability in plaque thickness
and their spatial distribution. Although semi-compliant balloons
were selected based on internal arterial diameter and the
pressure inside of balloon was limited (4-7 bar), no analysis was
differential effects
angioplasty and laser induced micro-cracking. Side branches in

completed to evaluate the of balloon
the arterial specimens were closed with surgical stutters to
ensure a complete seal. Thus, the arterial specimen could hold
up the pressurization for compliance measurements.

The presented work is an early proof-of-concept study with a
limited number of femoral artery specimens. An extended study
with a statistically relevant sample size is required for further
development and study to make recommendations in relation to
the type and location (peripheral vs. coronary) of atherosclerosis
that are candidates for therapy. Moreover, ex vivo experiments
do not allow making conclusions about the long-term biological
effects of laser irradiation. We have explored the basic principles
of a new approach, the biological application of which will be
evaluated in future in vivo and clinical studies.

There are several reasons why we expect the effectiveness of
thermomechanical ~action on  biological processes in
calcified arteries.

Firstly, it is known that most biological cells, particularly
arterial cells, are sensitive to external mechanical influences. The
Nobel Prize in Physiology or Medicine 2021 was awarded to
Ardem Patapoutian for the discovery of the mechanotransducers
PIEZO1 and PIEZO2, which are activated by mechanical force
and control cell function (38, 39). Modulated laser radiation
enables precise control of the amplitude and frequency of
thermomechanical action, thereby providing an effective tool for
regulating cellular response and function.

Secondly, it is known that restenosis and recalcification in
treated arteries are often associated with residual stress in the
artery (40). Moreover, the presence of a calcium deposit creates
local increases in stress, and peak stress in calcified arteries may

increase risk of plaque rupture (41, 42).

Finally, the successful clinical application of our
thermomechanical approach in spine surgery (16), orthopedics
(17), otolaryngology (13), and ophthalmology (43) have

demonstrated the stability of positive effects with at least a
5-year follow-up.

Therefore, our approach, including laser stress relaxation,
should reduce the likelihood of recalcification, restenosis, and
plaque rupture.

The presented laser intravascular approach might be advanced
by incorporating light-based feedback control in an in vivo model,
together with the development of machine learning algorithms.
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5 Conclusion

A novel diode laser technique applied to fibrocalcific arteries
induces non-destructive calcium modification of the plaque,
resulting in increased vessel compliance and potentially serving
as a minimally invasive method for enhancing blood flow. The
recommended laser dosimetry, based on tested arteries, is
specified for a range of incident laser spot diameters to provide
stress relaxation and promote microcracks without causing
untoward damage to the artery, especially in adventitia and
media layers.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by University of
California Irvine Willed Body Program. The studies were
the
institutional requirements. The human samples used in this

conducted in accordance with local legislation and

study were acquired from gifted from another research group.
Written informed consent for participation was not required
from the participants or the participants’ legal guardians/next of

kin in accordance with the national legislation and
institutional requirements.
Author contributions

SR: Formal analysis, Investigation, Methodology,

Visualization, Writing - original draft, Writing - review &
editing. NV: Formal Methodology,
Visualization, Writing - original draft, Writing - review &

analysis, Investigation,
editing. JK: Data curation, Formal analysis, Investigation,
Methodology,
Writing - review & editing. YA: Formal analysis, Validation,

Visualization, Supervision, Conceptualization,
Writing - original draft, Writing - review & editing. GG:
Conceptualization, Supervision, Validation, Writing - review &
editing. AG: Formal analysis, Software, Visualization, Writing -
original draft. JJ: Investigation, Methodology, Writing - review
& editing. FM: Formal

Writing - original draft. DV: Investigation, Methodology,

analysis, Software, Visualization,
Writing - review & editing. VV: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing -
draft, & TM:

Conceptualization, Funding acquisition, Project administration,

original Writing review editing.

Frontiers in Cardiovascular Medicine

15

10.3389/fcvm.2025.1652529

Resources, Supervision, Writing - original draft, Writing -
review & editing. ES: Conceptualization, Funding acquisition,
Project administration, Supervision, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. The authors
declare that this study received funding from Terra Quantum
AG. The funder was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article, or the
decision to submit it for publication.

Conflict of interest

TM is a co-founder and shareholder of MS Pen Technologies.

ES, VV, YA, AG are employed by Terra Quantum AG.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.
1652529/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2025.1652529/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1652529/full#supplementary-material

Rajebahadur et al.

References

1. World Health Organization. Cardiovascular diseases (CVDs) fact sheet (2021).
Available online at: https://www.who.int/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds) (Accessed June 15, 2020).

2. Strauss HW, Nakahara T, Narula N, Narula J. Vascular calcification: the evolving
relationship of vascular calcification to major acute coronary events. ] Nucl Med.
(2019) 60(9):1207-12. doi: 10.2967/jnumed.119.230276

3. Riley RF, Patel MP, Abbott JD, Bangalore S, Brilakis ES, Croce KJ, et al.
SCAI expert consensus statement on the management of calcified coronary
lesions. J Soc Cardiovasc Angiogr Interv. (2024) 3(2):101259. doi: 10.1016/j.jscai.
2023.101259

4. De Maria GL, Scarsini R, Banning AP. Management of calcific coronary artery
lesions: is it time to change our interventional therapeutic approach? JACC
Cardiovasc Interv. (2019) 12(15):1465-78. doi: 10.1016/j.jcin.2019.03.038

5. Kaul A, Dhalla PS, Bapatla A, Khalid R, Garcia J, Armenta-Quiroga AS, et al.
Current treatment modalities for calcified coronary artery disease: a review article
comparing novel intravascular lithotripsy and traditional rotational atherectomy.
Cureus. (2020) 12(10):e10922. doi: 10.7759/cureus.10922

6. Radaideh Q, Shammas NW, Shammas W], Shammas GA. Shockwave ™
lithoplasty in combination with atherectomy in treating severe calcified
femoropopliteal and iliac artery disease: a single-center experience. Cardiovasc
Revasc Med. (2021) 22:66-70. doi: 10.1016/j.carrev.2020.06.015

7. Vadala G, Galassi AR, Nerla R, Micari A. Shockwave intravascular lithoplasty for
the treatment of calcified carotid artery stenosis: a very early single-center experience.
Catheter Cardiovasc Interv. (2020) 96(6):E608-13. doi: 10.1002/ccd.28963

8. Olatunji G, Kokori E, Aboje J, Mohammed S, Asifat O, Isarinade DT, et al.
Excimer laser coronary angioplasty: a mini-narrative review of clinical outcomes.
Egypt Heart ]. (2024) 76(1):129. doi: 10.1186/s43044-024-00561-8

9. Maghfour J, Mineroff ], Ozog DM, Jagdeo ], Lim HW, Kohli I, et al. Evidence-
based consensus on the clinical application of photobiomodulation. ] Am Acad
Dermatol. (2025) 93(2):429-43. doi: 10.1016/j.jaad.2025.04.031

10. Essa RZ, Chew MT, Bradley DA, Peh SC, Teow SY. The effects of low-dose non-
ionizing and ionizing radiation on wound healing and cancer. In: Rezaei N, editor.
Cancer Treatment: An Interdisciplinary Approach. Cham: Springer Nature
Switzerland (2023). p. 287-322.

11. Helidonis E, Sobol E, Kavvalos G, Bizakis J, Christodoulou P, Velegrakis G,
et al. Laser shaping of composite cartilage grafts. Am ] Otolaryngol. (1993)
14(6):410-2. doi: 10.1016/0196-0709(93)90115-N

12. Sobol E, Sviridov A, Omel’chenko A, Bagratashvili V, Kitai M, Harding SE, et al.
Laser reshaping of cartilage. Biotechnol Genet Eng Rev. (2000) 17(1):553-78. doi: 10.
1080/02648725.2000.10648005

13. Sobol E, Valery S, Emmanuel H. Chapter 15: Cartilage reshaping of the nose. In:
Wong BJ, Iigner J, editors. Biomedical Optics in Otorhinolaryngology: Head and Neck
Surgery. New York, NY: Springer (2016).

14. Ovchinnikov Y, Sobol E, Svistushkin V, Shekhter A, Bagratashvili V, Sviridov A.
Laser septochondrocorrection. Arch Facial Plast Surg. (2002) 4(3):180-5. doi: 10.
1001/archfaci.4.3.180

15. Baum OI, Soshnikova YM, Sobol EN, Korneychuk AY, Obrezkova MYV,
Svistushkin VM, et al. Laser reshaping of costal cartilage for transplantation. Lasers
Surg Med. (2011) 43(6):511-5. doi: 10.1002/lsm.21077

16. Baskov A, Borshchenko IA, Baskov V, Shekhter A, Sobol E. Laser
reconstruction of spinal discs experiments and clinic. Appl Sci. (2022) 12(2):675.
doi: 10.3390/app12020675

17. Sobol EN, Shekhter AB, Baskov AV. Lasers in orthopaedic surgery. In: Jelinkova
H, editor. Lasers for Medical Applications: Diagnostics, Therapy and Surgery.
Cambridge: Woodhead Publishing (2013). p. 628-58.

18. Sobol EN, Kitai MS, Jones N, Sviridov AP, Milner T, Wong BJ. Heating and
structural alterations in cartilage under laser radiation. IEEE ] Quantum Electron.
(1999) 35(4):532-9. doi: 10.1109/3.753657

19. Zhao S, Wang H, Zou J, Zhang A. A coupled thermal-electrical-structural
model for balloon-based thermoplasty treatment of atherosclerosis. Int
] Hyperthermia. (2023) 40(1):2122597. doi: 10.1080/02656736.2022.2122597

20. Liu D, Brace CL. Numerical simulation of microwave ablation incorporating
tissue contraction based on thermal dose. Phys Med Biol. (2017) 62(6):2070-86.
doi: 10.1088/1361-6560/aa5de4

21. Park CS, Liu C, Hall SK, Payne SJ. A thermoelastic deformation model of tissue
contraction during thermal ablation. Int ] Hyperthermia. (2018) 34(3):221-8. doi: 10.
1080/02656736.2017.1335441

22. Sobol E, Baum O, Shekhter A, Wachsmann-Hogiu S, Shnirelman A,
Alexandrovskaya Y, et al. Laser-induced micropore formation and modification of

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2025.1652529

cartilage structure in osteoarthritis healing. J Biomed Opt. (2017) 22(9):091515.
doi: 10.1117/1.JBO.22.9.091515

23. ShnireI'man Al, Sobol EN, Bagratashvili VN. A new mechanism for stress
relaxation in cartilaginous tissue upon laser heating. Laser Phys. (2004)
14(3):404-8. doi: 10.1078/s1054-660x(04)00067-1

24. Thomas MR, Scheraga HA, Schrier EE. A near-infrared study of hydrogen
bonding in water and deuterium oxidel. J Phys Chem. (1965) 69(11):3722-6.
doi: 10.1021/j100895a011

25. CardioFocus, Available online at: https://www.accessdata.fda.gov/cdrh_docs/
pdf15/P150026¢.pdf (Accessed January 22, 2025).

26. Sobol EN. Phase transformations and ablation in laser-treated solids (1995).

27. Estrada H, Sobol E, Baum O, Razansky D. Hybrid optoacoustic and ultrasound
biomicroscopy monitors’ laser-induced tissue modifications and magnetite
nanoparticle impregnation. Laser Phys Lett. (2014) 11(12):125601. doi: 10.1088/
1612-2011/11/12/125601

28. Baum OI, Sobol EN, Bolshunov AV, Fedorov AA, Khomchik OV, Omelchenko
Al et al. Microstructural changes in sclera under thermo-mechanical effect of 1.56
pm laser radiation increasing transscleral humor outflow. Lasers Surg Med. (2014)
46(1):46-53. doi: 10.1002/1sm.22202

29. Mohan J, Shams P, Bhatti K, Zeltser R. Coronary artery calcification. In: Shams P,
editor. StatPearls. Treasure Island, FL: StatPearls Publishing (2024). Available onlinbe at:
https://www.ncbi.nlm.nih.gov/sites/books/NBK519037/ (Accessed June 4, 2025).

30. Lawn BJ. Fracture of brittle solids (1993). p. 194.

31. Fujino A, Mintz GS, Lee T, Hoshino M, Usui E, Kanaji Y, et al. Predictors of
calcium fracture derived from balloon angioplasty and its effect on stent expansion
assessed by optical coherence tomography. JACC Cardiovasc Interv. (2018)
11(10):1015-7. doi: 10.1016/j.jcin.2018.02.004

32. Voskuil M, van Liebergen RA, Albertal M, Boersma E, Tijssen JG, Serruys PW,
et al. Coronary hemodynamics of stent implantation after suboptimal and optimal
balloon angioplasty. ] Am Coll Cardiol. (2002) 39(9):1513-7. doi: 10.1016/S0735-
1097(02)01793-X

33. Wong KK, Wang D, Ko JK, Mazumdar ], Le TT, Ghista D. Computational
medical imaging and hemodynamics framework for functional analysis and
assessment of cardiovascular structures. Biomed Eng Online. (2017) 16(1):35.
doi: 10.1186/s12938-017-0326-y

34. Ikari Y, Sugano T, Ogata N, Sonoda S, Nakazato K, Ako J, et al. Device
indication for calcified coronary lesions based on coronary imaging findings.
Cardiovasc Intervention Ther. (2025) 40(4):733-5. doi: 10.1007/s12928-025-01179-6

35. Jansen I, Crielaard H, Wissing T, Bouten C, Gijsen F, Akyildiz AC, et al. A
tissue-engineered model of the atherosclerotic plaque cap: toward understanding
the role of microcalcifications in plaque rupture. APL Bioeng. (2023) 7(3):036120.
doi: 10.1063/5.0168087

36. Jansen I, Cahalane R, Hengst R, Akyildiz A, Farrell E, Gijsen F, et al. The
interplay of collagen, macrophages, and microcalcification in atherosclerotic plaque
cap rupture mechanics. Basic Res Cardiol. (2024) 119(2):193-213. doi: 10.1007/
500395-024-01033-5

37. Roy T, Ray AG, Bandyopadhyay A. Atherosclerosis is the outcome of adaptive
complexity in the arterial endothelial microenvironment. Mukhopadhyay S, Mondal
S, editors. Metabolic Syndrome: From Mechanisms to Interventions. London:
Academic Press (2023). p. 259-77. doi: 10.1016/B978-0-323-85732-1.00081-5

38. Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S, Petrus M]J, et al. Piezol and
Piezo2 are essential components of distinct mechanically activated cation channels.
Science. (2010) 330(6000):55-60. doi: 10.1126/science.1193270

39. Coste B, Delmas P. PIEZO ion channels in cardiovascular functions and
diseases. Circ Res. (2024) 134(5):572-91. doi: 10.1161/CIRCRESAHA.123.322798

40. Doriot PA, Dorsaz PA. Residual stenosis poststenting and subsequent decrease
in the proximal reference diameter are correlated: excessive axial wall stress is a
plausible explanation. J Endovasc Ther. (2004) 11(3):310-8. doi: 10.1583/03-1109.1

41. Cheng GC, Loree HM, Kamm RD, Fishbein MC, Lee RT. Distribution of
circumferential stress in ruptured and stable atherosclerotic lesions. A structural
analysis with histopathological correlation. Circulation. (1993) 87(4):1179-87.
doi: 10.1161/01.CIR.87.4.1179

42. Hoshino T, Chow LA, Hsu JJ, Perlowski AA, Abedin M, Tobis J, et al.
Mechanical stress analysis of a rigid inclusion in distensible material: a model of
atherosclerotic calcification and plaque vulnerability. Am ] Physiol Heart Circ
Physiol. (2009) 297(2):H802-10. doi: 10.1152/ajpheart.00318.2009

43. Baum O, Sobol E, Bolshunov A, Khomchik O, Zheltov G. Laser-induced
hypotensive effect in treatment of the resistant open-angle glaucoma. Optical
Interactions With Tissue and Cells XXXII, Vol. 11640. SPIE (2021). p. 50-5.

frontiersin.org


https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://doi.org/10.2967/jnumed.119.230276
https://doi.org/10.1016/j.jscai.2023.101259
https://doi.org/10.1016/j.jscai.2023.101259
https://doi.org/10.1016/j.jcin.2019.03.038
https://doi.org/10.7759/cureus.10922
https://doi.org/10.1016/j.carrev.2020.06.015
https://doi.org/10.1002/ccd.28963
https://doi.org/10.1186/s43044-024-00561-8
https://doi.org/10.1016/j.jaad.2025.04.031
https://doi.org/10.1016/0196-0709(93)90115-N
https://doi.org/10.1080/02648725.2000.10648005
https://doi.org/10.1080/02648725.2000.10648005
https://doi.org/10.1001/archfaci.4.3.180
https://doi.org/10.1001/archfaci.4.3.180
https://doi.org/10.1002/lsm.21077
https://doi.org/10.3390/app12020675
https://doi.org/10.1109/3.753657
https://doi.org/10.1080/02656736.2022.2122597
https://doi.org/10.1088/1361-6560/aa5de4
https://doi.org/10.1080/02656736.2017.1335441
https://doi.org/10.1080/02656736.2017.1335441
https://doi.org/10.1117/1.JBO.22.9.091515
https://doi.org/10.1078/s1054-660x(04)00067-1
https://doi.org/10.1021/j100895a011
https://www.accessdata.fda.gov/cdrh_docs/pdf15/P150026c.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf15/P150026c.pdf
https://doi.org/10.1088/1612-2011/11/12/125601
https://doi.org/10.1088/1612-2011/11/12/125601
https://doi.org/10.1002/lsm.22202
https://www.ncbi.nlm.nih.gov/sites/books/NBK519037/
https://doi.org/10.1016/j.jcin.2018.02.004
https://doi.org/10.1016/S0735-1097(02)01793-X
https://doi.org/10.1016/S0735-1097(02)01793-X
https://doi.org/10.1186/s12938-017-0326-y
https://doi.org/10.1007/s12928-025-01179-6
https://doi.org/10.1063/5.0168087
https://doi.org/10.1007/s00395-024-01033-5
https://doi.org/10.1007/s00395-024-01033-5
https://doi.org/10.1016/B978-0-323-85732-1.00081-5
https://doi.org/10.1126/science.1193270
https://doi.org/10.1161/CIRCRESAHA.123.322798
https://doi.org/10.1583/03-1109.1
https://doi.org/10.1161/01.CIR.87.4.1179
https://doi.org/10.1152/ajpheart.00318.2009

	Increasing arterial compliance by laser modification of fibro-calcific plaques
	Introduction
	Experimental methods and theoretical model
	Protocol
	Arterial specimen acquisition and storage
	Porcelain bead fiducial markers for micro-CT and IV-OCT imaging

	Experimental setup for laser irradiation of arterial specimens
	Micro-CT and IV-OCT imaging
	Pre- and post-irradiation IV-OCT and micro-CT image alignment

	Theoretical model
	Laser dosimetry

	Arterial compliance measurement

	Results
	Computed spatial-temporal temperature in ex vivo arterial specimens
	Measured and computed radiometric temperature response profiles
	Computed laser dosimetry and stress relaxation
	Calcium plaque cracking
	Structural and arterial compliance changes in response to laser irradiation
	Arterial compliance measurements


	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


