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Therapeutic Laser Applications

This group focuses on the use of lasers in surgery or in other treatments of
disease. This includes the use of lasers as surgical tools for tissue cutting,
welding, and coagulation, as well as the use of optics to initiate cell-damaging
photochemical reactions for the treatment of diseases such as cancer. In
addition, optics, spectroscopy. and imaging provide unigue tools that may
allow real-time diagnostics of the efficacy of clinical procedures. For many of
these applications, the development of optical tools for appropriate light
delivery, especially for fiber-based or endoscopic delivery to tissues that are not directly accessible, is critical.
In addition, this group emphasizes basic science studies of the mechanisms by which light can affect tissue in
adverse or therapeutic ways.
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Biophotonics laboratory

Laser correction of eye
refraction and treatment of
glaucoma

Laser-induced regeneration of cartilage

cartilage degradation
using magnetic
nanoparticles
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Why do we need laser stimulation of cartilage?
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Blood supply to cartilaginous tissue is strongly limited. Cartilage does not contain

blood vessels. Oxygen and nutrients diffuse through small nanometer pores from
synovial fluid.




Why do we need laser stimulation of cartilage?

*Cartilaginous chondrocytes have slow metabolism and lack of oxygen and nutrients

*The natural restoration potentials of cartilage are limited

*According to World Health Organization report more than 40% of population are
susceptible to joint diseases. With age, every second inhabitant of the Earth suffers from
arthritis and osteoarthritis of varying severity.

Osteoarthritis stages
classification given by
Internationa Cartilage
Regenerative Society
(ICRS)

Nowadays there is no common effective approach for
cartilage treatment!




Methods of cartilage regeneration

Common clinical practice Under development

Pain relief

Surgical
intervention

Non-steroidal
anti-inflammatory
drugs

Bone marrow stimulation

Autoimplantation of

Corticosteroids

Joint tissue

Implantation

Interstitial injections

) stem cells and
activated chondrocytes

Low level light and
ultrasound therapy

Joint replacement

Tissue
engineering

Infrared Laser
stimulation

Natural and
artificial
scaffolds (frames)

Scaffold seeding with
activated cells

Stimulation of
chondrogenesis:
- mechanical
- hypoxia induced
- biomarkers




Types of laser stimulation of cartilage regeneration

Thermomechanical (TM)

Lasers of Infrared range
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Thermal and mechanical effect

Laser Phys. Lett., 2018, 15, 085601

Low level light (LLL)

Lasers of visible and near infrared

The mitochondrion electron transport chain,
https://en.wikipedia.org/wiki/Electron_transport_chain

Photochemical reactions?




Light-matter interaction

fluorescence

backscattering scattering
[

A [T absorption transmission
radiation

reflection

The light effect depends on which process is dominant for particular
wavelength and type of material




Biological tissues

Biological tissues are “turbid” media rich with water and different
kind of scatterers, such as cells, organelles, collagen fiber, lipids,
etc.

The action of light on biological tissue depends on the presence of
specific absorbers and chosen wavelength
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Spectra of main light absorbers in tissue
J Biomed Opt. 2015 Mar;20(3):030901.




IR light interaction with cartilage
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As cartilage does not
contain blood vessels,
the principal absorber of
infrared light is water
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Water spectrum in infrared range.
Absorption increases in 108 times from visible to far infrared!




Heat effect

Absorbed infrared light
activates vibrational
states of molecules, so
it “promotes” the motion
within the tissue, thus,
the incoming LIGHT
energy transforms into

HEAT




Temperature dynamics under IR laser exposure

= Cartilage with absorbing nanoparticles
= Cartilage
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J Biophotonics, 2017, doi: 10.1002/jbio.201700105

Careful optimization of laser wavelength, power and exposure time
IS needed not to overheat the tissue




Mechanical effect of IR laser exposure

Laser irradiation can be
applied locally using
optical fiber or emitter of
arbitrary shape and size
developed for certain
medical purpose.
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The resulted
temperature field is non-
uniform

Non-uniform temperature field causes
the non-uniform field of mechanical
stress

Laser Phys. Lett., 2018, 15, 085601




Mechanical stimulation of cartilage regeneration

Mechanical load bearing is a natural function of articular cartilage

Compression

Fluid flow

Dynamic mechanical compression activates many processes such
as fluid flow, deformation of cells, hydrostatic gradients, electrical
streams, convective transport.




Mechanical stimulation of cartilage regeneration

As a result of mechanical stimulation of physiological amplitude 5 — 20 MPa and

frequency 1 Hz the pronounced synthetic activity of chondrocytes can be
achieved.

IR laser effect is capable of generating the same mechanical fields and
additionally promote liquid flow caused by heating and formation of pores

Atomic force microscopy
visualization of laser-
induced micropores in
cartilage (a-before
irradiation, b — after
irradiation) and their
distribution along green line
(below, c-d)

J Biomed Opt, 2017, Ne22, 9, 91515




Thermomechanical laser effect on isolated cells

Chondrocyte cultures

3 days
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Synthetic activity of the cells after irradiation

™™ 5% O
0 M2 Thermomechanical laser

has a stimulating effect in
hypoxia.

The optimal frequency of
TM exposure is 1 Hz

Proteoglycan accumulation, rel.u.

" Control 0.5 Hz 1 Hz

LLL 20% O, Low level laser has a
stimulating effect in the
conditions of normoxia.
The accumulation of
n—— [ proteoglycan increases
I J with increasing frequency
Control Continuous " of exposure

i i Laser Phys. Lett., 2018, 15, 085601

Proteoglycan accumulation, rel.u




Thermomechanical laser effect on living tissue

(a) Non-irradiated defect. filled with fibrous
tissue (FT )and fibrous cartilage (FC); residuary
hyaline cartilage HC is below;

(b) The common view of the laser-irradiated
defect (between the arrows) after 2 months. In
the center of the defect, there is a noticeable
chondrocyte proliferation., 100Xx.

(c)—(e) The images taken 2 months

after the laser treatment. (c) Transformation of
chondrocytes: isogenous groups IG
(multicellular clones)

(d) Growing HC substitutes FC, 400x

(e) Intermediate fibro-HC (in the centrum),
400X,

(f) Completely recovered HC and lamina
splendid (marked with the arrow) in 3 months
after laser treatment of articular cartilage
defect, 200

J Biomed Opt, 2017, Ne22, 9, 91515




Histology of the laser irradiated costal cartilage implants

Phase contrast image.

1- hyaline cartilage with the homogenous
matrix and large chondrocytes;

2 — fibrous cartilage;

3 — fibro-hyaline cartilage with the smaller
chondrocytes in discrete lacunas and the
typical fibrous structure of matrix.

Crosscut of laser irradiated implant, H&E,x100.
Hyaline cartilage and pronounced manifestations
of regeneration processes are seen. The structure
of implant contains the increased number of
isogenous groups of chondrocytes in an area
(marked with the dashed line) which was adhered
to the native cartilage.

In the experimental groups with laser irradiation in more than 1/3 of the cases
regeneration was more pronounced and manifested as the formation of
multicellular clones — isogenic groups.




Clinical application of laser-induced regeneration

Thermomechanical Low level light

| Non-invasive
i high-repititive

pulsed laser

Proc. SPIE 2009, 7179, 71790B 7 : m&ﬂﬂ

Tissue irradiation with a fiber laser

® |ntervertebral disc regeneration: more
than 3000 operations in Russia, the
beginning of clinical trials in the USA

® Regeneration of the knee: clinical trials in
Russia, more than 20 operations on
patients

Physiotherapy to reduce
inflammation, pain, support basic
therapy




Laser reconstruction of interverbal disc (LRD)

Low-invasive fiber-assisted
procedure;

& General view of

the equipment
Proc. SPIE 2009, 7179, 71790B

Dynamics of MRI examination results for a patient
before and after LRD.

A — Before LRD. Degenerative structure of the L4-L5
disc is visible.

B - One year after LRD. There are no visible changes at
MRI image, whereas the patient has demonstrated
significant pain relief.

C — Two years and three months after LRD. Note
increase of T2 signal.

D - Five and a half years after LRD.

Evident signs of reparation of the disc are visible: note
increase of the disc height and reparation areas in the
disc.

Baskoy, et al., J Spine 2015, 4:1




Laser reconstruction of articular cartilage

Irradiation of joint cartilage
can be performed with

3 mm laser contactor
during arthroscopy or
through 400-600 um

optical fiber under
ultrasound visualization
control

In six month after laser irradiation of

femoral joint defect (left) the

cartilage layer became smoother thermocouples
and increased in 1 mm (right)

Quantum Electron., 47:10 (2017), 935-941 Laser contactor for cartilage irradiation




Conclusions

Thermomechanical laser stimulation of cartilage is a new perspective tool
for repair of degraded tissue

It has completely different mechanism from well-known low level light
stimulation and is based mainly on physical principles of interaction of
infrared light with water-rich tissue

Laser technique of thermomechanical stimulation of cartilage is minimally
invasive, which makes it very promising for hard-to-reach joint cartilages,
like knee, femoral and facet joints

Better understanding of biophysical mechanisms of stimulation will
contribute to extension of possible applications of this technique to other
types of tissues and cells.
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