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The analysis of the physical bases, features of the design and clinical application of diode lasers (laser scal-
pels) in surgical practice, mechanism of action of a laser scalpel, which is based on the fact that the energy of a
monochromatic coherent light beam sharply increases the temperature at the corresponding limited area of bio-
logical tissue, is carried out in the work. It is shown that under the effect of laser radiation the tissue is de-
stroyed by the influence of a kind of shock wave, which is formed during the instantaneous transition of tissue
fluid to a gaseous state. The surgical action of laser radiation depends on the wavelength, pulse duration, struc-
ture, and physical properties of the tissue. When calculating the results of laser heating of tissue it is necessary
to take into account that optical, mechanical and thermal properties of tissue change in the course of its laser
heating and are observed not separately, but in a complex. This is due to the heterogeneity of the tissue heating
and the temperature gradients. The depth of incision of breast tissue was estimated by a laser scalpel "Lika-
surgeon" (Ukraine), which is used for treatment of nodal formations of breast or residual cystic cavities with a
fixed instrument. The depth of the hole changes inversely proportional to the size of the irradiated area, which

is in good agreement with the experimental data.
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1. INTRODUCTION

Finding and developing methods for reducing trauma,
blood loss and pain during surgery to accelerate the
healing of postoperative wounds and resection of scars are
important tasks of modern surgery, which is facilitated by
the use of laser [1-3], ultrasonic [4-6] and radio waves [7]
technologies in medicine. The nature of tissue destruction
under the action of a surgical instrument depends on the
structure of its working part, the amplitude and direction
of a particular type of waves, as well as on the properties
and homogeneity of biological tissue.

Semiconductor diode laser is an electronic system
based on laser diode matrix, which emits light of a well-
defined wavelength. This is a relatively new technology
with many advantages. Two plates of semiconductor
materials with different types of conductivity (electronic
and hole) are in contact with each other. Transmission of
electric current in the forward direction stimulates the
movement of electrons from the n-plate to the p-n
junction. By getting into the p-plate, electrons collide
with atoms and release light photons. This process
avalanches until a laser beam directed perpendicular to
the plates is formed.

A feature of diode lasers (laser scalpels) is the location
of the emitting element in the control handle, and not in
the device itself. This provides several important ad-
vantages at once such as minimal energy loss, because the
laser diode blocks (diode matrix) are usually located in the
handle of the device, there is no need to use a complex
system of mirrors or optical fibers to deliver radiation.

This results in significantly lower energy losses com-
pared to crystalline or gas lasers in which radiation is
generated in the device itself, high efficiency (amounts to
30 % ) [8]. For comparison, Nd:YAG laser — about 3 %,
COz laser — 5-15 %, fiber lasers — up to 20 %.

The purpose of this paper was to analyze the physical
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basis, to describe the clinical application of diode laser
for surgical influence on soft biological tissues and to
evaluate the dependence of the depth of cut on the laser
beam diameter.

2. PHYSICAL ASPECTS OF THE LASER
SURGERY METHOD

In the treatment of benign breast dysplasia we used
a laser scalpel "Lika-surgeon" (Ukraine) for the surgical
treatment of nodular breast or residual cystic cavities.
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Fig. 1 - Structure of a diode laser (a); processes in biological
tissue under the influence of laser radiation (b): 1 — reflection;
2 — absorbtion; 3 — transmission, 4 — scatter

When calculating the results of laser tissue heating, it
must be taken into account that the optical, mechanical
and thermal properties of the tissue change during its
laser heating. In particular, the rate of tissue absorp-
tion increases sharply with carbonization. As a result,
the temperature reached in the area of influence near
the surface increases sharply, and the heating process
becomes purely nonlinear. Acceleration of heating (on the
surface) usually occurs also during tissue dehydration.
This is due to a decrease in thermal conductivity during
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dehydration, which reduces heat removal from the irra-
diated region. All considered types of changes in biologi-
cal tissue are usually observed not separately, but in a
complex. This is due to the heterogeneity of tissue heat-
ing and the presence of temperature gradients.

At temperatures above 43 °C, protein molecules are
irreversibly damaged (denature), the tissue dies, un-
dergoing thermal coagulation; at temperatures above
100 °C, evaporation of water begins; at temperatures
above 300 °C, combustion occurs with the release of
combustion products and their deposition on the sur-
face of the crater.

The destruction of tissue by forming a crater, hole,
or incision during laser operation is called ablation,
and the conditions under which it occurs are called the
ablation mode of the laser. At low radiation power and
short-term exposure, tissue heating is insignificant and
only coagulation or melting occurs (subablative mode).

The mechanism of action of the laser scalpel is
based on the fact that the energy of a monochromatic
coherent light beam sharply increases the temperature
in the corresponding limited area of the body and leads
to its instantaneous combustion and evaporation. In
this case, the thermal effect on the surrounding tissues
spreads over a very small distance, since the width of
the focused beam is 0.1-0.9 mm. Under the influence of
laser radiation, “explosive” destruction of tissue under
the action of a peculiar shock wave, which occurs when
the tissue fluid instantly transitions to a gaseous state,
takes place. Features of the biological effect of laser
radiation depend on a number of its characteristics
such as wavelength, pulse duration, tissue structure,
physical properties of the tissue (Fig. 2).
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Fig. 2 — Experimental dependences of the output optical
power of a diode laser versus the working wavelength of laser
radiation with stepwise adjustment of power

Radiation from a surgical laser causes damage or
death of living tissues, and with a sufficiently high
density of absorbed energy — tissue ablation. The term
«ablation» means the removal of a substance from the
body surface.

The ablation mechanism and its parameters are de-
termined by: radiation characteristics (wavelength A,
time duration 7, power W, etc.); physical and structural
properties of the tissue (ratio of liquid and dense com-
ponents, physicochemical composition, thermal sensi-
tivity of cells and macromolecules, tissue blood supply,
etc.); optical and thermophysical properties of the tis-
sue (reflection coefficient, absorption and scattering in
the tissue, its heat capacity and thermal conductivity).
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The interaction of laser radiation with biological
tissue, including its ablation, is one of the fundamental
and intensively studied problems [8-12], although not
yet completely resolved. It is despite the fact that at
the present stage of medicine development, diode lasers
are widely used in surgery, including for the treatment
of benign breast diseases (see, for example [13, 14]).

Based on numerous studies of the interaction of la-
ser radiation with biological tissue, four interaction
mechanisms can be distinguished, which differ from
each other by the characteristics of the processes.
These mechanisms can be considered (depending on the
power of exposure), both above and below the threshold
for tissue ablation. We will call these modes, respec-
tively, the ablative mode of radiation exposure and the
subablative mode. Both these modes are effectively
used in modern laser surgery.

Non-contact application. In this case, the laser ra-
diation reaches biological tissue using the radiation
delivery system without touching biological tissue. How
delivery systems are used: mirror-lens manipulators or
fiber optics. The radiation passing through the delivery
system focuses on a spot whose diameter is less than
the diameter of the fiber. The fiber does not ensure the
preservation of coherence and collimation of the beam,
and the radiation leaves it at a rather large angle of
divergence.

Contact application. In the contact method, the op-
tical fiber used to deliver the radiation is in contact
with the tissue. How optical devices are used: research
probes, manual applicators can be gas and liquid
flushed, focusing manipulators, endoscopes, operating
microscopes.

A typical combination: a mirror-lens manipulator
and an operating microscope. The manipulator pro-
vides the ability to move the beam along the surgical
field within a few centimeters. Radiation is focused in
all radiation delivery systems. With surface coagula-
tion or coagulation of small vessels, the use of a defo-
cused beam is more preferable.

The size of the laser spot can be changed by chang-
ing the focal length of the focusing lens or by varying
the distance from the lens to the tissue surface.

You can work in a converging or diverging beam.
When working in a converging beam with weak absorp-
tion, greater uniformity of the radiation power density
over the tissue depth can be ensured (a decrease in the
radiation power density due to attenuation during ab-
sorption is compensated by its increase due to focus-
ing). However, if the change in radiation power density
is difficult to control, it is best to work in a diverging
beam to avoid undesirably high energy densities. When
working in a converging beam, it is necessary to take
into account that the optical refractive index of biologi-
cal tissue is greater than that of air; therefore, the fo-
cus in the tissue is deeper than in air.

Optical fiber can be used for endoscopic purposes.
Liquid or gas cooling of the fiber tip is often used.
When using fiber, its tip is of fundamental importance.
Various options are possible: flat end (bare fiber); in
the form of a focon (provides a large divergence); with a
«hot» tip — a metal cap, in the center of which a hole is
sometimes made through which part of the radiation
reaches the tissue. The tip converts light energy into
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heat (there is no optical energy transfer, heat is trans-
ferred by heat conduction), sapphire tips (spherical,
cylindrical for coagulation, conical for dissection). Sap-
phire is transparent for a wide range of wavelengths,
physiologically neutral, resistant to acids and alkalis,
has a high melting point (~ 2000 °C) and very high
thermal conductivity among non-metals. Sapphire tips
are attached to the end of the fiber.

They change the characteristics of the laser radiation
emerging from the fiber and add the evaporation effect to
the coagulation effect. The pointed sapphire tips highly
concentrate the radiation and are therefore used to dis-
sect tissue. When using rounded tips, a uniform distri-
bution of radiation is achieved, and subsequent coagula-
tion is ensured. The use of cylindrical sapphire tips with
a flat base is effective for achieving hemostasis.

3. RESULTS AND DISCUSSION

We estimated the depth of incision of the breast tis-
sue with a fixed tool that works for a certain time laser
scalpel "Lika-surgeon".

The energy spent on heating the tissue and its
evaporation is equal to

E= m(cAT +L) = ﬂ'dzh(pCAT+L) =P, 7,

where d is the beam diameter; A is the cut depth; AT is
the the difference between the evaporation temperature
and the initial tissue temperature; p is the density; c is
the specific heat; L is the specific energy of tissue evap-
oration; (pcAT + L) = 2256 kd/kg; Pabs = nPei = 0.3Pe is
the power absorbed by tissue; Pe is the electrical laser
power; ris the laser beam time.

Then the fabric is cut in depth

_ nPyr
7d®(peAT +L)

The results are shown in Fig. 3.

h, mm laser fiber

N N
25

=

2 L
15 +

1 L
05

0

0 0,2 0.4 06 0.8 d, mm

Fig. 3 — Experimental dependence of the cutting depths versus
the diameter of the laser beam at a wavelength A= 980 nm
and time of laser exposure 7=5s
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Thus, when using the same laser unit, when irradi-
ating the same tissue (7, P, 7, p, ¢, AT, L =idem), the
hole depth will change inversely proportional to the
size of the irradiated region. In surgery, the incision
depth is inversely proportional to the beam diameter.
This is a good agreement with the experimental data.

Fig. 4 shows sonograms of benign breast diseases
that are treated with the help of laser radiation.

¢ d

Fig. 4 - Sonograms: a — breast fibroadenoma; b — large cyst of
the breast; ¢ — multiple breast cysts and d — the breast tissue
example after 3 months after surgical laser removal of benign
fibroadenoma and cysts

4. CONCLUSIONS

1. Laser excision is the best way to treat those pa-
tients who have neoplasms. This is mainly due to the
features of the laser diode scalpel: bleeding decreases,
blood vessels coagulate, ablation properties increase.
Thanks to the laser beam, there is no physical effect on
the tissue, because of this, the feeling of pressure de-
creases, negative emotions decrease, and so on. The laser
scalpel guarantees the highest invasiveness and the
highest degree of sterility.

2. The scalpel inflicts minimal trauma on the tissues,
which means that a smooth postoperative course is guar-
anteed. The period after the operation takes place without
the occurrence of severe inflammation.

3. We estimated the depth of incision of the breast tis-
sue with a fixed instrument at a wavelength 1 =980 nm
under the action of laser radiation for 5 s. The calculated
dependence of the depth of cut on the diameter of the la-
ser beam is obtained, which agrees well with the experi-
mental results. It is shown that the depth of incision is
inversely proportional to the diameter of the laser beam
during surgery.
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JiomHuii j1a3ep AK €JIEKTPOHHA CHUCTEeMa XipyprivyHoro BILIMBY HA M AKi Oiosoriuyui Tkannun
I.M. JlyrkaBenko
Cymcoruli Oepocasruil ynisepcumem, 8ys. Pumcorozo-Kopcakosa, 2, Cymu 40007, Yipaina

¥ pobori mrpoBeieHo aHAMI3 (PISUYHUX OCHOB, OCOOJIMBOCTEH KOHCTPYKINI Ta KJIHIYHOTO 3aCTOCYBAHHS Ji0-
[IHUX J1a3epiB (J1a3epHUX CKAJIBIIEIIIB) ¥ XIpyPrivHiil MpakTUIll; MeXaHi3aMy [l JIa3epHOT0 CKaJIbIIeJss, SKUH 3a-
CHOBAHUI Ha TOMY, III0 €HEPIisi MOHOXPOMATHYHOIO KOITePEHTHOIO CBITJIOBOTO IIyJYKa PI3KO IIIIBUIILYE TeMIIepa-
Typy Ha BIAIIOBLIHIN 00Meske i TUTTHIT 6ilosioriuHol TRaHWHEA. [lokasaHo, 110 1] BILIMBOM JIa3ePHOTO BHIIPO-
MIHIOBaHHS BiIOyBaeThCsI PyHHYBaHHS TKAHWHU BT BILINBY CBOEPLTHOI yJAapHOI XBUJI, IO YTBOPIOETHCS IIPH
MHUTTEBOMY II€PEXOl TKAHWHHOI PIAWHN B Ta30mOMiOHMIM cTaH. XipypriyHa Misf JIa3epHOr0 BUIIPOMIHIOBAHHS
3aJIEYKUTD BiJ JOBXKMHU XBIJI, TPUBAJIOCTI IMITYJIBCIB, CTPYKTYPH Ta (PISUYHMX BIACTUBOCTeN TKaHuHH. OnTu-
YHi, MEXaHIYHI Ta TePMIYHI BJIACTUBOCTI TKAHWHU 3MIHIOIOTBCA B IIPOIIEC] il JIa3epHOro HArpiBaHHA 1 CIIocTepi-
raTheA He OKPEMO, a B KOMILIEKC], 1110 OB sI3aHO 3 HEOTHOPIIHICTIO HATPIBY TKAHWHYU TA HASBHICTIO TPAIiCH-
TiB Temiiepatypu. [IpoBeieHa OIiHKA MIIMOMHY PO3PI3y TKAHWHU MOJIOYHOI 3aJI03U IIPU HEPYXOMOMY 1HCTpyMe-
HTI Ja3epHUM crasbiesieM «Jlika-xipypm» (VipaiHa), Sxkuil IpUsHAYEHWH I JIKYBAHHS JOOPOSKICHUX BY3-
JIOBUX YTBOPEHBb a00 3AJIUIIKOBUX KICTOSHUX IOPOKHUH. ['JTMOMHA OTBOPY 3MIHIOETHCS OOEPHEHO IPOIOPITIIHO
PO3MIPY OIIPOMIHEHOT 00JIaCTl, 1110 JTI00pe Y3rOMKYEThCS 3 €KCIIEPUMEHTAIBHUMHA JTAHUMUA.

Knrouori ciosa: Jlionuwit stasep, Jlazepuuit ckaspresns, KorepenTae BumpominoBarHst, Biosoriuna TkaHmHa,
Koaryssimis, AGssiiris.
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