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Abstract

The study presents the results of an experimental study devoted to the choice of the most optimal mode of pulsed contact laser exposure of semi-
conductor laser with a wavelength of 445 nm in phonosurgery, which implies maximum preservation of anatomically and functionally significant
structures of the larynx combined with a radical approach to the pathological process. From the standpoint of the mucoundular theory of voice
formation, wave-like oscillations of the vocal folds are possible due to the mobility of the cover layer of the vocal fold (epithelium, superficial layer
of the lamina propria) relative to its body (deep layer of the lamina propria, vocal muscle). Thus, any injury at the level of the integumentary layer
is associated with the risk of excessive scarring and loss of the ability to wave-like sliding. Pig vocal folds, according to a number of authors, have
a structure similar to human ones in terms of both histological structure and acoustic parameters, which justifies the rationality of their use as an
experimental model. In a series of experiments using a 445 nm laser, contact pulsed impacts on a biological model were carried out with pulse
durations of 10, 20, 50, and 100 ms, followed by evaluation of the following parameters based on the data of histological sections: the depth and
width of the ablation crater, the width of the zone of lateral thermal damage. Thus, the most optimal for phonosurgical interventions modes of
pulsed laser exposures with a wavelength of 445 nm are described.
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Pesiome
B pabote mpepctaBneHbl pesynbTaTbl dKCNEPUMEHTaNIbHOMO MCCe[oBaHusA, NMOCBALEHHOTO BbIOOPY Havbonee ONTUMAaNbHOMO pexrma
MIMMYNIbCHOTO KOHTaKTHOTO J1a3ePHOro BO3AEeNCTBUA MOYNPOBOAHNKOBOIO Jla3epa C ANNHOW BOJTHbI 445 HM B XVPYPriV rofI0COBbIX CKia-
oK (boHoXMpyprun). SHponapriHreanbHaa GOHOXMPYPrA NogpasymeBaeT cob0oi MaKCHMasIbHYIO COXPAaHHOCTb aHAaTOMUYECKM 1 GyHKLMO-
HaJIbHO 3HaUMMbIX CTPYKTYP ropTaHu B COYETaHMM C PafiMKaJibHOCTbIO B OTHOLLUEHWYM MaTonormyeckoro npouecca. C nosvunm MykoyHaynsap-
HOW TEOPWM roNI0CcO006Pa3oBaHNA BOHOO6Pa3Hble KOle6aHWs rofoCoBbIX CKNALoK BO3MOXHbI 33 CUET NOABUMXHOCTY NMOKPOBHOIO CJI05 FON0-
COBOW CKJTaAKM (3MUTeNunin, MOBEPXHOCTHBIN CNOV COBCTBEHHOW MIACTUHKM) OTHOCUTENBHO ee Tena (r1y6oKuii ciioi co6CTBEHHON NAACTUHKY,
rofocoBas MbilwUa). Takum obpa3om, nobas TpaBMaTM3aLUA Ha YPOBHE MOKPOBHOIO CJI0A COMPSXEHa C PUCKOM ero 136bITOYHOTo pyobLie-
BaHWUA 1 NoTepei CNOCOBHOCTM K BOTHOOOPA3HOMY CKOMbXeHMIo. [0n0coBble CKNafKn CBMHbW, MO AaHHbIM PAAA aBTOPOB, MMEIOT CXOXee
CTPOEHNE C YeNTOBeYECKNMU Kak MO r’MCTONIOrMYeCKOMy CTPOEHNIO (TOLLMHA C/I0EB, COOTHOLLIEHMWE KOMTareHOBbIX U 371aCTUUYECKNX BOJIOKOH),
Tak M MO aKyCTUYECKMM MapameTpam, YTo 060CHOBBIBAET PaLMOHaNbHOCTb UX MCMOJIb30BAaHUA B KauecTBe SKCneprMeHTanbHon mogenu. B
Cepvin 3KCNEePVIMEHTOB C UCMOJIb30BaHMEM Jla3epa 445 HM NpoBefeHbl KOHTaKTHbIe UMMYJIbCHblE BO3AENCTBNA Ha 6MOoNornyeckyo Moaenb
C ANUTeNbHOCTbIO MMNynbcoB 10, 20, 50 1 100 Mc ¢ nocneaytoLLen OLEHKON NO AaHHbIM MMCTONOMMYECKNX CPE30B CliefyoWnX napameTpos:
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rny6uHa 1 W1prHa KpaTepa abnAauuy, WnpriHa 30Hbl GOKOBOIo TEPMUYECKOTO NoBpexaeHns. Takm 06pa3om, onvcaHbl Hanbonee onTmanb-
Hble AnA GOHOXUPYPrUYECKMX BMELIATENbCTB PEXUMbI UMMYNbCHBIX BO3AEVCTBIN la3epa C ANTMHON BOMHbI 445 HM.

KnioueBble cnoBa: GoHOXMPYPris, fasep 445 HM, AMCHOHUS, NTa3epHasn XMPYPIis, NAPUHIONOrs.
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Introduction

Benign neoplasms of the larynx are the most common
pathology of the larynx, leading to persistent dysphonia,
which leads to a decrease in the quality of life and often a
loss in the productivity of professional activity. Treatment
of this pathology is possible only with the use of surgical
techniques.

Endolaryngeal phonosurgery implies the maximum
preservation of anatomically and functionally significant
structures of the larynx, combined with a radical approach
to the pathological process. The maximum preservation of
structures involves, first of all, the integumentary layer of
the vocal fold. From the standpoint of the biomechanics of
the vibrational oscillations necessary for the emergence of
a voice, the structure of the vocal folds is divided into the
so-called “integumentary layer” and “body”. The mucous
membrane (the epithelium and the surface layer of the
lamina propria) is the“integumentary layer”and represents
a single morphofunctional unit capable of self-sustaining
oscillations relative to the “body’, which is formed by a
deep layer of the lamina propria lying on the vocal muscle,
while the middle layer of the lamina propria is designated
as “transition zone” Later, some different divisions were
proposed, the differences in which mainly relate to the
position of the intermediate layer of the lamina propria,
although in any case, the main idea is that the “cover” and
“body” have different biomechanics [1]. The surface layer
of the lamina propria contains the least amount of fibrillar
proteins (collagen and elastin), which determines its high
mobility. Thus, any trauma at this level and stimulation of
fibroblast activity can lead to excessive scarring and limita-
tion of mobility of the vocal fold integumentary layer.

In phonosurgery for benign lesions of the vocal folds,
it should always be taken into account that surgical tissue
incision, excision, or ablation may themselves cause exces-
sive tissue scarring as a consequence of its healing [2].
Thus, the surgeon is always faced with the task of minimiz-
ing trauma to the tissues of the vocal folds during surgery,
which confirms the validity of the search and introduction
into practice of new, more gentle, methods of phonosurgi-
cal interventions [3].

Materials and methods
In the experimental part of the study, an assessment
was made of the impact of 445 nm semiconductor laser

radiation on a biological tissue model. The ex vivo vocal
folds of pigs (Sus scrofa domesticus) were used as a bio-
logical model, and were collected within 2 hours after the
humane death of animals in the slaughterhouse and then
stored at a temperature of 2°C to avoid biological tissue
degradation until the experiment.

For laser irradiation, an IPG Photonics laser system (Rus-
sia) with a wavelength of 445 nm was used. A reusable non-
sterile fiber instrument IPG Surgical Fiber Reusable (Russia)
with a core diameter of 400 um was used as an optical fiber.

The experiment was carried out after preliminary natu-
ral warming of the biological tissue to room temperature.
During the experiment, a semiconductor laser with a wave-
length of 445 nm was used in a pulsed mode by applying
individual point laser effects in the contact mode at a maxi-
mum power of 13 W with individual pulse durations of 10,
20, 50, and 100 ms. For each pulse mode, 10 separate laser
exposures were performed along the medial edge of one
vocal fold. Thus, 5 swine larynxes were used in the experi-
ment: 4 of which were for the experimental part, and 1 - as
a control.

After irradiation was completed, the biological tissue
samples were dissected (Fig. 1), then the material was fixed
in 10% buffered neutral formalin solution for 48 hours (the
ratio of the fixative and the studied samples was 10:1). Af-
terwards the biological material was cut into plates 5 mm
thick and fit into histological cassettes. Next, the sections
were decalcified in an acid solution (the ratio of the decal-
cifier and the samples under study was 50:1) and standard
alcohol wiring was embedded in paraffin according to the
generally accepted method [4]. Then, sections were made
from the blocks with a thickness of 2 um on a Leica DM1000
light microtome (Germany), followed by their staining with
hematoxylin and eosin according to the standard method.
Then, histological sections were digitized using an Aperio
AT2 scanning microscope (Germany). Morphometry was
performed using an Aperio ImageScope 12.4.6.5003 im-
age analyzer. Due to the high power density in the zone of
contact between the fiber and the tissue surface, a tissue
destruction (ablation) site (crater) is formed, the diameter
and depth of which were measured in the experiment, as a
result of which ranges of damage values were obtained for
each pulse duration. The area of laser exposure was con-
sidered to be an optically void area in which evaporation
of normal histological structures occurred and interruption
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Puc. 1. MakpocKonuyeckue npenaparbl roJloCoBbIX CKNaA0K CBU-
HeW nocne nasepHoro Bosgencteus (a — 10 mc, b — 20 mc, ¢ - 50
mc, d — 100 mc).

Fig. 1. Macroscopic preparations of the pig vocal folds after laser
exposure (a-10ms, b - 20 ms, ¢c - 50 ms, d - 100 ms).

of normal stratified squamous nonkeratinized epithelium
with the formation of a specific ablation crater was objec-
tively noted, as well as tissue adjacent to the crater (lamina
propria, vocalis muscle) with signs of thermal damage in
the form of a violation of the nuclear structure and disori-
entation of the course of elastic and collagen fibers.
Statistical processing of the results was carried out on
the Jupyter Notebook platform using Python 3.9 with cor-
relation calculation using Spearman’s (r) coefficient.

Results and discussion

The gold standards of phonosurgery are interventions
using cold microinstruments and CO, laser. Speaking about
classical“cold” phonomicrosurgery, despite the active intro-
duction of minimally invasive techniques (microflap, mini-
microflap), it is worth noting that for many benign lesions
of the vocal folds, the volume of surgery is calculated in
micrometers, which makes it difficult for the surgeon to cal-
culate the accuracy of his actions using microsurgical scis-
sors, scalpel, and other instruments. Thus, the trauma of the
tissue of the vocal folds associated with the “cold” interven-
tion is potentially more pronounced due to the large size
of the instruments compared to the necessary sizes in the
micron range for radicalization in relation to the pathologi-
cal process.

As mentioned above, with regard to the most gentle
restoration of the vibrational oscillations of the vocal fold
during phonosurgery, it is important to perform inter-
vention within the epithelium and the surface layer of
the lamina propria, which will subsequently avoid exces-

sive scarring and impaired mobility of the cover layer of
the fold relative to its body. According to a number of
publications, the surface layer makes up about 30-40%
of the entire depth of the lamina propria, the thickness of
which, in turn, is T mm on average [5, 6, 7]. The depth of
the epithelium of the true vocal fold, in this case, is about
80-100 pum [8] and, thus, the depth of the cover layer of
the vocal fold is on average 400-500 um, within which
phonosurgical intervention is allowed to avoid binding
of the scar tissue to the body of the vocal fold and mobil-
ity restrictions.

Several researchers believe that in pigs it can be distin-
guished a tendency to a similar three-layered structure of
the lamina propria with a similar ratio of collagen and elas-
tic fibers throughout the entire depth of the lamina propria.
The thickness of the mucous membrane of the vocal folds
of pigs is on average 0.9 mm [9]. According to the acoustic
analysis of the natural phonation of animals, it was found
that the range of phonation frequencies in pigs is the clos-
est to that in humans [10,11].

Despite the anatomical and histological advantage of
porcine vocal fold models and the rationality of their use
as a scientific model for testing surgical techniques (due
to their easy availability in the slaughterhouse, without
the need to sacrifice animals for research purposes), there
are currently a small number of publications in which this
model is evaluated from the point of view of laser expo-
sure, which is used in human vocal fold phonosurgery.

In none of the articles, we found a histological assess-
ment to analyze point laser effects on biological tissue
using laser radiation with a wavelength of 445 nm on the
vocal folds of laboratory biological models, which deter-
mines the relevance of our experimental work.

When performing point pulsed laser actions using a la-
ser with a wavelength of 445 nm, an increase in the pulse
duration leads to an increase in the depth of the ablation
crater and an increase in the thickness of the lateral ther-
mal damage zone (Fig. 2), while there was no significant
increase in the width of the ablation crater (Fig. 3).

The data of the statistical analysis of the measurements
are presented in Table. 1.

The Spearman correlation coefficient for the relation-
ship between the pulse duration and the depth of the abla-
tion crater was 0.81, for the thickness of the lateral thermal
damage zone it was 0.74, and for the width of the ablation
crater — 0.45 (p<0.05). It follows from the presented data
that there is a relationship between the pulse duration and
each of the estimated parameters and it is statistically sig-
nificant. At the same time, this relationship is less typical for
the width of the ablation crater, which can be explained by
the physical properties of laser radiation, when, in the con-
tact mode of exposure, radiation absorption mainly occurs
deep into the biological tissue.

The presented histological sections clearly demon-
strate an increase in the depth and width of the zone of
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Puc. 2. 3aBUcCMMOCTb MyGUHBbI KpaTepa aGnsiuMM B MKM (cneBa, OCb y) M TOJLMHbI Puc. 3. 3aBMCUMOCTb LUMPUHDbI KpaTepa a6-
30Hbl GOKOBOI0 TEPMUYECKOro NOBPEXAEHUS B MKM (cnpaBa, oCb y) OT AJIUTENIbHOCTH NAUMM B MKM (OCb Yy) OT AJIUTENBHOCTU UM-
MMnynbca fa3epHoro BO3Ae1MCTBUA B MC (OCb X). nynbca na3epHoro BO3AenCTBUsA Mc (OCb X).

Fig. 2. Dependence of the ablation crater depth in pm (left, y-axis) and the thickness Fig. 3. Dependence of the ablation crater
of the lateral thermal damage zone in pm (right, y-axis) on the laser exposure pulse width in pm (y-axis) on the laser exposure
duration in ms (x-axis). pulse duration in ms (x-axis).

TaGnauua 1

3aBUCUMOCTb NYyGUHbBI, LUIMPUHbI KpaTepa abasunn u 30Hbl GOKOBOIO TEPMMUYECKOr0 NMOBPEXAEHUSA OT AJIUTENIbHOCTHU
MMMYNbCHOIO 1Ja3€pPHOro BO34eNCTBUA C AJIMHON BOJHbI 445 HM.

Table 1

Dependence of the depth, width of the ablation crater and the zone of lateral thermal damage on the duration of
pulsed laser exposure with wavelength of 445 nm.

ny6uHa KpaTtepa 3oHa 6okoBoOro LLinpuHa KpaTepa
aGnaunn, MKm Tepmmnyeckoro a6naunn, MKm

noBpexpeHusa, MKm

10 mc CpepHee 3HaueHne 124,8 (32,9) 85,2 (20,0) 526,6 (55,2)
10 ms (cTaHpgapTHOe
OTKJIOHEHMe)
Mean value (standard
deviation)

MwuiH; makc 104; 148 71; 104 485; 563
min; max

20 mc CpepfiHee 3HaueHmne 312,5(83,8) 126,8 (27,8) 564,0 (51,7)
20 ms (cTaHpapTHOe
OTKJIOHEHMe)
Mean value (standard
deviation)

MwH; makc 262; 365 107; 140 536; 593
min; max

50 mc CpepnHee 3HaueHne 498,6 (93,7) 152,4 (30,6) 548,7 (90,1)
50 ms (cTaHpapTHOE
OTKJIOHEHMe)
Mean value (standard
deviation)

MwuH; makc 440; 592 138; 165 504; 604
min; max

100 mc CpepHee 3HayeHve 730,3 (313,9) 235,7 (82,6) 673,4 (115,7)
100 ms (cTaHpapTHOE
OTKJIOHEHWE)
Mean value (standard
deviation)

MwuiH; makc 475; 926 168; 304 602; 737
min; max
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Puc 4. MukpodoTtorpadum ructonormyeckux Cpe3oB rolocoBbIX CKNaA0K CBUHEN nocne
HaHeCEeHHbIX la3epHbIX BO34EeNCTBUI, OKPacKa reMaToKCUIMHOM U 303UHOM: a — AJIU-
TenbHOCTb uMnynbca 10 mc, macwtab 200 MKM; apeaKTUBHbIN (6e3 BocnanuTenbHOro
MHdunbTPaTa) A3BEHHbIN AedEKT C HEKPO30M BCEX CNOEB MNIOCKOK/IETOYHOr0 3NUTENNS;
b — pnutenbHocTb UMNynbca 20 mc, Macwtad 200 MKM; o4aroBbii HEKPO3 % COGCTBEHHOWM
NAACTUHKMU CIU3UCTON 060JI0YKH; C — ANUTENbHOCTb MMNynbca 50 mc, macwwTtaé 200 MKM;
04YaroBblii HEKPO3 ro10COBOM CKNAaAKM € pacnpocTpaHeHueM Ha 2/3 rny6uHbl COGCTBEH-
HOW NNACTUHKMU CIN3UCTON 060/104KH; d — anuTenbHocTb MMmnynbca 100 mc, macwTta6 400
MKM; YBe/IMYeHUe o4yara HEKpo3a 3a cHeT BOBJIeYEHUS GOJblUEN MIOLWAAN INUTENUS U
HeKpo3a 1/3 MblleYHbIX BOIOKOH r010COBOM CKNaAKM.

Fig. 4. Micrographs of histological sections of the vocal folds of pigs after laser exposure,
stained with hematoxylin and eosin: a — pulse duration 10 ms, scale 200 ym; areactive
(without inflammatory infiltrate) ulcerative defect with necrosis of all layers of the
squamous epithelium; b — pulse duration 20 ms, scale 200 pm; focal necrosis of the lamina
propria and % of the muscle fibers of the vocal fold; ¢ — pulse duration 50 ms, scale 200
pum; focal necrosis of the vocal fold extending to 2/3 of the depth of the mucosal lamina
propria; d — pulse duration 100 ms, scale 400 um; an increase in the focus of necrosis due
to the involvement of a larger area of the epithelium and necrosis of 1/3 of the muscle

lateral thermal damage (Fig. 4, a-d).
At the same time, it is noticeable
that with a pulse duration of 100 ms,
the damage zone overcomes all lay-
ers of the lamina propria and most
of the muscle fibers of the vocal fold.

Conclusion

Thus, the pulse duration during
phonosurgical interventions should
be chosen directly by the surgeon,
depending on the pathological for-
mation of the vocal fold. In our opin-
ion, the most optimal modes of laser
exposure are radiation with a single
pulse duration of 10 ms and 20 ms,
which, with a high probability, will
effectively remove epithelial or sub-
epithelial formations within the sur-
face layer of the lamina propria of the
vocal fold. In cases of mass lesions
on a wide base, a mode with a single
pulse duration of 50 ms can be rec-
ommended, while a pulse duration
of 100 ms should be avoided during
phonosurgical intervention, given
the high probability of laser radiation
penetrating the entire thickness of
the vocal fold proper.

fibers of the vocal fold.
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