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Background and Objectives

Although lasers have been widely applied in tissue treatment, the light
penetration depth in tissues is limited by the tissue turbidity and affected
by its absorption and scattering characteristics. This study investigated
the effect of using an optical clearing agent (OCA) on tissue to improve
the therapeutic effect of 1064 nm wavelength laser light by reducing the
heat generated on the skin surface and increasing the penetration depth.

Materials and Methods

A diode laser (A = 1064 nm) was applied to a porcine specimen with and
without OCA to investigate the penetration depth of the laser light and
temperature distribution. A numerical simulation using the finite element
method was performed to investigate the temperature distribution of the
specimen compared to ex-vivo experiments using a thermocouple and
double-integrating sphere to measure the temperature profile and
optical properties of the tissue, respectively.

Results

Simulation results showed a decrease in tissue surface temperature with
increased penetration depth when the OCA was applied. Furthermore,
both absorption and scattering coefficients decreased with the appli-
cation of OCA. In ex-vivo experiments, temperatures decreased for the
tissue surface and the fat layer with the OCA, but not for the muscle
layer.

Conclusion
The use of an OCA may be helpful for reducing surface heat generation
and enhance the light penetration depth in various near-infrared laser
treatments.
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INTRODUCTION

Recently, near-infrared laser is used to permeate opti-
cal energy deep into tissues to induce photochemical ac-
tion and photothermal actions, induce metabolic activity
of muscle fibers and surrounding tissues, relieve pain
and inflammation, and treat thrombolysis." Typically and
frequently used lasers in near-infrared laser treatment
include Nd:YAG (Neodymium-doped yttrium aluminum
garnet] lasers and diode lasers with a wavelength of 1064
nm. It has been reported that while the Nd:YAG laser
shows a high therapeutic effect, the diode laser of the
same wavelength is cheaper than the Nd:YAG laser with
reduced cost and high efficiency.*® Although the length of
a diode laser coherence is shorter than that of a Nd:YAG
laser coherence, much absorption occurs from the outer
skin, thus limiting the transmission depth of light energy.
Due to such restriction, many patients complain of fever
on the surface of the skin during a high-power treat-
ment with a diode laser. To solve such problem, the
objecteive of this study was to determine whether the
treatment efficiency of a diode laser could be improved by
using an optical clearing agent (OCAJ. Research is being
actively conducted to transmit light deeply to living tis-
sues in treatment using a laser. Various methods such as
micro-needle, microwave, and micro-current are used to
improve the transmission of laser light.””

The OCA-based method matches the refractive index
between cells and temperament in the dermis to reduce
the optical scattering phenomenon, thus allowing irradi-
ated light to be transmitted to deeper layers for optical
diagnosis and improved treatment performance.”” Al-
though the mechanism for OCA has not been clarified,
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various hypotheses have been proposed, including tissue
dehydration, intercellular or intracellular water formation
with refractive index changes and high refractive index
components, and structural deformation or dissociation
of collagen.”” The light scattering reducing effect of OCA
can increase the efficiency of optical diagnosis and treat-
ment by allowing the irradiated light to be transmitted to
the depth of the skin tissue.

The simulation with finite element method in this study
is often used in various diagnostics and treatments using
light these days. Using this method, it is possible to pre-
dict the diffusion of columns in a tissue according to the
distribution of light and heat distribution by depth.""" In
addition, based on simulation results during laser treat-
ment, it is possible to support the setting of laser param-
eters that are more effective for treatment. This makes it
possible to minimize the site of thermal damage and re-
duce side effects.”™"" In this study, finite element analysis
of changes in heat generation on the surface of the skin
was performed and how heat was transferred to deep
tissues when OCA was applied to porcine skin during
treatment with a 1064 nm diode laser was determined.
Simulation was performed and results were compared
through ex-vivo experiments.

MATERIALS AND METHODS

This research is approved by Institutional Animal Care
and Use Committee (IACUC] in Daegu Catholic University
(Approval No. IACUC-2015-036). In this study, 70% glyc-
erol (4066-4405, Daejung Chem. Co., Korea) was used
to reduce light scattering in tissues. It is suitable for the
human body and has been proven to reduce light scatter-
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Fig. 1. Ex-vivo experiment layout for optical property measurements: (A) Optical property extraction flowchart for the samples, (B) Double-

integrating sphere diagram to measure %R and %T of the samples.
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A porcine tissue sample composed of a skin layer, an
adipose layer, and a muscle layer was used to observe
light characteristics changed by OCA. Double-integrating
spheres (AvaSphere-50, Avantes, Inc., USA] were used to
measure reflection and transmission spectra before and
after application of glycerol to the procine tissue sample.
The light source used in the double-integrating sphere
experiment was a 1064 nm Diode Laser (LU1064D300-D,
Lumics Inc., Germany). Spectral bandwidth information
was obtained using a NIR-spectrometer (InGaAs spec-
trometer, Edmund Optics, USA] (Fig. 1). Measured trans-
mission and reflection spectra were calculated as Mrand
Mr respectively, with the following equations.

Rsample - Rbackground

Mp = Tgq -
RlOO% - Rbackground

(1)

Tsample - Tbackground

Mr = T
100% ~— !background

At this time, the obtained transmission and reflection
spectra were converted into effective optical coefficients
via the Inverse Adding-Doubling (IAD) Method.™" IAD is
a method for generalizing light scattering and absorption
characteristics of a medium. Transmission and reflection

Fig. 2. Mesh structure with three layers (skin, fat, and muscle) in
Finite Element Method to compare the simulation results with the
ex-vivo experiment results.

Table 1. Material properties of tissues used in the simulation!’

Property Skin Fat Muscle
Thermal conductivity; k [W/(m-K)] 0.21 04 0.49
Specific heat; C [J/(kg-K)] 3181.82 2348 3421
Density; p [kg/m"] 1000 M 1090

148 Medical Lasers; Engineering, Basic Research, and Clinical Application
~

MEDICAL

spectra measured by Double-integrating spheres could
be converted into the sample’s optical properties such
as the absorption coefficient () and the scattering coef-
ficient (s) through the IAD program.™'®

The spectrum-intensity weighted average method was
used to reflect the accuracy of the Diode laser with a
shorter coherence length than the Nd:YAG laser.' Opti-
cal coefficients within the wavelength width of 1066 nm at
1058 nm, the bandwidth of the spectrum measured using
a spectrometer, were converted into generalized intensi-
ties corresponding to each wavelength. The effective opti-
cal coefficient was calculated by substituting the weight
for this into the obtained optical coefficient. Each absorp-
tion and scattering coefficient calculated in this way were
applied to mathematical modeling."

A=1058
I

Inormalizedl - 21:1058 ’

Ino‘rma.lized}L =1 [2]
20=1066 4 3 7066

ua_tissue_Diode = 2;}:;‘1’326 Inormatized, * Ha_tissue_A

When irradiating a biological tissue with a diode laser,
the heat transfer equation of the finite-element analysis
program (COMSOL Multiphysics., Comsol Inc., Burling-
ton, MA, USA) was used to simulate the heat distribution
generated before and after applying the OCA.""" The size
of the sample used in the simulation was 20 mm in length
and 20 mm in width. Heights of the skin, fat and muscle
layer were 1.5 mm, 3 mm, and 3 mm, respectively. The
laser used was also irradiated for 60 seconds at a beam
diameter of 10 mm, a power of 12 W, and a frequency of
50 Hz. The initial temperature of the sample was fixed
at 25°C, the temperature of the laboratory environment.
The mesh consisted of 3228 domains and 4424 boundar-

Optical

fiber Diode laser
Laser
Pt irradiation
A
o PC
Data
acquisition
Skin 1.5 mm

Thermo-
couples

Fig. 3. Layout of ex-vivo temperature measurements using a diode
laser and thermocouples.



ies (Fig. 2). Table 1 shows thermodynamic coefficients of
each layer used in the simulation.”

To compare simulation results with ex-vivo experi-
mental results, porcine specimens before and after OCA
application were irradiated with a laser under the same
conditions (beam diameter = 10 mm, repitition rate = 50
Hz, exposure time = 60 sec). In addition, three thermocou-
ples (HYPO-1, Omega Eng. Inc., USA] and a data logger
(TC-08, Omega Eng. Inc., USA) were used to measure the
temperature of each panniculus. Temperature changes
were observed in real time (Fig. 3). Each thermocouple
was located on the surface of the skin layer, the center of
the fat layer, and the center of the muscle layer.

RESULTS

Fig. 4 shows changes in absorption coefficient and
scattering coefficient as optical characteristics before
and after OCA application depending on the wavelength
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of the tissue. It was confirmed that the absorption coeffi-
cient and the scattering coefficient of the wavelength after
OCA application decreased to a certain level. It could be
predicted that the light at the time of laser irradiation was
deeply transmitted into the tissue.

By substituting the absorption coefficient and the scat-
tering coefficient obtained from Fig. 4 into the simulation,
the temperature change of each floor with time (Fig. 5)
and the temperature distribution according to the depth
of the sample (Figs. 6, 7) were obtained. The temperature
change with time decreased by about 6°C as a whole for
samples coated with OCA between the skin layer and
the fat layer, whereas the temperature difference for the
muscle layer was within 0.5°C.

Fig. 8 shows results of irradiating surfaces of five
samples not coated with OCA and five samples coated
with OCA with a laser. The temperature of each floor was
measured for 60 seconds using a thermocouple. After
applying OCA to the sample, the temperature of the epi-
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Fig. 4. Absorption coefficients (left) and scattering coefficients (right) in tissues depending on the wavelength.
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Fig. 5. Simulation results of temperature changes over time with contol (left) and OCA (right).
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Fig. 7. Simulation results of temperature changes over the depth with
control (solid line) and OCA (dotted line).

dermis and the fat layer measured was about 2°C lower
than that of the sample without OCA. The temperature of
the muscle layer with or without OCA application was the
same. From these results, it is considered that when OCA
is applied by laser treatment, heat generation on the sur-
face of the skin can be minimized and laser stimulation
can be applied deeply into the skin.
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Fig. 6. Simulation results of
temperature changes with control
(A, B) and OCA (C, D).

DISCUSSION

In laser-based treatment, the depth of light transmis-
sion has a great influence on the outcome of treatment.
Due to scattering properties of the tissue, the efficiency
of treatment can be reduced if the light is not sufficiently
transmitted deeply into the tissue. The light transmission
depth can be varied by light scattering properties of the
tissue and it can be enhanced by using OCA, a light scat-
tering reducing agent. Much research has been done to
improve the light transmittance of biological tissues using
mechanical, physical, and chemical methods. OCA is not
only also widely used for current laser-related diagnosis
and treatment, but also used for ultrasound imaging and
laser ablation.”"*"™®" |n this study, we determined whether
light scattering reducing substances could increase the
treatment efficiency using a 1064 nm diode laser that
could be applied to various intracutaneous diseases and
musculoskeletal diseases.

Absorption coefficients and scattering coefficients,
which indicate optical properties of the tissue, can vary
depending on the tissue and environment in which they
are used. Therefore, in this study, a more accurate opti-
cal coefficient was obtained by direct measurement us-
ing a double-integrating sphere and the IAD program.
To observe changes in the optical coefficient based on



4279 — skin
---- Fat
394 - Muscle

36

33 4

30

Temperature (Celsius)

27

24 T

Time (s)

Optical Clearing Effect for 1064-nm Laser
Jong-In Youn

4279 — skin
---- Fat
394 - Muscle

Temperature (Celsius)

Fig. 8. Ex vivo temperature changes of each layer in tissue with control (left) and OCA (right).

the wavelength value of the light source, the measured
optical coefficient was converted using the spectrum-
intensity weighted average method with effective absorp-
tion coefficient and scattering coefficient according to the
wavelength. Results of this study could be used as basic
data for comparative analysis with Nd:YAG laser in the
same wavelength band in the future. Fig. 4 shows that the
OCA-coated sample has a lower absorption coefficient
and scattering coefficient over the entire wavelength band
than the sample before OCA coating. This proves that the
permeation depth of the tissue is enhanced by OCA. In
addition, the absorption coefficient of the tissue tended to
decrease as a whole as the wavelength became longer,
consistent with a previous study showing that the absorp-
tion coefficient of water, which occupies more than 70%
of the tissue, gradually decreases from 1000 nm to 1100
nm.” As a result of predicting heat distribution by sub-
stituting the converted optical coefficient into simulation,
a phenomenon of lowering the temperature of the skin
and the fat layer was observed for the sample coated with
OCA as shown in Fig. 5. It could be seen that the light was
transmitted to the muscle layer without inducing a tem-
perature rise on the surface of the skin. It could be judged
that the reason why the temperature change of the mus-
cle layer, the lowermost part, was not large because heat
diffusion by light occurred in all directions as shown in
Figs. 6, 7. Results obtained through ex-vivo experiments
also showed lower temperature changes in the skin and
fatty layers of OCA-coated samples compared to those
for non-OCA-coated samples. However, it was judged
that the reason why the temperature distribution result
with OCA applied was slightly higher than the simulation
result was because the temperature at one point from the
center of each floor was measured according to the time

using a thermocouple.

There can be differences from results of simulating
the entire part. The temperature difference might also
be affected by not considering how chromophores pres-
ent in the tissue like melanin, water, and hemoglobin
could change the heat generated during laser irradiation.
Furthermore, a biological tissue can have the refractive
index matching process when OCA is applied, and the
morphological changes such as an increase of the tissue
background refractive index with a consequent reduction
of scattering components can occur. This process might
also affect the enhancement of the penetration depth of
light in tissue with low heat generation on the skin layer."”

Results of simulations and ex-vivo experiments re-
vealed that by applying a light scattering reducing sub-
stance during near-infrared diode laser treatment, the
heat generated on the surface of the skin was reduced.
Due to reduced heat generation, it could be judged that
a patient’s complaint of pain could be reduced with an
increased satisfaction with the treatment. Furthermore,
as a result, the laser beam reached the deeper part well
to increase the light transmission depth. Thus, a better
therapeutic effect can be expected. There is a need for
a measure to determine that OCA has been sufficiently
absorbed from the surface of the skin and a method for
reducing the time required for absorption. Further experi-
ments are needed to determine the efficiency by compar-
ing the light scattering reduction effect through compari-
son of Nd:YAG laser treatment and diode laser treatment
with the same wavelength of 1064 nm.

In this study, we compared and analyzed heat genera-
tion and distribution when a skin model with three layers
of skin, fat, and muscle was irradiated with a 1064 nm
near-infrared diode laser before and after OCA applica-
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tion through simulation and experiment. It was confirmed
that the application of an OCA during near-infrared diode
laser treatment could reduce heat generation on the skin
surface and stimulate the skin deeply.

ACKNOWLEDGEMENTS

This work was supported by the sabbatical research
grant from Daegu Catholic University in 2017.

REFERENCES

1.

Rastegar S, Jacques SL, Motamedi M, Kim BM. Theoretical
analysis of equivalency of high-power diode laser (810 nm) and
Nd:YAG laser (1064 nm) for coagulation of tissue: predictions
for prostate coagulation. Proc SPIE 1992;1646:150-60.

. Alayat MS, Atya AM, Ali MM, Shosha TM. Long-term effect of

high-intensity laser therapy in the treatment of patients with
chronic low back pain: a randomized blinded placebo-con-
trolled trial. Lasers Med Sci 2014;29:1065-73.

. Lee S, Kim TH, Youn JI. Development of the theragnostic opti-

cal system for a high-intensity laser therapy (HILT). Lasers Med
Sci 2014;29:1585-91.

. Alayat MSM, Aly THA, Elsayed AEM, Fadil ASM. Efficacy of

pulsed Nd:YAG laser in the treatment of patients with knee
osteoarthritis: a randomized controlled trial. Lasers Med Sci
2017,32:503-11.

. Taylor DL, Schafer SA, Nordquist R, Payton ME, Dickey DT,

Bartels KE. Comparison of a high power diode laser with the
Nd:YAG laser using in situ wound strength analysis of healing
cutaneous incisions. Lasers Surg Med 1997;21:248-54.

. Bordera GB, Parada JG, Giménez MM, de Los Llanos Pérez M,

Morell JO, Marmol GV. Use of high-power diode laser at 1060
nm for the treatment of vascular lesions. J Vasc Surg Cases In-
nov Tech 2019;5:415-8.

. Yeh AT, Hirshburg J. Molecular interactions of exogenous

chemical agents with collagen--implications for tissue optical
clearing. J Biomed Opt 2006;11:014003.

. Rylander CG, Stumpp OF, Milner TE, Kemp NJ, Mendenhall

JM, Diller KR, et al. Dehydration mechanism of optical clearing
in tissue. J Biomed Opt 2006;11:041117.

. Genina EA, Bashkatov AN, Korobko AA, Zubkova EA, Tuchin W,

Yaroslavsky |, et al. Optical clearing of human skin: comparative
study of permeability and dehydration of intact and photother-

152 Medical Lasers; Engineering, Basic Research, and Clinical Application

~

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

MEDICAL

mally perforated skin. J Biomed Opt 2008;13:021102.

Reynoso FJ, Lee CD, Cheong SK, Cho SH. Implementation of a
multisource model for gold nanoparticle-mediated plasmonic
heating with near-infrared laser by the finite element method.
Med Phys 2013;40:073301.

. Shin SS, Park JR. Simulation of laser absorption in tissues. J

Adv Eng Technol 2015;8:59-64.

Moulton K, Lovell F, Williams E, Ryan P, Lay DC, Jansen D, et
al. Use of glycerol as an optical clearing agent for enhancing
photonic transference and detection of Salmonella typhimuri-
um through porcine skin. J Biomed Opt 2006;11:054027.
Salomatina E, Jiang B, Novak J, Yaroslavsky AN. Optical prop-
erties of normal and cancerous human skin in the visible and
near-infrared spectral range. J Biomed Opt 2006;11:064026.
Pickering JW, Prahl SA, van Wieringen N, Beek JF, Steren-
borg HJ, van Gemert MJ. Double-integrating-sphere sys-
temn for measuring the optical properties of tissue. Appl Opt
1993;32:399-410.

Baumler W, Vural E, Landthaler M, Muzzi F, Shafirstein G. The
effects of intense pulsed light {IPL) on blood vessels investigat-
ed by mathematical modeling. Lasers Surg Med 2007;39:132-9.
Ataie-Fashtami L, Shirkavand A, Sarkar S, Alinaghizadeh M,
Hejazi M, Fateh M, et al. Simulation of heat distribution and
thermal damage patterns of diode hair-removal lasers: an
applicable method for optimizing treatment parameters. Pho-
tomed Laser Surg 2011;29:509-15.

Duck FA. Physical properties of tissue: a comprehensive refer-
ence book. London: Academic Press; 1990. p.10-42.

Genina EA, Surkov YI, Serebryakova IA, Bashkatov AN, Tuchin
W, Zharov VP. Rapid ultrasound optical clearing of human light
and dark skin. IEEE Trans Med Imaging 2020;39:3198-206.
Gabay I, Subramanian KG, Martin C, Yildrim M, Tuchin W, Ben-
Yakar A. Increasing the penetration depth for ultrafast laser
tissue ablation using glycerol based optical clearing. Proc SPIE
2016;9707:1-8.

Nachabé R, Hendriks BH, Desjardins AE, van der Voort M, van
der Mark MB, Sterenborg HJ. Estimation of lipid and water
concentrations in scattering media with diffuse optical spec-
troscopy from 900 to 1,600 nm. J Biomed Opt 2010;15:037015.

How to cite this article: Youn JI. The effect of an optical
clearing agent on tissue prior to 1064-nm laser therapy.
MedLaser2021;10:146-152 hitps://doi.org/10.25289/ML.2021.10.3.146



https://doi.org/10.1117/12.137454
https://doi.org/10.1117/12.137454
https://doi.org/10.1117/12.137454
https://doi.org/10.1117/12.137454
https://www.kci.go.kr/kciportal/ci/sereArticleSearch/ciSereArtiView.kci?sereArticleSearchBean.artiId=ART001980500
https://www.kci.go.kr/kciportal/ci/sereArticleSearch/ciSereArtiView.kci?sereArticleSearchBean.artiId=ART001980500
https://www.worldcat.org/title/physical-properties-of-tissue-a-comprehensive-reference-book/oclc/1156025440?referer=br&ht=edition
https://www.worldcat.org/title/physical-properties-of-tissue-a-comprehensive-reference-book/oclc/1156025440?referer=br&ht=edition
https://doi.org/10.1117/12.2213482
https://doi.org/10.1117/12.2213482
https://doi.org/10.1117/12.2213482
https://doi.org/10.1117/12.2213482

