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The results of numerical simulation of the interaction of laser optical radiation with myoglobin and oxymyo-
globin in muscle tissue are presented. It is shown that the photodissociation of MbOgz can adjust the concentration
of oxygen in muscle tissue, directly in the irradiation zone. The criteria of the effectiveness of oxygenation combined
effect on the biological tissue with laser radiation at two wavelengths are considered.
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1. Introduction

Study of the effect of light on the blood oxyhemoglobin
(HbOy) in blood vessels and capillaries is the aim of spe-
cial interest in modern photomedicine and photobiology
[1-4]. At present the efficiency of therapeutic effect is
controlled with the help of an empirical unit based on
average power density of laser radiation output. An ex-
perimental study on the therapeutic effect of He—Ne and
argon laser radiation in open skin wound healing was car-
ried out [5].

Due to the significant increase in collagen synthesis
the optimal therapeutic effect was reached. Similar ex-
perimental study [6] with He-Ne laser radiation demon-
strated the complete therapeutic healing of wound, but
there are many papers that show big differences between
obtained experimental results where therapeutic effect
has been reached. The mechanism of the laser-tissue in-
teraction is dependent on laser energy output. The effect
of high-energy lasers is based on photothermal processes
such as selective photothermolysis.

In Refs. [7, 8] we proposed the conception of the role
of laser-induced photodissociation of blood HbOs in the
biostimulation mechanism and the therapeutic effect of
laser radiation. This approach is based on the study of
laser radiation interaction with biological tissue on the
molecular level with regard to the absorption of laser light
by blood hemoglobin (Hb) and its derivatives (HbOs and
HbCO). This optical technology of increasing local tissue
oxygen (O2) concentration due to the additional extrac-
tion of Os from blood HbOs is developed. It is shown
that on the molecular level a key criterion in the mecha-
nism of the therapeutic effect of laser radiation is based
on restoring the O2 concentration to the level required
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for normal cell metabolism. Laser-induced photodissoci-
ation of blood HbO5 provides achievements of this crite-
rion, enabling the control of local oxygen concentration
in the irradiated region [9, 10].

In this paper the results of numerical simulation and
analysis of complex effects of laser radiation on blood
HbO, and muscle tissue oxymyoglobin MbQs are pre-
sented. The effective way of increasing tissue oxygenation
efficiency depending on the rates of photodissociation of
blood HbO5 and muscle tissue MbO, are discussed.

2. Method of calculation

As shown in [10] photodissociation of blood HbOs in
vivo provides the regulation of local O2 concentration
and, consequently, the degree of tissue oxygenation. The
efficiency of this process depends on the wavelength and
the output power of laser radiation, blood vessels den-
sity in the irradiation area, optical properties of the skin,
and the depth of the blood vessels in tissue. To perform
numerical calculation of laser radiation influence on the
process of gas exchanges we consider a three-layer opti-
cal model of tissue, which consists of the corneal layer
with the thickness 10-200 pym, epidermis (40-150 pm)
and dermis (1.0-4.0 mm). This model allows to con-
sider the process of laser radiation interaction with the
major tissue chromophores and to calculate the real ab-
sorption (action spectra) of various forms of blood Hb
in vivo in the blood vessels of skin taking into account
the optical properties of the epidermis, which contains
a chromophore melanin. Melanin has a broad absorp-
tion spectrum extending from the UV to near-IR spectral
range.

In order to calculate the contribution of the muscle
MbOs, to tissue oxygenation there was developed an op-
tical model of skin by adding two additional layers: sub-
cutaneous fat and muscle layers. This model allows one
to investigate the influence of laser radiation on the full
cycle of gas exchange, which is well-known as a scheme of
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aerobic cell metabolism. According to this scheme, O is
transported from the lungs to the cells by the blood Hb.
In the arterial blood Hb is predominantly presented in
the form of HbO,, and the venous blood contains both
forms of hemoglobin. Muscle tissue contains Mb — a
protein that is similar in structure and function to the
accumulator and HbQO,. Skeletal and cardiac muscles
are supplying molecular oxygen from MbOs.

Until now, no studies have been carried out to deter-
mine the effect of photodissociation of muscle MbO5 on
tissue oxygenation taking with regard to the diffusion
rate of O,. Practical interest is connected with determi-
nation of possible combinations of the oxygen diffusion
rate into muscle tissue and the therapeutic efficacy of
the combined effects of laser irradiation. In this paper
we present a modification of three-layer optical model of
skin by including subcutaneous fatty layer and muscle
tissue. The optical model tissue is shown in Fig. 1.
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Fig. 1. Optical model of skin.

To perform numerical simulation, one should have in
vivo data on the spectral characteristics of biological tis-
sue, in particular, reliably measured absorption spectra
of key chromophores, such as melanin, Hb, HbO,, Mb,
MbO,, water and lipids.

In the literature a reliable information concerning spec-
tral characteristic of lipid is very limited [11-14]. For the
calculations we used the absorption spectrum of lipid —
subcutaneous fat presented in [12]. Using this data we
can calculate various rates of flow ratio of oxygen that
releases from blood oxyhemoglobin due to laser-induced
photodissociation of blood HbO5 and muscle MbOs.

The process of laser-induced tissue oxygenation in-
volves the following steps: extraction of molecular oxy-
gen from blood HbOy and increase in its concentration
in blood plasma, the diffusion of oxygen into the skin tis-
sue and muscle. The diffusion of O depends on tissue
individual density. Calculation of oxygen diffusion rate
from blood plasma to biological tissue, on the basis of
the model, is illustrated in Fig. 2.

In this model, we consider that tissue has a homoge-
neous structure with the same density throughout the
whole volume and the blood vessels (arteries and veins)
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Fig. 2.

Model of oxygen diffusion in tissue.

located deep. Oxygen is released into the plasma of ar-
terial blood, diffuses through the skin tissue to the Clark
electrode.

Experimental data obtained earlier in [15, 16] demon-
strate that in all these cases we obtain approximately the
same increase (about 4.3 times) in the rate of oxygen re-
lease from blood HbOs under the laser irradiation. In
medical practice using laser therapy the phenomenon of
laser-induced photodissociation of HbO2 and changes in
local concentration of oxygen at irradiation zone must be
taken into account [17-21].

3. Results and discussions

Figure 3 shows a typical absorption spectrum of blood
HbOq in the visible and infrared spectral range (A), and
its action spectrum calculated by the Kubelka—Munk
model [22]. As it can be seen in Fig. 3B, the blood HbO4
in vivo effectively absorbs laser radiation in a relatively
narrow spectral range. In the visible region the max-
imum of effective absorption band is at the wavelength
A = 585 nm, and there is a wide absorption band of blood
HbOs in IR spectral range.
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Fig. 3. The absorption spectrum of in vitro (A), and
the action spectrum (B) of oxyhemoglobin in cutaneous
blood vessels located at a depth of 1 mm in the skin
tissue.

As it is shown [23-27] in irradiating area we observe
laser-induced photodissociation of blood HbO,. It means
that we can optically, by light, extract additional amount
of molecular oxygen. This phenomenon gives a novel
technology in regulation of oxygen local concentration
in tissue.
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Thus, total concentration of tissue oxygen will be de-
termined by the amount of oxygen delivered by blood
microcirculation and extracted from the blood HbOo

$10s] = [05] + (051,

Therefore, the effectiveness of laser therapy may have
a significant impact of MbQOs photodissociation in mus-
cle tissue. For investigation of this problem we carried
out a numerical simulation of the interaction of laser ra-
diation with MbOs. In the same manner as in the one,
described previously, calculating the action spectrum of
blood HbO, we calculated the action spectra of Mb and
MbOs; at different depths in the muscle tissue (Fig. 4).
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Fig. 4. The absorption spectrum of Mb (solid line) and
MbO; (dotted line) in vitro (A) and its action spectra
at a depth of 1 mm (B) and 2 mm (C).

As it can be seen in Fig. 4, the nature of the Mb and
MbO, absorption spectra transformation is close to the
spectra of the Hb and HbO,. The calculated action spec-
trum allows one to determine the optimum wavelengths
of the laser radiation for an effective photodissociation of
MbO; and changing the local concentration of Oz in mus-
cle tissue. The action spectra for blood HbOo and mus-
cle MbO, show that transcutaneous irradiation by laser
light skin on blood vessels and muscle tissues demon-
strates that there is a concurrent extraction of molecular
oxygen.

Photodissociation of blood HbO, leads to release of
oxygen into the blood plasma and its diffusion into the
surrounding tissues. However, photodissociation of mus-
cular MbOs, causes the release of oxygen directly into
muscle tissue. In this case, the rate of oxygen flow from
the blood plasma into the muscle becomes significant in
comparison with the rate of MbOs photodissociation. In
laser therapy photodissociation of MbQO; in the condition
of low oxygen supply can cause deep hypoxia in the mus-
cles and may cause negative result. This factor should
be taken into account when the combined effects of laser
therapy on two or more wavelengths using infrared radi-
ation are considered.

4. Conclusions

Numerical simulations of the effect of laser radiation on
gas exchange processes in biological tissues are presented.
It is shown that the photodissociation of oxyhe-
moglobin in the blood vessels and myoglobin in muscle
tissue can later extract molecular oxygen, which allows

it to regulate the local concentration of tissue in the im-
mediate area of radiation exposure.

It is predicted that photodissociation of oxymyoglobin
in the condition of low oxygen supply may cause deep
hypoxia in muscles and have a negative result in applica-
tion of the multi-wavelengths laser therapy. This factor
should be taken into account when the combined effects
of laser therapy on two or more wavelengths including IR
radiation are considered.

Development of this optical method promises the im-
provement in the efficiency of laser therapy.

Acknowledgments

The work was carried out in collaboration with the
Institute of Physics (Belarus) and the Institute of Elec-
tronics (Bulgaria) and partially supported by the Belaru-
sian Republican Foundation for Fundamental Research
(BRFFR), project number F11-013.

References

[1] S. Takas, S. Stojanovich, Med. Pregl. 51, 245 (1998).

[2] G.D. Baxter, Therapeutic Lasers. Theory and Prac-
tice, Churchill Livingstone, Edinburgh 1994.

[3] J. Tuner, L. Hode, Laser Therapy. Clinical Prac-
tice and Scientific Background, Prima Books AB,
Gréngesberg 2002.

[4] V.A. Mostovnikov, G.R.
V.Yu. Plavski, L.G. Plavskaya,
2728, 50 (1996).

[6] J. Kana, G. Hutschenrieter, D. Haina, W. Waidelich,
Arch. Surg. 16, 293 (1984).

[6] R. Abergel, R.F. Lyons, J.C. Castel, R. Dweyer,
J. Uitto, J. Dermat. Surg. Oncol. 3, 127 (1987).

[7] M.M. Asimov, R.M. Asimov, A.N. Rubinov, in:
Proc. III Int. Conf. on Laser Physics and Spec-
troscopy, Minsk (Belarus), Ed. A.A. Afanasev, Insti-
tute of Physics of NAS of Belarus, Minsk 1997, p. 169
(in Russian).

[8] M.M. Asimov, R.M. Asimov, A.N. Rubinov,
SPIE 3254, 407 (1998).

[9] McGrath, Compositions and method of tissue super
ozygenation, U.S. Pat. No. 6,649,145 (2003).

[10] M.M. Asimov, R.M. Asimov, A.N. Rubinov, J. Appl.
Spectrosc. 65, 919 (1998).

[11] R. van Veen, W. Verkruijsse, H. Sterenborg, Opt.
Lett. 27, 246 (2002).

[12] R. Dornbos, R. Lang, M. Alders, Phys. Med. Biol.
44, 967 (1999).

[13] R. Cubeddu, M. Musolino, A. Pifferi, IEEE J. Quant.
Electron. 30, 2421 (1994).

[14] R. Cubeddu, A. Pifferiy P. Taroni, A. Torricelli,
G. Valentini, Med. Phys. 23, 1625 (1996).

[15] M.M. Asimov, A.N. Korolevich, E.K. Konstantinova,
J. Prikl. Spektr. 74, 120 (2007).

[16] M.M. Asimov, R.M. Asimov, A.N. Rubinov,
S.A. Mamilov, Yu.S. Plaksiy, A.I. Gisbrecht, Proc.
SPIE 1, 279 (2005).

Mostovnikova,
Proc. SPIE

Proc.


http://dx.doi.org/10.1117/12.229496
http://dx.doi.org/10.1117/12.229496
http://dx.doi.org/10.1117/12.308190
http://dx.doi.org/10.1117/12.308190
http://dx.doi.org/10.1007/BF02675749
http://dx.doi.org/10.1007/BF02675749
http://dx.doi.org/10.1364/OL.27.000246
http://dx.doi.org/10.1364/OL.27.000246
http://dx.doi.org/10.1088/0031-9155/44/4/012
http://dx.doi.org/10.1088/0031-9155/44/4/012
http://dx.doi.org/10.1109/3.328616
http://dx.doi.org/10.1109/3.328616
http://dx.doi.org/10.1118/1.597739

154
[17]
[18]
[19]
[20]
[21]

[22]

M.M. Asimov et al.

D. Ladin, Ozygen generating wound dressing, U.S.
Pat. No. 5,792,090 (1998).

D.A. Scherson, Ozygen producing bandage, U.S. Pat.
No. 5,855,570 (1999).

M. Asimov, R. Asimov, M. Mirshahi, A. Gisbrecht,
Proc. SPIE 4397, 390 (2001).
P.M. Tibbles, J.S. Edelsberg,
(1996).

M. Asimov, A.I. Gisbrecht, S.A. Mamilov, Yu.S. Plak-
siy, Proc. SPIE 5830, 409 (2005).

R.R. Anderson, J.A. Perish, J. Invest.
77,13 (1981).

J. Med. 334, 1642

Dermatol.

23]

[24]
[25]
[26]

27]

M.M. Asimov, R.M. Asimov, A.N. Rubinov, Method
of increasing the local concentration of oxygen in bio-
tissue, Eurasian Patent No. 015215, 2011.

G.A. Ordway, D.J. Garry, J. Ezper. Biol. 207, 3441
(2004).

P.E. Loory, Portable topical hyperbaric apparatus,
U.S. Pat. No. 4,801,291 (1989).

M.M. Asimov, Nguyen Cong Thanh, Opt. Spectrosc.
111, 224 (2011).

M.M. Asimov, R.M. Asimov, A.N. Rubinov, A.I. Gis-
brecht, J. Basic Appl. Phys. 1, 33 (2012).


http://dx.doi.org/10.1117/12.425172
http://dx.doi.org/10.1117/12.618994
http://dx.doi.org/10.1111/1523-1747.ep12479191
http://dx.doi.org/10.1111/1523-1747.ep12479191
http://dx.doi.org/10.1242/jeb.01172
http://dx.doi.org/10.1242/jeb.01172
http://dx.doi.org/10.1134/S0030400X11080066
http://dx.doi.org/10.1134/S0030400X11080066

	S. Krzeminska, W.M. Rzymski, Thermodynamic Affinity of Elastomer–Solvent System and Barrier Properties of Elastomer Materials

