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Optical properties of costal cartilage and their variation
in the process of non-destructive action of laser radiation

with the wavelength 1.56 um

A.V. Yuzhakov, A.P. Sviridov, E.M. Shcherbakov, O.I. Baum, E.N. Sobol

Abstract. The optical properties of costal cartilage and their varia-
tion under the action of laser radiation with the wavelength 1.56 um
are studied. The laser action regime corresponds to that used for
changing the cartilage shape. The dynamics of the passed scattered
laser radiation was studied by means of the optical fibre system,
and the optical properties of the cartilage tissue (on the basis of
Monte Carlo modelling of light propagation) — using the setup with
two integrating spheres. Under the influence of radiation, the char-
acteristics of which corresponded to those used for the cartilage
shape correction, no essential changes in the optical parameters
were found. The results obtained in the course of studying the
dynamics of optical signals in the process of costal cartilage irra-
diation can be used for developing control systems, providing the
safety and efficiency of laser medical technologies.
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1. Introduction

The introduction of laser technologies into medicine contrib-
utes to the modern scientific progress. The modification of car-
tilage shape [1], particularly, the creation of implants from the
costal cartilage for the treatment of larynx stenosis [2] is one of
the examples of such technologies. To optimise the regimes of
laser exposure and to provide the safety of laser medical tech-
nologies, especially when the rigorous control of the thermal
field in the irradiated tissue is required [3], it is necessary to pos-
sess sufficiently precise knowledge of the tissue optical param-
eters and their variations in the process of laser exposure. Of
particular interest are the studies of the dynamics of optical
properties of the cartilage tissue under moderate heating with
the radiation of the laser based on silica fibre doped with
erbium ions with the wavelength 1.56 um, which is now
actively used in medical practice for correcting the shape of car-
tilage tissues and their regeneration [1, 4]. Such studies were
carried out in Refs [5—13] for the cartilage of nasal septum and
ear conch; however, for the costal cartilage the data on optical
parameters are currently absent. Hence, the measurements of
the costal cartilage optical parameters and their variation in the
process of laser heating are urgent.
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The propagation of light trough an inhomogeneous
medium can be unambiguously described if the absorption x,
and scattering u, coefficients, the scattering anisotropy factor
g, the refractive index and the scattering phase function are
known [3, 14, 15]. In biomedical optics it is accepted that the
scattering phase function, or the deflection angle probability
density, is determined by the Henyey—Greenstein function.
The calculations of u,, us, and g using the Monte Carlo
method, based on the results of measuring diffuse reflection,
diffuse transmission and their angular distributions, can lead
to significant error in separating u, and g. This is because at
the same value of the reduced scattering coefficient u! = u,x
(1 — g) the diffuse reflection, diffuse transmission, and their
angular distributions weakly depend on the particular choice
of us and g. In many practical cases the thermal effect of laser
radiation can be assessed with good accuracy using the effec-
tive absorption coefficient s = [3ua(tt, + 1)]"? [3]. In this
connection the main attention in the present paper is paid to
the measurement of the parameters u, and u! of the costal
cartilage and to their variations in the process of laser heat-
ing, simulating the medical procedures. Earlier analogous
studies were performed by us in the eye tissues [16]. With the
aim of developing a system for controlling the laser exposure
process, the peculiarities of the signal behaviour are studied
for diffuse reflection, diffuse transmission and paraxial trans-
mission at moderate heating of the samples of costal cartilage
with the radiation of medical laser having the wavelength
1.56 um.

2. Materials and methods

Materials. The studies of optical properties were carried
out using the samples of costal cartilage of a mature pig
(the age 8 —9 months). The fresh costal cartilage was stored
up after the slaughter of animals and kept at the tempera-
ture —10 °C and humidity 100 %. Before the experiment the
cartilage was defrosted and cut into plates with the thick-
ness of 1.5—-2 mm. From these plates by the aid of a punch
the discs with the diameter 10 mm were cut, which were
kept in saline to prevent drying. Before the experiment the
samples were slightly dried at room temperature to avoid
the absorption by the extra water at the tissue surface and
fixed in a special holder. Each experiment was repeated at
least four times.

Experimental setups. In the experiments we used the
LC-1.56 fibre medical IR laser (IRE-Polus, Russia) generat-
ing the radiation with the wavelength 1.56 um and the power
up to 5 W, which allowed the control of laser pulse duration,
interpulse separation and pulse repetition rate. Into the out-
put optical fibre of the IR laser the probe cw laser radiation
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with the wavelength of 530 nm and the power 3—5 mW was
introduced.

The IR radiation and the probe visible radiation transmit-
ted through the sample were collected with the optical probe
and sent to the multichannel optical analyser. The signals
from the analyser were digitised and displayed on the PC
monitor (Fig. 1). Since in the measurements using the optical
fibre system a certain part of the radiation that does not hit
the angular aperture of the collecting optical fibre is not taken
into account, in order to obtain more precise information that
takes the scattering of light in different directions into
account, the experiments using doubled integrating spheres
have been performed.
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Figure 1. Scheme of the setup for studying optical properties of biotis-
sues under laser exposure.

The setup (Fig. 2) consists of two spheres, the inner sur-
faces of which are coated with fine-dispersed barium sulphate
that provides a high reflection coefficient for the radiation. As
a result, a uniform light field is formed in the spheres, which
does not depend on the direction of irradiation, and the signal
can be detected at any point inside the spheres.

The IR laser radiation was supplied through the optical
fibre (NA = 0.22, the core diameter 600 um) normally to the
sample surface. The regimes of laser exposure (the intensity
~70 W cm™, the pulse duration 500 ms, the pause duration
200 ms, the exposure time 6 s) corresponded to the conditions
of laser shape correction, which were determined and studied
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Figure 2. Scheme of the setup with two integrating spheres for measur-
ing the optical parameters of biomaterials.

in Ref. [2]. Simultaneously, in the real-time regime the total
diffuse reflection (detector Ry) was measured together with
the diffuse (detector T4) and paraxial (detector T;) transmis-
sion, which were necessary for the Monte Carlo calculation of
the optical parameters.

Calculation technique. The solution of the direct optical
problem using the Monte Carlo method consists in multiple
realisation of the photon random trajectory in the medium
with the absorption and scattering taken into account [12].
The calculation of the photon trajectory is based on several
rules, according to which the photon penetrates into the
medium, propagates in it and leaves it. These rules are speci-
fied by the scattering and absorption probability that deter-
mines the free path length for the photon between the scatter-
ing and absorption events, the probability of the deflection of
the photon trajectory by a certain angle, when the scattering
occurs, and the probability of reflection of the photon from
the boundary between the media with different refractive
indices, when the photon attains such a boundary.

The calculation of the coefficients of diffuse reflection Ry,
diffuse Ty and collimated T, transmission was based on the
updated Monte Carlo algorithm [17, 18]. In contrast to the
traditional approach [19-21], in which the propagation of
individual photons is simulated, in Ref. [17] it is proposed to
consider a virtual photon package, propagating rectilinearly
between the scattering events and losing its weight in the
course of propagation in correspondence with the medium
absorption coefficient. Such an approach significantly
enhances the efficiency of modelling and reduces the time
consumption for calculating Ry, T4, and T, at the given level
of accuracy. In our case we considered 10° photon packages
per iteration (the number of iterations was determined by the
program in correspondence with the closeness of the initial
parameters to the ones sought for). The accuracy of the mea-
surement of u, and u! was estimated as the variance of their
values, calculated for 15 samplings from normal sets of mea-
sured values of Ry, T4 and T,, with the measurement errors
near the experimentally obtained values taken into account.
The calculated measurement error amounted to 4%-8%
depending on the experimental conditions and the parameter
to be measured.

3. Results

The results of calculating the optical characteristics of costal
cartilage based on the data, obtained with the use of two inte-
grating spheres are as follows: before the exposure u, = 5.4 +
0.3cm™, u/=7.7 £ 0.6 cm™'; after the exposure u, = 5.1
0.3cm™, ul=73+£03cm™.

Within the measurement error there is no change in the
light absorption and scattering coefficient in costal cartilage
tissue exposed to laser radiation in the regimes, used to mod-
ify the cartilage shape.

The dynamics of optical signals in the process of laser
action on the samples of costal cartilage is presented in Figs 3
and 4. At the initial stage of laser heating the active growth of
signals occurs both for visible and IR ranges. Then at the
same moments of time both curves in Figs 3 and 4 demon-
strate a specific feature, expressed as the slowing of the
growth. Further evolution of the IR signal demonstrates
monotonic, although not so active, growth with attaining a
plateau, while in the visible range the growing signal reaches
an extremum followed by a fall. In Fig. 5 in the smaller time
interval the synchronous character of the oscillations of the
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Figure 3. Dynamics of the transmitted visible radiation signals.
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Figure 4. Dynamics of the transmitted IR radiation signals.
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Figure 5. Dynamics of the signals of transmitted visible (0.53 pm) and
IR (1.56 um) radiation at the smaller time interval.

IR and visible light signals is shown, which demonstrates cor-
respondence between the oscillation period and the period of
pulsed laser action.

The dynamic curves presented in Figs 3—5 allow the fol-
lowing observations:

— the presence of specific features in both curves at the 5th
and 6th second of laser action;

— the presence of clearly expressed extremum for the visi-
ble range in the interval 22-25's;

— the absence of extremum for IR range and reaching the
plateau by the signal after 35-40s;

— the gradual growth of the visible radiation signal within
the large temporal interval (up to 25 s) in spite of the decrease
in the transmitted visible light intensity during each laser
pulse with the duration 0.5 s and its growth in the pause
between the laser pulses.

4. Discussion of the results

The data on the absence of essential changes in the optical
parameters during the medical laser exposure agree with the
earlier results on the absence of appreciable denaturation of
the cartilage tissue [22] and the conservation of mechanical
properties of the cartilage after its reshaping [2]. These data
confirm the nondestructive character of laser correction of
the costal cartilage shape.

The initial growth of the transmitted signal intensity both
for visible and IR range (Figs 3 and 4) is most probably an
evidence of redistribution of scattering centres due to the
departure of water from the exposed zone. The simultaneous
inflection of both curves is probably due to the deformation
of the cartilage surface as a result of heating by the laser radi-
ation. Further behaviour of the visible signal can be explained
by the growth of the scattering anisotropy factor due to the
increasing size of the scattering centres. The growth of the IR
signal can be associated with the change in the water absorp-
tion spectrum with increasing temperature. The presence of a
maximum and the following decrease in the transmission of
the visible signal indicate the beginning of structural modifi-
cations, leading to the increase in the number of scattering
centres. Reaching a plateau by the IR signal is an evidence of
reaching the equilibrium between two oppositely acting pro-
cesses, namely, the process of ‘clearing’ the cartilage because
of the spectrum modification and the process of light scatter-
ing enhancement due to the production of additional inter-
faces between the media.

The synchronisation of the visible light signals with the
period of the laser radiation pulsed regime is probably due to
the appearance of gas bubbles under heating, their dissolving
in the tissue and the tissue cooling during the pause between
the pulses. The formation of gas bubbles under the laser heat-
ing is caused by the temperature dependence of solubility of
gases that are always present in the interstitial fluid, which
was earlier observed in articular and intervertebral cartilage
[4, 23, 24]. Since in the cartilage tissues the surface of gas
bubbles contains positively charged ions, such oscillations of
gas bubbles can be accompanied also by oscillations of the
cartilage tissue electric parameters in the course of pulsed-
periodic laser exposure [25]. The complex kinetics of the sig-
nals in Figs 3-5 is related to the processes of formation,
growth and collapse of gas bubbles in the irradiated tissue,
which have different kinetics and different contribution to the
system of scattering centres. The fall of intensity of transmit-
ted visible light during each laser pulse with the duration 0.5 s
(see Fig. 5) may be due to the formation of new gas bubbles,
which leads to the increase in the number of scattering cen-
tres. The growth of intensity in the pause between the laser
pulses may be caused by the collapse of some part of bubbles
(i.e., the decrease of the number of scattering centres), and the
gradual growth of the signal within a large time interval can
be associated with the relatively slow increase in the mean size
of gas bubbles due to the growth of the mean temperature of
the tissue.
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5. Conclusions

The absorption coefficient and the reduced scattering coeffi-
cient are measured in costal cartilage at room temperature
under the laser heating in the regime of non-destructive
reshaping. The absence of essential changes in optical param-
eters of the costal cartilage is demonstrated under laser heat-
ing in the medical regimes used for correcting the cartilage
shape.

The dynamics of variation in the cartilage tissue transpar-
ency in the process of laser action can provide a background
for recording desirable and undesirable changes of the carti-
lage structure in the designed control systems, providing the
efficiency and safety of laser medical technologies.
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