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Abstract

Infrared (IR) lasers are extensively utilized as an effective tool in many medical practices.
Nevertheless, light penetration into the inspected tissue, which is highly affected by tissue
optical properties, is a crucial factor for successful optical procedures. Although the optical
properties are highly wavelength-dependent, they can be affected by the power of the inci-
dent laser. The present study demonstrates a considerable change in the scattering and
absorption coefficients as a result of varying the incident laser power probing into biological
samples at a constant laser wavelength (808 nm). The optical parameters were investigated
using an integrating sphere and Kubelka-Munk model. Additionally, fluence distribution at
the sample’s surface was modeled using COMSOL-multiphysics software. The experimen-
tal results were validated using Receiver Operating Characteristic (ROC) curves and
Monte-Carlo simulation. The results showed that tissue scattering coefficient decreases as
the incident laser power increases while the absorption coefficient experienced a slight
change. Moreover, the penetration depth increases with the optical parameters. The reduc-
tion in the scattering coefficients leads to wider and more diffusive fluence rate distribution
at the tissue surface. The simulation results showed a good agreement with the experimen-
tal data and revealed that tissue anisotropy may be responsible for this scattering reduction.
The present findings could be considered in order for the specialists to accurately specify
the laser optical dose in various biomedical applications.

Introduction

Nowadays, optical methods are widely utilized in medical diagnosis and treatment due to their
high safety and functionality [1-3]. In typical procedures, light in the red to the near-infrared
range is used to probe the tissue while the reflected/transmitted light is collected using detec-
tors or CCD cameras. The captured reflected/transmitted light provide important information
about tissue pathology [4]. The light reflection and transmission by the tissue are diffused in
nature due to the inhomogeneity and dense scattering characteristics of biological tissue [5].
The propagation of light in the tissue is affected by the tissue absorption and scattering
parameters. These parameters are wavelength-dependent and specific for each tissue type [6].
The optical dose is greatly affected by the scattering and absorption parameters of the exam-
ined tissue; therefore, an accurate calculation of these parameters is highly required. Tissue
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optical parameters can be determined using different mathematical models that are based on
the light radiative transfer equation (RTE) and diffusion theory of light transport [6]. More-
over, some numerical methods such as Monte-Carlo (MCML) and inverse adding doubling
(IAD) can be used for the same purpose [7]. However, utilizing most of the previously men-
tioned mathematical methods for determining tissue’s absorption and scattering characteris-
tics requires experimental data of the tissue’s optical reflectance and/or transmittance [8, 9].
These experimental data can be obtained by using either integrating spheres [10-12] or distant
detectors [13-15].

It should be highlighted that the most relevant studies in literature investigated the dependence
of the tissue optical parameters on the wavelength of the incident light without considering the
incident laser power [16-21]. However, other researches demonstrated the effect of the tempera-
ture-dependent optical properties on the fluence and temperature distribution within some bio-
logical tissues during low-level laser therapy [22]. It was reported that the photo-thermal effect of
the utilized laser source, such as heating and coagulation, can change the tissue optical properties
[8, 23]. In case of implementing low-level laser beam (i.e., from 50 to 500 mW) in therapeutic
application, it is of paramount importance to study the variations in tissue optical parameters as a
function of laser beam characteristics in order to optimize the therapeutic outcomes [24].

The variation of scattering properties of the biological samples with laser intensity (or fluence)
has not been yet investigated thoroughly. A controlled study that tackles this subject is required.
Furthermore, the present investigation may gain more attention in biomedical applications by
taking into consideration the inhomogeneity of the biological samples and how this can greatly
affect the scattering of laser in the tissue. The present study aimed to calculate the optical scatter-
ing and absorption coefficients of samples of rat’s skull and skin at different incident laser power
(150, 200, 225, 250, 300, and 350 mW). The optical parameters are determined using the
Kubelka-Munk mathematical model based on experimentally measured diffused light. A single
integrating sphere-based optical setup is used to collect experimental data. The penetration
depth and spatial fluence rate distribution at the surface of the examined samples are estimated.
In addition, the numerical simulation is validated by the experimental results.

Materials and methods

The protocol of measurement can be described as follows; after sample preparation, the sample
is placed in the integrating sphere for measuring transmittance and reflectance. The experi-
mental data are saved and analyzed via spectrometer software. The collected data are then pro-
cessed using the mathematical model (Kubelka—Munk) in order to estimate the optical
parameters. The obtained optical parameters are introduced to the diffusion equation in order
to obtain the optical fluence distribution. The average and root mean square (rms) values of
five consecutive measurements of the same sample are used for visualizing the results. Such
procedure is repeated at different incident laser powers. Furthermore, the obtained results are
verified using ROC and Monte-Carlo simulation methods.

Samples preparation

Skull and skin samples taken from six male Wistar rats weighing from 180 to 200 g were inves-
tigated in the present study. A total of 16 samples (6 skull samples and 10 skin samples) were
used for each measurement 5 replicates were done). The experimental animals were obtained
from the breeding center at the National Research Center (NRC) in Egypt. All the experimen-
tal procedure followed the international guidelines of animal care and approved by the com-
mittee of institutional animal care and use at Cairo University (No. CU/I/F/46/19). Under an
anesthetic dose (Sodium pentobarbital injected intraperitoneal of a concentration of 40 mg/kg
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as anesthetic drug), animals were decapitated when skull and skin samples were dissected. All
skin samples were cut from the same location from the animal’s dorsal skin, shaved by an elec-
trical trimmer and razor blade, and cleaned with an alcohol swap. Skull samples were cut from
the animal’s head which is followed by its skin removal. The skull samples were immersed in
hydrogen peroxide (H,O,) for a complete removal of skin tissue debris. The Freshly prepared
skin samples were cut into 2.5 cm in length and 3.5 cm in width to fit into the integrating
sphere holder. The thickness of the examined samples was determined via a fine Vernier cali-
per and a micrometer. In the present study, skull and skin tissues were used to represent both
hard and soft biological tissues, respectively.

The optical setup

In the present work, a power controllable semiconductor laser diode of a wavelength of 808
nm and a maximum output power of 500 mW was utilized. The laser output is controlled by
the temperature and the injection current of the laser control unit (LDC01, MEOS GmbH-
Germany) as illustrated in Fig 1. It is noteworthy to mention that the irradiance is kept con-
stant for all measurements. Moreover, the samples’ surface temperature during the experi-
ments is monitored using a digital temperature controller and a thermocouple (XH-W3001,
Generic, China). However, such low radiation power has almost no thermal effect for relatively
short exposure time. A plano-convex lens (mention the specs) is used to collimate the output
beam to the detector. The detector is connected to a compact spectrometer (STDFSM, Toup-
tek Photonics Co. Ltd- China) via optical fiber cable. The collected signal is analyzed using the
spectrometer and in-house developed Matlab code.

The optical properties of the skull have been calculated using the Kubelka-Munk mathe-
matical method [25]. It is a transport model that estimates the absorption and reduced scatter-
ing coefficients of the examined tissue using the experimentally measured diffuse reflectance
and transmittance [9, 26]. In the present study, the diffuse reflectance Ry and transmittance Ty
of the selected samples have been measured using a single integrating sphere-based optical
setup. The integrating sphere contains two positions for the sample; position A and position B
for measuring the reflectance and transmittance, respectively. The output signal is detected
using a CCD detector (TCD1304AP) which is connected to STDFSM digital fiber spectrome-
ter through a data collecting optical fiber. Finally, a computer is employed for data analysis
and processing as illustrated in Fig 2.

In the transmission mode (Fig 2B), the sample is placed inside the sphere, then the incident
laser beam probes the sample after being directed by two mirrors and, hence, the detector rec-
ords the total transmitted light. Fig 2C illustrates the reflection mode where the sample is
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Fig 1. Schematic depiction of the experimental laser.

https://doi.org/10.1371/journal.pone.0263164.g001
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Fig 2. Integrating sphere configurations (a) positions for incident laser, sample, and detector, (b) transmission
measurement, (c) reflection measurement, and (d) transmitted and reflected signals without sample.

https://doi.org/10.1371/journal.pone.0263164.g002

placed at the upper port of the sphere while the input laser is directed to the sample using the
two mirrors. Then, the sample’s diffuse reflectance collected by the sphere is captured by the
detector. To ensure that the light radiation is delivered without significant losses inside the
integrating sphere, the transmitted and reflected signals were measured before inserting the
biological sample inside the sphere (see Fig 2(D)). Such measurements are performed as a sys-
tem calibration. It is supposed that in an empty integrating sphere, there is no detected diffuse
reflectance and the incident laser beam will be totally recorded as a transmittance. Therefore,
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as demonstrated in Fig 2(D), the laser intensity at the sphere entry is almost equal to that trans-
mitted to the sphere outlet (T) whereas there is no reflected intensity (R) (demonstrated by the
horizontal dashed line) since the sample to be measured is not placed.

Calculating the absorption and scattering coefficients

Kubelka-Munk model can be applied to estimate tissue absorption and reduced scattering coeffi-
cients with the approximation that the radiance is diffuse only [5]. This model assumes two dif-
fuse fluxes inside the tissue; one in the same direction of the incident light and another one is the
backscattered flux in the opposite direction [27]. Two Kubelka-Munk coefficients Ay and Siay
are assumed for absorption and scattering of diffuse radiation, respectively, and can be presented
in terms of the experimentally measured values of diffuse reflectance and transmission, as follows:

R — sinh S, YD
¢ X cosh S, YD + Y sinh S, YD

(1)

Y
T =
4" X cosh Sy, YD + Y sinh S, YD

(2)

where D is the optical thickness of the slab to be considered, and the parameters X and Y can be
expressed as:

1+ R -T2
X=7+2£ 4 (3)
d
Y=vX—1 (4)

According to Kottler et al. [28] the convenience of applying the Kubelka—Munk method
arises from the fact that scattering and absorption coefficients can be directly calculated from
measured reflection and transmission coefficients as:

1 1-R,(X-Y

S = —1
= yp T,

Ay = (X - l)SKM (6)

Then, the relation between Sy, and Ay, and the absorption and reduced scattering coeffi-
cients (¢, and p,') of the sample can be expressed as:

3 1
Ay = 214, and Sy =i/ ——p, (7)
4 4
From Kubelka-Munk calculations, absorption and reduced scattering coefficient are
obtained. The light penetration depth & can be calculated using the absorption and reduced
scattering coefficients as follows [29]:

S (8)

V3, (1, + 1)

Such parameter is very important for the correct calculation of the optical dose in many
medical procedures such as photodynamic therapy [30].
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Simulating fluence rate at the sample surface

The spatial distribution of the fluence rate at the surface of the skull and skin samples has been
determined using the finite element solution of the diffusion equation [13, 14]. The steady-
state diffusion Eq (9) can be modeled by the Helmholtz Eq (10) under the environment of
COMSOL Multiphysics software, as follows:

a¢ 7)7t — — —
OO0 4 o7 .) ~ VDV, 1) = (7.1 ©)
V(=CVu) +au=f (10)
where the constant D = m is the diffusion coefficient, y'; = (1-g)y, is the reduced scatter-

ing coefficient, and g is the anisotropy factor. S(7”, t) represents the source term and ¢( 7, t)
is the fluence rate. Comparing the parameters in 8 with those in 9 we get u = ¢, C=D, a = y,,
and f= S. The implemented finite element model and its corresponding mesh for both skull
and skin samples are presented in Fig 3. The point in the middle of the model simulates the
laser source.

Receiver Operating Characteristic (ROC)

Receiver operating characteristic (ROC) is a graphical representation that is used to evaluate
the accuracy of diagnostic tests by plotting the sensitivity versus 1-specifity of a studied test or
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Fig 3. The finite element geometry (a) model for skull, (b) mesh for skull, (c) model for skin, (d) mesh for skin.
https://doi.org/10.1371/journal.pone.0263164.g003
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a combination of tests [31, 32]. The area under the ROC curve (AUC) is considered the key
factor that assesses the efficiency of the studied discrimination method (test) as the more accu-
rate test the greater AUC [33, 34]. For two random variables X and Y of distribution functions
F and G, respectively, at any point p, the sensitivity of the test is defined as Se(p) = 1 — G(p)
while the specificity is given by Sp(p) = F(p). Thus, plotting Se(p) versus 1-Sp(p) for
-00<p<oo represents the ROC curve [35].

ROC(t) =1 — G(F (1 — 1)), over t € [0, 1] (11)

AUC = /1ROC(u)du (12)

It should be noted that creating a ROC curve is based on the true positive, true negative,
false positive, and false negative concept. The X-axis of the curve represents 1- specifity which
is the false positive fraction whereas the Y-axis shows the sensitivity which demonstrates the
true positive fraction [36]. Our presented ROC curves have been created under the environ-
ment of the MATLAB software package.

Monte-Carlo simulation

In the present study, Monte-Carlo simulation has been applied for results verification. Monte-
Carlo simulation is a very common numerical method used to simulate light propagation in
single and/or multi-layers turbid media [37-39]. Refractive index, absorption coefficient, scat-
tering coefficient, anisotropy, and sample thickness are the five tissue-related parameters
required to run the simulation code named “MCML” [40]. The output of the simulation can
give sufficient information about tissue diffuse reflectance, fluence rate, and absorbed fraction
[41, 42].

Results
Dependence of optical parameters on the incident laser power

The experimental data of reflectance and transmittance revealed that the total transmittance
increases by increasing the incident power. On the other hand, the diffuse reflectance Ry
decreases at higher incident laser power. The absorption and reduced scattering coefficients of
the skull and skin samples have been calculated at different incident laser powers. The varia-
tion in their values is presented in Fig 4A, and 4B. The variation in the optical penetration
depth versus the laser incident power is illustrated in Fig 4(C).

As illustrated in Fig 4A and 4B, the reduced scattering coefficient decreases by more than
50% and 30% in the skull and skin, respectively, as the incident laser power increases. On the
other hand, there is almost no change in the absorption coefficient for both examined tissues.
In both cases, the penetration depth increases by increasing the incident power as a result of
the new combination of the absorption and scattering coefficient.

Verification using ROC curves

For evaluating the accuracy of the obtained results, ROC curves of the experimental data have
been constructed. ROC curves of the measured diffuse transmittance spectra at each two con-
secutive incident powers have been plotted for both skull and skin samples as presented in Fig
5, respectively.

As shown in Fig 5, the between 200 and 225 mW, and 225 and 250 mW. However, lower
discrimination appears between 150 and 200 mW, and 300 and 350 mW where the area under
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skin, (c) variation in the penetration depth for the skin and skull samples.
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the ROC curve is relatively lower. Finally, comparing 150 and 350 mW, the obtained ROC suf-
ficiently shows an acceptable area under the curve (i.e., AUC > 0.7). In general, the obtained
ROC curves show a good agreement with the experimental results.

The diffuse transmittance at skin samples shows high discrimination from 150 to 250 mW
with high AUC values. Nonetheless, from 250 to 300 mW, the value is not significant which
agree with the obtained scattering coefficient values. However, from 300 to 350 mW, the ROC
curve restores its high AUC. The sensitivity, specificity, and accuracy for each ROC curve are
summarized in Table 1.

Spatial fluence rate distribution

The calculated optical absorption and scattering parameters for the examined samples have
been introduced to the finite element model. The solution of diffusion equation is obtained to
visualize the distribution of the fluence rate at the skull and skin surfaces at each incident laser
power. The obtained results are presented in Fig 6.

As illustrated in Fig 6, the spatial fluence rate becomes more diffusive as the incident power
increases at lower scattering coefficient values. The same behavior occurs at the skin surface,
the distribution of the fluence at low incident power was more focused at the central region,
while at higher incident power, it becomes more diffusive.
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Simulation of the laser propagation at different anisotropy factors

The reduction of scattering characteristics by increasing the laser incident power has been ver-
ified via Monte-Carlo simulation. The diffuse reflectance, as a function of the spatial distance
from the light source, for the examined skull and skin samples have been simulated at different
anisotropy factors 0.8, 0.85 and 0.9, as presented in Fig 7.

As shown in Fig 7, the reflectance distribution shows lower values and becomes more atten-
uated at higher g values.

Discussion

Investigating the variation of the optical parameters of some biological tissues with the laser
light parameters is critical for obtaining the optimum outcome of diagnostics and treatment

Table 1. The obtained ROC curves parameters of skull and skin at different incident power.

Laser power

150 and 200 mW
200 and 225mW
225 and 250 mW
250 and 300mW
300 and 350 mW
150 and 350 mW

https://doi.org/10.1371/journal.pone.0263164.t001

Skull
0.82
0.98
0.97
0.97
0.82
0.98

Sensitivity Specificity AUC Accuracy
Skin Skull Skin Skull Skin Skull Skin

0.98 0.77 0.98 0.86 0.98 0.79 0.98

0.91 0.98 0.90 0.98 0.95 0.98 0.90

0.99 0.98 0.99 0.97 0.99 0.98 0.99

0.51 0.95 0.49 0.97 0.50 0.98 0.50

0.87 0.77 0.86 0.86 0.93 0.79 0.86

0.99 0.98 0.99 0.98 0.99 0.98 0.99
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applications. Laser-tissue interaction has been the focus of several studies [43, 44] for and has
been useful for the application of laser in a variety of applications such as hair removal [45],
wound healing [46], and the treatment of some neurological diseases [47, 48]. Consequently,
Investigating the change of optical parameters with laser power may restrict the use of laser in
certain applications or may offer an adjustment for the safe use [49]. Therefore, the present
investigation studies a crucial issue in the field due to its considerable effect on the experimen-
tal results.

During the last decades, an increasing number of transcutaneous and transcranial photo-
biostimulation applications have been emerged [50, 51]. Therefore, one of the most commonly
used laser wavelength range (i.e., Infrared laser) in medical applications and the extensively
studies tissue samples (skull and skin) have been utilized for the present investigation. In the
present study, a decrease in the reduced scattering coefficient from 37 to 9 cm ™ and from 12 to
5.8 cm™' for the skull and skin, respectively, in the range of incident laser power of 150 to 350
mW have been obtained. Theoretically, the hard tissue (skull) has a lower proclivity to change
over time (e.g., drying out) than the soft tissue (skin) [52]. Despite this fact, the reduction of
the scattering coefficient with the laser power for the skull is greater than that for the skin. This
supports the proposed hypothesis that states that tissue scattering properties change with the
incident IR laser power.
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Optical scattering and absorption properties control the light propagation in biological tis-
sues and greatly affect the required optical dose in different diagnostic and therapeutic applica-
tions. In a previous paper investigating the laser transmission profiles of the same wavelength
as the present study through the rat’s head, we found that increasing the laser power has an
effect on the tissue optical properties including scattering [53]. Laser light propagation
encountered in biological structure experiences forward and multiple scattering due to the var-
iation of the refractive indices and scattering particle sizes within the tissue layers. These phe-
nomena are intimately correlated with the propagation of light in biological samples. Besides,
light scattering in biological tissue depends on many factors related to its morphology, struc-
ture, and components such as cell membrane and organelles [5, 54].

Although precise measuring of diffuse reflectance is required for the determination of the
optical parameters, tissue anisotropy factor g is a very vital parameter that affects the calcula-
tion process of scattering coefficient [55]. The anisotropy factor represents the asymmetry of
the single scattering event; it ranges from 0, 1, and -1 for extremely forward, isotropic, and
highly backward scattering, respectively [56]. The connection between the reduced scattering
coefficient and the scattering coefficient p is the anisotropy factor (1, = u,(1 — g)). That s,
increasing g causes a decrease in p which can result in a decrease in the reduced scattering
coefficients presented on our results. It is known that, in the biological tissue, the forward scat-
tering is highly dominating [57, 58] and correlated with the irradiation intensity and this, in
turn, causes an elevation in the tissue anisotropy factor g. Additionally, increasing the anisot-
ropy factor, by increasing the incident light intensity, has a great effect on both tissue reflec-
tance and optical fluence rate distribution [59].

As reported in some relevant studies [60, 61], tissue diffuse reflectance increases as a result of
increasing the scattering coefficient. The curves presented in Fig 7a, 7b demonstrate that tissue
diffuse reflectance decreases at higher anisotropy factor which reveals a reduction of the scatter-
ing coefficient. The size and the index of refraction of the scatterers control the linear scattering
cross-section. However, these parameters change upon increasing the intensity of the laser beam
and, hence, affects the scattering cross-section [62]. This phenomenon affects the energy of the
scattered light which, in turn, changes the optical properties of the studied medium [63]. In addi-
tion to diffuse reflectance and anisotropy factor, some studies reported that tissue absorption
and scattering properties differ with tissue heating specially in the coagulation temperature
range (from 40°C to about 80°C) [60, 61]. The thermal effect of the laser radiation is utilized to
heat tissue fat and, hence, affects the optical scattering properties [64, 65].

Visualization of the distribution of the fluence rate at the skull and skin surfaces at each
incident laser power, based on the scattering and absorption parameters, revealed that the
more the power used the more diffusive the distribution of laser irradiation. Higher scattering
at lower powers results in a distribution of more circular profile, and decreases the laser pene-
tration. As the scattering is reduced by increasing incident laser power, the penetration depth
is increased due to increasing the distance between the scattering events. Also, it results in a
more diffusive pattern of distribution. This variation in scattering coefficient is closely related
to the variation in the tissue anisotropy factor with incident laser power. Therefore, the laser
distribution and penetration in tissue at different incident laser power are highly dependent
on the variation of the two interrelated parameters; the tissue anisotropy and the scattering
coefficient.

Conclusion

A variation in the scattering of incident laser with the incident laser power has been investi-
gated in the present study by experimental measurements and verified by Monte-Carlo
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simulation. The decrease in scattering has been observed in both skull and skin tissue samples

with increasing the laser power. The penetration and fluence rate distribution has been also

affected by varying the laser power. The present results comprise a controlled study in which
this relationship has been established. The present findings should be taken into consideration
when using a low-level laser either transcutaenously or transcranially for diagnosis and treat-
ment purposes. Further investigations at different wavelengths and different tissues are needed
to extrapolate the present findings.
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