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Abstract: Monte Carlo techniques have been extensively used for planning laser based clinical procedures such as
photobiomodulation. However, the effect of several biological tissue characteristics regarding its morphological
structure and physiological parameters hasn’t been carefully addressed in many applications. Specifically,
many questions remain concerning the effect of skin phototype and body mass index on the effectivity of
photobiomodulation for extraoral therapies. To address these questions, a Monte Carlo simulation model of
the effects of body-mass index dependent skin structure, Fitzpatrick skin type was developed, specifically
tailored for the morphological characteristics of cheek tissue. The model describes the settings of a typical oral
photobiomodulation treatment protocol for pain relief, namely, the use of 660 nm and 808 nm laser wavelengths
and a therapeutic dose of 2.0 J/ cm? on the masseter muscle. The simulations were used to train a machine
learning predictive model aimed at accelerating the treatment planning stage and assessing the importance of
patient specific parameters. A multiple regression approach was adopted to predict muscle dose and treatment

time for effective delivered dose.

Keywords: photobiomodulation; Monte Carlo; laser dosimetry; machine learning

1. Introduction

Orofacial diseases are among the pathological conditions that most affect the quality of life
in the world. Notably, temporomandibular disorder (TMD) is a group of conditions that cause
symptoms like maxillary pain, headache, and facial pain [1]. Another painful condition is oral
mucositis (OM), a complication of chemotherapy or head and neck radiotherapy causing soreness,
redness and smoothness on oral tissues early after treatment onset [2]. Management of TMD and
OM related pain may require opioid analgesia, which may cause addiction and other side effects.
Photobiomodulation Therapy (PBMT) is a safer alternative solution that uses lasers or other light
sources to stimulate therapeutic biological responses including analgesic and anti-inflammatory effects,
and also promoting healing and tissue repair. Clinical applications of PBMT have been found in diverse
conditions such as neuromuscular pathologies, musculoskeletal pain, dermatological conditions, oral
irritation and in different areas in dentistry. The PBMT is considered a non-thermal and non-ablative
treatment, since the energy density levels associated with this therapeutic regimen are typically below
the threshold associated with irreversible cell damage [3]. Highly penetrating red or near-infrared light
must be absorbed by the target cells, specifically by cytochrome C oxidase that lies within mitochondria.
A modulation of oxidative stress is then promoted through the release of nitric oxide which increases
adenosine triphosphate production, and regulation of reactive oxygen species [4].

The successful application of PBMT relies on the choice of optimal treatment parameters from
which wavelength, energy density expressed as J/cm? (dose), number of points of application and their
location, and treatment frequency and duration are among the most relevant. They should combine to
obtain an effective penetration of light through different skin layers to reach the intended target tissue.
For example, the laser can be applied intra- or extra-orally and this has implications in the choice of
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laser wavelength and delivered dose [5]. Since there is a great variability in patient morphological and
physiological characteristics, individual laser dosimetry planning may be recommended.

The layers of facial tissues are commonly categorized into five levels, progressing from outer
to inner: (1) the dermis, (2) the subcutaneous layer, (3) the musculoaponeurotic layer, (4) the spaces
and retaining ligament, and (5) the deep fascia. Bone and periosteum are disregarded since they can
be avoided during extraoral PBMT administration, preventing additional dose attenuation. From a
photobiological standpoint, simplifying the orofacial tissue layers into skin, fat, and muscle is feasible.
Each of these layers displays distinct optical characteristics. Among the three tissues, the skin acts
as the most absorptive layer, playing a significant role in light absorption and scattering due to the
melanin chromophore.

In the case of PBMT for pain relief, light has to penetrate to as deep as the muscle layer to deploy
a therapeutic effect. For this purpose, red and infrared light wavelengths can be used due to their
longer mean-free-path. However, darker skin phototypes may still absorb a significant portion of the
incident light and cause discomfort or even burn wounds in the patient. On the other hand, reducing
the laser power to comply with safety regulations will also reduce the amount of light reaching the
target sites, thus compromising the effectiveness of the intended treatment. To model the effect of
skin tone, some quantitative assessment method that can be easy to implement in a clinical setting
is preferable. Currently, the Fitzpatrick’s skin type classification scale is the preferred method [6]. It
indicates not only the individual’s skin color but also their perception of the tendency to burn or tan
or the risk of developing skin cancer when exposed to sunlight. Another factor affecting the amount
of light delivered to the target tissue is the thickness of the upper layers. Particularly, the thickness
of subcutaneous fat has to taken into account due to its high scattering coefficient at therapeutic
wavelengths. The quantitative assessment of skin layers and underlying tissues thicknesses can be
done using ultrasonography [7] or in vivo Harmonic Generation Microscopy (HGM) [8]. However, in
most clinical settings these instruments may not be available, which makes the evaluation of body
mass index (BMI) a much easier and practical tool. Thus, the correlation between BMI and tissue
thickness [9] can be useful in laser treatment planning.

Monte Carlo (MC) techniques have been extensively used to model the propagation of light in
biological tissues for the purpose of predicting the outcomes of therapeutic procedures and the sensi-
tivity of diagnosis methods []. These two main groups of applications share important methodological
aspects with respect to the modeling of skin structure and physiological features, so some attention
will be dedicated to both in the following overview.

In a recent paper, a MC analysis of the effect of skin tone and obesity on the photoplethysmography
signal in wearable devices used by volunteers, with a body mass index range of 20 to 45 and a
Fitzpatrick scale between I and VI, was described [10]. They reported significant changes leading to a
loss on the reflected optical signal from visible light emiting diodes (LEDs) (A = 523 nm) and near
infrared LEDs (A = 945 nm) and penetrating the wrist skin from individuals with increased BMI and
skin pigmentation.

Recent experimental studies on the effect of skin color and layer thickness on reflectance, trans-
mittance and skin temperature at two different wavelengths (A = 635 and A = 808 nm) revealed
important changes in these quantities [11]. The authors concluded that skin thickness and color must
be accounted for when selecting laser parameters such as energy dose and wavelength for successful
therapeutic outcomes at the target tissue. It would be interesting to verify if these changes can be
predicted using MC simulations since it would help developing a validation tool for laser dosimetry.

A validation study of a MC model for extraoral photobiomodulation dosimetry planning was
carried out with a limited number of volunteers [12]. Interestingly, the role of individual’s cheek
morphology on laser penetration using Magnetic Resonance Imaging and extraoral light transmission
measurements at A = 850 nm was addressed. No appreciable dependence was observed between the
measured transmittance and the skin type, while total cheek thickness produced variations of over
100% across the four volunteers.
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The primary objective of this study is to develop a PBMT dosimetry model specific of cheek
and oral cavity tissues, in external application mode, than can be adapted to patient’s morphological
and physiological characteristics, with a focus on skin optical properties and layer structure. The
model is built upon three main stages. First, an optical model relates skin optical properties with a
widely used phototype classification scale using literature information. Tissue structure is modeled
according to updated references reporting facial measurements of skin layer thicknesses that can be
associated with different BMI values. Second, a laser treatment setup is simulated with fixed beam
spatial configuration and irradiance, targeted at an efficacious dose of 2.0 J/cm? delivered to the
masseter muscle, as reported in previous studies, by varying the treatment duration. Care is taken
to limit the incident irradiance to the maximum permissible exposure (MPE) for skin at the selected
660 nm and 808 nm laser wavelengths. The simulations are performed with the Monte Carlo method
in order to predict the laser fluence at the muscle layer and compute the treatment duration required to
achieve the therapeutic dose for a wide range of skin phototypes and BMIs. Finally, a third stage aims
at amplifying the usability of Monte Carlo simulations and assess the importance of patient specific
parameters to the dosimetry model, by using machine learning techniques. In this study, a bi-target
multiple regression model, trained with the MC simulations, is designed to compute estimates of
muscle and epidermal energy density deposition, so that efficacious dose conditions are met and, at
the same time, laser safety considerations are warrantied. The model is able to predict dose parameters
for a new set of features that lie within the parameter space covered by the MC simulations, in a much
faster but nevertheless reliable way.

2. Materials and Methods

The dosimetry model is based upon empirically derived energy density values that have been
found to deploy biological responses when laser light is used in PBMT for pain relief in orofacial
tissues. According to [13], an efficacious dose of about 2]/ cm? at the target tissue, the muscle in this
case, defines the onset of therapeutic effects. Thus, the aim of the planning model is to predict how the
laser power and treatment duration time should be adjusted to insure the right dose for a fixed laser
setup (wavelength and spatial profile) and the individual physiological/morphological characteristics
of a given patient. While a short treatment duration is preferred for clinical management reasons,
care must be taken not to exceed the skin maximum permissible exposure (MPE) for the selected
wavelength. Here, the guidelines of ANSI z136.1 standard [14] the are followed, for continuous wave
lasers in the red-infrared region:

¢PmpE = 200 X C4(A), 1)

where, ¢npg (MW / cm2) is the incident irradiance and A (nm) is the laser wavelength. The correction
factor is defined as C4 = 100-002(A-700) £or 700 < A < 1050 nm, and C4 = 1.0 for A < 700 nm.

2.1. Tissue Structure and Optical Properties

The propagation of light inside a biological tissue depends on its morphological as well as opti-
cal/physiological characteristics. Given that the spectral region of interest lies within the therapeutic
window, the muscle layer is also included in the simulated tissue model. The facial tissue model
consists of four layers, namely, the epidermis, dermis, subcutaneous fat and muscle.

Skin Thickness

The variability of skin thickness at various facial locations can be assessed using diverse methods,
such as in vivo ultrasound analysis, 3D structured light scanning, biopsy, and computerized or
histological measurements. Skin thickness is directly influenced by factors like sex, age, and race,
impacting both the epidermal and dermal layers. Accurate estimation of topographic skin thickness
is crucial for optimizing medical and cosmetic outcomes while minimizing potential adverse events
during facial photobiomodulation procedures.
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Drawing upon a diverse population sample, a compendium of recent studies has employed the
aforementioned techniques to ascertain skin thickness in regions comprising the head, cheek, and
neck. Employing these data as a foundation, it has been observed that the average thickness of the
epidermis in the cheek region is approximately 0.2 mm, while the dermis has an average thickness of
1.4 mm. Additionally, the subcutaneous layer exhibits an average thickness of 10 mm and the muscle
layer 5 mm in this specific facial area. It becomes feasible to estimate the thickness of each skin layer,
as delineated in Table 1, where specific range values can be found, according to [15]. Considering the
great variability of thickness values, we chose values consistent with recent publications employing
four layer models, including muscle layer, targeting dosimetry applications [12,15,16].

Table 1. Tissue layer structure and optical absorption defining chromophore composition.

Layer d (mm) HbO, (uM) Hb (M) W F M
Epidermis 0.1 0 0 0.60 0.15 0.01-0.20
Dermis 1.0 2.87 1.83 060 017 0
Fat 0-12 0 0 005 075 0
Muscle 2-8 0.50 0.50 070 0 0

Absorption Coefficient
We follow a model for the optical properties described in the work of Steven Jacques [17], where

the spectrally dependent absorption coefficient of each layer can be computed given variable amounts
of its main absorbing chromophores according to the formula:

Ha = BSp, 10, + B(1— S)pta b + Whan,0 (2)
+ Figfat + Mg mel, (3)

where, B is the average blood volume fraction, S is the oxygen saturation, W is the fractional water
content, F is the fat content, and finally M is the melanosome volume fraction. Each absorbing
chromophore has its own spectral signature, as illustrated in Figure 1, from which the total absorption
for each layer can be estimated (Figure 2).
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Figure 1. Absorption coefficient spectra of main chromophores considered in the tissue model.

The optical absorption coefficient of blood varies with oxygen saturation and can be calculated
from its components 1, Hb0, = Cblood€HBO, aNd Mg Hb = Cblood €Hb, Where epp, and epp0,, in cm~ /M,
are the deoxy-hemoglogin and oxy-hemoglobin molar extinction coefficients, respectively. Due to
the variation of blood fraction in a given tissue, the apparent molar concentrations, cyp0, and cyp, in
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150[g/1]

M = mol/L, also vary. Considering pure blood with a concentration given by cpjooq [M] = 84500]g/mol]”

the blood volume fraction B in a tissue is defined by

g — (cHbo, i) (4)

Cblood

In turn, the concentration of oxy-hemoglobin relates to oxygen saturation, S, as follows:

g _ CHbO, (5)
CHbO, T CHb
Here, we are assuming a value of 150 g/L for the hemoglobin concentration in the bloodstream and
using 64500 g/mol as the molecular weight of hemoglobin.

Melanine is the most absorbing chromophore present in the epidermis and it’s produced by
specialized organelles called melanosomes which are present in melanocytes. Human skin color is
classified according to the widely used Fitzpatrick Scale [18], ranging from I to VI levels, also known
as phototypes. The correspondence between the skin phototypes and melanosome volume fraction
M inside the epidermis has been studied by several authors, but there is a certain lack of agreement
between the adopted models. For example, Colas et al [19] adapted the results from Karsten et al [20]
where four different melanosome volume fraction classes of values were selected: Very fair to fair
skin (phototypes I-II) have 1 — 4%, moderately fair skin types (phototype III) contain about 8% and
dark skin (phototype IV) has about 11% of melanosome volume fraction. On the other hand, some
authors refered a wider span of melanosome fraction values, establishing a correspondence between
the six Fitzpatrick classes and the values 3%, 10%, 16%, 23%, 32% and 42% [21]. In vivo measurements
in dorsal forearm and volar arm, using both multiphoton microscopy and spatial frequency domain
spectroscopy, gave smaller volume fraction results, between 5% (skin type I) and 20% (skin type VI) [22].
The latter results proved to be consistent, since a comparison between two modern measurement
techniques for in vivo melanine inspection were assessed, and as such, they were adopted in this work.
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Figure 2. Absorption coefficient spectra of the epidermis (phototypes I to VI), dermis, subcutaneous
fat, and muscle.

A single dermal layer, comprising the papillary dermis and the reticular dermis, was consid-
ered. To simplify the model, the total amounts of oxy-hemoglobin and deoxy-hemoglobin molar
concentrations, as well as fat and water fractions, were kept constant with average values as in [17].

Subcutaneous fat was considered a bloodless layer, with variable thickness representing different
BMIs, as mentioned above. A small fraction of water, 5%, and a larger part of fat, 75% was defined in
this model.
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Finnaly, a muscle layer with 70% of water and 0.50 #M for both the oxy-hemoglobin and deoxy-
hemoglobin molar concentrations was included.

Table 1 shows the chromophore contents of each layer, defining the respective absorption coeffi-
cients.

Scattering, Anisotropy and Refractive Index

The scattering coefficient has an important role in the distribution of fluence within the tissue.
The reduced scattering coefficient u, = (1 — g)us is defined by the following empirical formula [17]:

, AN
Vs_a<500) 7 (6)

with the wavelength A in nm. This equation is parameterised by the scaling factor a = p (A = 500nm),
in units of cm~!, and the dimensionless scattering power b. The parameters specifying y} in each
tissue layer are given in Table 2. For the epidermis and dermis, a and b were fitted to the data found
in [23]. Fat parameters are based on average values compiled by [17] from several authors. Muscle
parameters a and b were fitted to ex-vivo data from [24] for the spectral range of 620 — 1000 nm. The
anisotropy coefficient g for epidermis and dermis for wavelengths in the range [300; 1300] nm, was
found in the comprehensive review of [25]

g=062+29x 10742, 7)

where a 10% contribution of isotropic scattering at A = 633 nm is assumed and the wavelength A is
given in nanometers. The muscle spectral dependence of g assumes a different shape:

¢ = 0.883 +0.051 (1 _ e e ) ®)

This formula was also obtained from [25] (Table 2) and is valid for the spectral range of 500 — 800 nm.
In the absence of a specific formula for subcutaneous adipose tissue, a continuity of the upper layer
behavior, expressed by Eq. (7), is assumed.

Table 2. Tissue layer structure and other optical parameters: scattering coefficient, anisotropy and
refractive index.

Layer a(em™) b I's n
Epidermis  68.7 1.161 14
Dermis 45.3 1.292 g=1062+29x107%)A 14
Fat 184 0.672 1.34
Muscle 11.6 1.045 g =0.883+0.051 (1 —e Agf.??ﬁ) 14

2.2. Monte Carlo Model

The propagation of light in biological tissue can be simulated by different approaches depending
on tissue properties for the spectral characteristics of the laser radiation. The red-infrared portions
of the spectrum can penetrate deeper into the tissue and be significantly scattered, in which case the
Monte Carlo method offers the most versatile and accurate approach to solving the radiative transfer
equation. In this method, a large number of photon packets travel through the medium in a random
walk fashion and are allowed to suffer events of scattering, absorption and reflection/transmission at
layer boundaries. Such events occur at a rate that depend on the local optical properties of the medium
as well as its morphological structure. Since the early 80’s, many MC algorithms have been developed
for different diagnosis and therapeutic applications. The MC implementation used in this study is
based on the code MCMatlab, a user friendly version of Steven Jacques” "mexyz.c" [26] developed by
Marti et al. for MATLAB users [27].
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The geometry of our MC implementation is illustrated in Figure 3. It consists of a tissue block of
Ly x L, = 1.5 x 1.5 cm? wide, and variable thickness (up to 2.12 cm), obtained by summing up the
thickness of each layer presented in Table 1. There are up to 300 x 300 x 848 voxels for the thickest
simulated tissue, where 5 x 107 photon packets are launched and tracked while propagating through
the tissue. The software ran on a GPU-accelerated configuration using a I7 CPU and a NVIDIA GeForce
RTX 4080 graphics card.

0.2
§ 0.4
N 0.6
08

0.5
0

0.5 0.5 0

y [cm] x [cm]

Figure 3. Illustration of the geometry model of four-layer tissue structure representing a cheek
cross-section.

Data Set

The machine learning predictive model (MLPM) is designed to provide estimates of the epidermal
and muscle average fluence. The reason underlying this choice is two-fold: on one hand it is desirable
to assess the treatment times to deliver an efficacious dose to the muscle and its dependence on the
individual phototype and BMI; on the other hand, the epidermal energy deposition should be studied
as well to make sure that safe levels of laser radiation are employed and no significant temperature
rise occurs during the treatment time interval.

A data set representing a range of phototype levels between I and IV and BMI values between
20 and 45 was set up by varying the melanin fraction between 0.01 and 0.20 in 0.01 intervals and
letting the fat layer and muscle layer thicknesses vary in the ranges 0.1 — 1.2 cm and 0.2 — 0.8 cm, with
0.1 cm spacing, respectively. The data set yielded 1680 samples for each simulated wavelength, 660
and 808 nm, corresponding to a total number of 3360 MC simulations obtained in this study. Table 3
presents absorption coefficients for the epidermal layers at the selected wavelengths and median
melanosome fractions (M) for each Fitzpatrick skin type, to give an idea of the influence of skin color
on optical properties used in the current work’s simulations.

Table 3. Epidermis absorption coefficients at wavelengths 660 nm and 808 nm using median
melanosome fractions (M) for each Fitzpatrick skin type.

Phototype M g 660 (em™1) 14,308 (em™1)

I 0.05 13.1 6.5
II 0.06 15.7 7.8
il 0.07 18.3 9.1
v 0.09 23.6 11.7
v 0.11 28.8 14.3
VI 0.15 39.3 19.4

2.3. Predictive Model of Average Dose

Several MLPMs were constructed and tested within the scope of this study, as multiple regression
problems with three features: (1) melanine fraction, (2) fat thickness, and (3) muscle thickness; and two
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response variables: epidermal and muscle energy incident fluences. For the purpose of estimating
both variables, what could be understood as a bi-target regression problem is, in fact, decomposed into
two independent single-target regression problems. Here, predictions of one parameter value from the
predictor values are obtained from ground truth MC simulations with known parameters, as presented
in Table 1 and described above. These allowed the analysis of feature importance, using feature
selection algorithms, to further simplify the regression procedure. Considering the characteristics of
epidermal and muscle fluence plots observed in preliminary analysis of the MC simulations, the most
appropriate candidate MLPM models were Decision Trees for regression and linear regression models.
The most promising results were obtained applying linear regression to the logarithm of epidermal
fluence and of muscle fluence. The details of the MLPM approach are described hereafter.

Design of the Predictive Model

The predictive model for each single-target task fits a linear model with a set of coefficients to mini-
mize the residual sum of squares between the observed targets in the data set, and the targets predicted
by the linear approximation. To train the model, we use LinearRegression from Scikit-Learn [28].

Validation and Testing

The data is divided into a training set (90%) and a test set (10%). To select optimal parameters
and assess model performance during the training phase, 5-fold cross validation (CV) is performed.
The predictive performance is assessed using the test set. For each fluence model j, the corresponding
root-mean-squared error (RMSE)) is calculated as follows:

Zzlil(Di‘—Di‘)z
RMSEj:\/ Ii] I, 9)

where, D; is the predicted value of the response variable (epidermis or muscle) for sample number i
from the test set, and D; is the corresponding true value, assuming a test set with a total of N samples.

The relationship between the predicted and true energy density values is quantified by calculating
the coefficient of determination RJZ for each single-target regression task j = 1,2:

N

v, (Dyj — Dyj)?

RZ=1- 5,
Y.it1(Dj - Dy)

]

(10)

where, D is the mean true response variable value. Note that, ideally, R; should approximate 1 for the
best model.

3. Results and Discussion
3.1. Monte Carlo Simulation Results

A preliminary literature survey of the optical and morphological parameters of a diversity of
subject characteristics allowed the construction of a model of the skin in the orofacial regions suitable
for conducting realistic Monte Carlo simulations of laser treatment protocols. An extensive simulation
study was conducted for laser light sources with gaussian cross-sectional distribution, an aperture
diameter of 0.354 cm, and 660 nm and 808 nm laser wavelengths. Incident laser radiant power and
treatment duration was selected in a way that it would a total dose of 6.0 J at skin surface, while
respecting the maximum permissible exposure (MPE) for each wavelength. The total dose was
selected as a reference configuration for a given tissue model (d fat = 0.5 cm, dmuse = 0.4 cm and
M = 0.04 - Fitzpatrick I), with minimal epidermal melanin influence, where an efficacious dose of
27/ cm? would be achieved at the fat/muscle interface. This configuration combined with the most
penetrating wavelength of this study, A = 808 nm, gives a treatment time of 3.3 min for a safe laser
radiant flux adjusted to 30 mW, and an incident irradiance of 304.8 mW/ cm?, which is bellow the
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skin MPE (328.9 mW /cm?) for this wavelength. Then, the treatment time was computed using this
incident irradiance and the fluence rates at muscle interface obtained from the MC simulations for
each combination of thickness and optical parameters. The procedure described above was replicated
for the wavelength 660 nm, where the skin MPE has a lower value (200 mW/ cm?). This led to a laser
radiant flux of 10 mW, and an incident irradiance of 101.6 mW /cm? for safe exposure levels, increasing
the treatment time to 10 min when a total dose of 6.0 | at skin surface is to be delivered.

Figure 4 illustrates the fluence rate (W/ cm?) and absorbed energy (J/ cm®) density distributions
for a laser with a wavelength of 808 nm, across a cheek tissue section (y = 0) with model parameters:
M = 0.04, dp5c = 0.5 cm, and dr;; = 0.5 cm. The differences between absorbed energy and incident
fluence show that the influence of a high absorption at the thin epidermal layer should be analyzed in
comparison with a much more translucent but thicker fat layer. Both layers have a high impact in the
amount of light that reaches the muscle layer. When the fat layer thickness is 0.1 cm, the melanine
fraction a high influence on muscle dose.

Tissue Fluence Rate ¢ [W/cm?] Tissue Energy Deposition Q [Jicm®]
002 . 0.002

10 10000

] 1000
100
= 0.1 10
S,
N 0.01 1
0.1
0.001
0.01
0.001 1e-09
-0.5 0 0.5 -0.5 0 0.5
X [cm] X [em]

Figure 4. Monte Carlo simulation results of fluence rate (W/cm?) and absorbed energy (J/cm?) density
distribution of wavelength 808 nm in a cheek tissue section with model parameters: M = 0.04,
dpuse = 0.5 cm, and dp,;; = 0.5 cm.

Fluence (or delivered dose) is compared in Figures 5 and 6 between the beginning of epidermal
and muscle layers for each wavelength and a reference tissue model. In Figure 6, a variation of over
46% (from about 6.4 J/cm? to 3.4 J/cm?) is observed when M varies across 0.01 to 0.20. Similar relative
decays are obtained for the remaining fat thickness values. However, fixed melanin values and varying
fat thickness, between 0.1 and 1.2 cm, have a higher impact on muscle dose: when M = 0.01, a
variation of over 94% occurs (from about 6.4 ] /cm? to 0.35 J/cm?), and similar decays are found for the
remaining melanin fractions. This happens because the fat layer has a large scattering coefficient and a
much larger thickness than the epidermal layer, spreading the laser beam away from the target tissue.
The behaviour for 660 nm is similar with respect to fat thickness and melanin variation. However,
fluence is already slightly lower at epidermal top when compared to 808 nm light, since absorption is
larger at 660 nm. That difference accentuates as light is propagating inside the tissue, increasing the
difference in muscle delivered dose. It becomes evident that treatment time will have to be increased
when using a 660 nm laser. For example, using a 10 mW laser, 10 min will be necessary to deliver a total
dose of 6 ] at the skin surface. However, only 1.5 ]/ cm? will be available at muscle surface for this laser,
so the time should be increased to 13.6 min to achieve a dose of 2 J/ cm? for the onset of PBM effects (or
even higher, for analgesia responses). It can be compared to a treatment time of about 3.2 min when
similar conditions are used for a 808 nm wavelength. These simulations, combined with the machine
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learning prediction model, allow the computation of the treatment time for any combination of tissue
parameters within the simulation domain, as will be described in the following section.
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Figure 5. Monte Carlo simulation results of epidermal (left) and muscle (right) fluence (J/ sz) asa
function of melanine fraction, for wavelength 660 nm, in a cheek tissue with dps,sc = 0.4 cm, and
varying fat thicknesses. Results for a safe incident laser power of 10 mW and an extra-oral delivered

dose of 6.07].
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Figure 6. Monte Carlo simulation results of epidermal (left) and muscle (right) fluence (J/ cmz) asa
function of melanine fraction, for wavelength 808 nm, in a cheek tissue with djps,sc = 0.4 cm, and
varying fat thicknesses. Results for a safe incident laser power of 30 mW and an extra-oral delivered
dose of 6.07J.
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Figure 7. Comparing laser energy density deposition at epidermis and muscle for a wavelength of
660 nm and an incident laser power of 10 mW (6.0 ] delivered dose). Plots A and B - Curves of variable
melanin fraction for different muscle thicknesses, and a fat thickness of 0.5 cm. Plots C and D - Curves
of variable muscle thicknesses for different fat thicknesses, and a melanin fraction of 0.1.
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Figure 8. Comparing laser energy density deposition at epidermis and muscle for a wavelength of

808 nm, an incident laser power of 30 mW and a treatment time of 3.3 min (6.0 ] delivered dose). Plots

A and B - Curves of variable melanin fraction for different muscle thicknesses, and a fat thickness

of 0.5 cm. Plots C and D - Curves of variable muscle thicknesses for different fat thicknesses, and a

melanin fraction of 0.1.

3.2. Predictive Model Results

The predictive model has been trained with the data set described above. To illustrate its potential
as a tool for dosimetry planning, the average muscle dose was predicted for a range of typical
melanin fractions related to phototype levels as listed in Table 3. Fat layer and muscle layer thickness
values were selected in the ranges 0.1 — 1.2 cm and 0.2 — 0.8 cm, with 0.1 cm spacing, respectively, in
accordance to the domain of MC simulated values. Figures 9 and 10 show the comparison between the
predicted doses and the respective MC simulations for these conditions. The laser power is adjusted
according to safety exposure considerations mentioned before (10 min duration for a power of 10 mW
at 660 nm; and 3 min duration for a power of 30 mW at 808 nm) and total delivered dose at skin surface
remains at 6 J. The plots represent the variation across the fat thickness, since the predictive model
revealed that fat thickness is more important than phototype for muscle dose calculation. Epidermal
dose is also given for comparison and safety considerations.
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Figure 9. Comparison of predicted and true fluence at epidermis and muscle layers, for a wavelength
of 660 nm, and as functions of fat layer thickness. A 6.0 ] delivered dose is assumed. A muscle thickness
of 0.4 cm is selected.
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Figure 10. Comparison of predicted and true fluence at epidermis and muscle layers, for a wavelength
of 808 nm, and as functions of fat layer thickness. A 6.0 ] delivered dose is assumed. A muscle thickness
of 0.4 cm is selected.

Performance Assessment

The performance results of regression MLPM, described before, are summarized in Table 4. The
best performing linear regression (LR) model allowed for linear interactions with quadratic terms.
Feature importance algorithms revealed that the melanin fraction was most important among the
three features included (muscle and fat thickness, and melanin fraction) for predicting epidermal
doses, while, as expected, fat thickness was most important when predicting muscle doses. However,
removing one of the other two features didn’t yield consistent and performing models that would
perform similarly for both response variables and laser wavelengths. Figures 11 (a) and (b) present
the LR predicted versus the true (MC simulated) fluences, at epidermis and muscle layers, for each
wavelength. The muscle dose plots reveal a more consist structure with the linear model, even though,
the R? values are practically 1 in both cases.
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Table 4. Summary of results for predicting delivered doses D (J/cm?) to epidermal and muscle layers,
at each wavelength, using the MLPM described herein.

Response RMSEgq) RMSEgg
Variable Val. Test Val. Test

Epidermis  0.0075 0.0072 0.0032 0.0032

Muscle 0.0059 0.0059 0.0032 0.0028
Epidermal Dose - MLR Model (A = 660 nm) Muscle Dose - MLR Model (A = 660 nm)
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Figure 11. Predicted versus the actual simulated fluences, as functions of fat layer thickness, at
epidermis and muscle layers, for (a) a wavelength of 660 nm, and (b) a wavelength of 808 nm. A 6.0]
delivered total dose is assumed. A muscle thickness of 0.4 cm is selected.

Predicting the Treatment Duration

Figures 12 (a) and (b) represent maps of delivered dose at the entrance of muscle layer, for laser
wavelengths 660 nm and 808 nm, respectively. Note that, although laser powers are different across
wavelengths for laser safety considerations, the delivered fluences are the same. This is so in order to
focus on the elicited biological response, herein, 2]/cm?, taken as the onset of PBM, as reported by
literature. That can be achieved by adjusting the treatment time (and incident total dose at skin surface)
in a way that the muscle dose remains equal to the aimed dose. Thus, conversion of these maps to
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treatment time maps is quite straightforward, as depicted in Figures 12 (c) and (d), for illustration of
the time scales involved in this study.

Table 5. Muscle doses D,, ) at laser wavelengths 660 nm and 808 nm for reference delivered 6 J dose at
skin surface, using six levels of Fitzpatrick skin type. Adjusted treatment time for delivering a dose of
2 J/em? to the muscle.

Dy 660 T660 Din,808 T808
Phot M q/ sz) (min)  (J/ cmz) (min)
I 0.05 1.39 14.4 1.98 34
11 0.06 1.30 15.4 191 3.5
11T 0.07 1.22 16.4 1.84 3.6
v 0.09 1.08 18.5 1.71 39
A\ 0.11 0.97 20.6 1.60 4.1
VI 0.15 0.81 24.8 1.42 4.7

A=660nm, Tm=0.4cm, P= 10mwW D (Jcm2) A=808nm, Tm=0.4cm, P= 30mW D (Jem2)
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Figure 12. The effect of variable fat layer thickness and skin color on: (a,b) - predicted average muscle
dose (J/ crnz), and (c, d)- treatment time (min), at fat/muscle interface, for wavelengths 660 nm and
808 nm, respectively. A muscle thickness of 0.4 cm and reference total delivered dose at skin surface,
6.0], are assumed.

3.3. Discussion and Outlook

A Monte Carlo based dosimetry model for extraoral PBMT of temporomandibular disorders was
designed and comprehensively evaluated for two laser wavelengths in the red-infrared region.

Although the emphasis of this study is on muscle dose for treatment planning, the epidermal
delivered dose is also presented. Here, the phototype is more important than BMI, as expected, and
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although the mean incident dose decreases with melanin fraction due to increasing levels of absorption,
leaving less back-scattered for underneath tissues, the plots presented in Figures 9 and 10 must be
interpreted in conjunction with MC simulated heat deposition energy density plots displayed in
Figures 7 and 8. In fact, epidermal delivered dose decreases with phototype level, but the absorbed
energy increases which may require taking measures regarding to laser duration and frequency to
avoid patient discomfort or unwanted biological responses at epidermal surface, since absorbed energy
densities can be above 200 J/cm® in darker skin types.

In a related study [12], a Monte Carlo based dosimetry model was applied to PBMT for OM. Their
study included measurement of collimated transmittance through the check in four volunteers, using a
850 nm light emitting diode. Similarly, the authors found a larger effect of tissue thickness when compared
to skin phototype, but the latter had a negligible impact on laser fluence rate, contrarily to what was found
in our study. A subsequent study [16], with a larger sample, reported fluence rate variations up to 36%,
which agree better with our findings regarding muscle delivered dose variations with melanin fraction.
However, significant difference separates this study from ousr, since the optical model and measurement
setup is not the same. Absorption coefficients are lower than those presented herein, and the relation
between optical parameters and melanin concentration remains unclear. Collimated transmitted fluence
rate was measured (and simulated) at the cheek mucosa, while in our case, it made more sense to predict
the delived dose (fluence) at the fat/muscle interface so that the results could be interpreted more easily
in relation to the current evidence regarding biological responses and optimum dose selection.

A recent review on PBMT for TMDs [1] reported laser wavelengths between 635 and 980 nm,
fluences in the range 0.9 — 300 J/cm?, and treatment times between 9 s to 15 min in each treatment
section. Our results indicate that, while 808 nm light allows treatment times within 3 — 5 min, across
all skin types and a median fat thickness, which in within the reported range, less penetrating 660 nm
light takes much longer to be effective. Only phototypes I and II allow for treatment times under
15 min, rising up to around 90 min at thicker cheek tissues, while for 808 nm it can take at most 18 min.
In another study [29], wavelengths ranging from 790 to 905 nm, with low doses of 3 to 8 J/cm?, showed
the best results in TMDs. This study reported laser power in the range of 25 to 120 W for these doses,
but no mention if made to the phototype and laser beam spatial profile, which leads to the question of
whether safe levels can be observed. This is a concern specially for darker skin types.

A limitation of the proposed approach could be the absence of statistically modeled data that
takes real data measured from patients, where the interactions between features can be unveiled. For
example, it can be argued that the correlations between fat and muscle layer thicknesses should be
taken into account when comparing the effects different BMIs. To minimize the uncertainties in this
matter, the emphasis was placed on the delivered muscle dose, not the absorbed dose across the whole
muscle layer, so that the influence of its thickness can be disregarded. However, more studies on the
skin morphological consequences of BMI variability, particularly with respect to facial regions, would
be useful to optimization of laser therapies.

4. Conclusion

The MC simulations revealed the trends for the dependence of laser fluence rate and dose
delivered at the muscle on skin color and obesity. BMI had little impact on epidermal heat deposition.
Both BMI and phototype had significant impact on muscle dose. However, fat thickness it is more
important than phototype for muscle dose calculation. For a laser wavelength of 808 nm, muscle dose
values decreased over 94% across 0.1 to 1.2 cm fat thicknesses and considering phototype I, while they
decreased less than 50% across phototypes I to IV, for median fat/muscle thickness. Similar variations
are obtained at 660 nm, but for this less penetrating red light, the treatment time (for an efficacious dose
of 2 J.em~2) can be 4 to 5 times longer, rendering the treatment less practical for extra-oral treatments.

The predictive model is much faster than Monte Carlo and allows the selection of laser parameters,
based on patient-specific morphological and physiological characteristics, to ensure therapeutic effective-
ness at the target muscle tissue, while preventing unwanted biological responses at superficial layers.
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Once the fluence rate maps have been simulated and used to train the predictive model, at a reference
total dose value delivered at cheek skin surface (6]), they can be used to adjust the treatment time for
patient specific parameters and other laser powers within the safe limits, since the target mean delivered
dose D (J.cm™2) at the muscle is proportional to the initial simulated value. This is useful for planning
the dosimetry in function of the type of desired PBM response, whether it is healing or pain related.

In the future, the simulation results will be experimentally tested, having in mind the validation
of the laser dosimetry planning tool.
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