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Abstract: An in vivo validation study was performed to confirm the accuracy of extraoral photo-
biomodulation therapy (PBMT) dosimetry determined by modelling. The Monte Carlo technique
was utilized to calculate the fluence rate and absorbed power of light delivered through multi-layered
tissue. Optical properties used during Monte Carlo simulations were taken from the literature.
Morphological data of four study volunteers were acquired using magnetic resonance imaging (MRI)
scans. Light emitting diode (LED) coupled to a power meter were utilized to measure transmitted
power through each volunteer’s cheek, in vivo. The transmitted power determined by Monte Carlo
modelling was compared to the in vivo measurements to determine the accuracy of the simulations.
Experimental and simulation results were in good agreement for all four subjects. The difference
between the mean values of the measured transmission was within 12% from the respective trans-
mission obtained using Monte Carlo simulations. The results of the study indicate that Monte Carlo
modelling is a robust and reliable method for light dosimetry.

Keywords: low-level light therapy; Monte Carlo method; in vivo dosimetry; mucositis

1. Introduction

Among patients undergoing hematopoietic cell transplantation (HCT), oral mucositis
(OM) is a common and painful side-effect, characterized by mucosal inflammation and
ulceration that can result in the inability to eat, drink, and swallow, and can lead to upper
airway compromise [1-4]. Photobiomodulation therapy (PBMT) uses low energy light to
evoke anti-inflammatory, analgesic, and other therapeutic biological responses. It has been
proven safe and effective for preventing and treating OM in children and adults [5-7]. Most
PBMT treatment protocols for OM utilize an intraoral approach, requiring the instrument to
be held inside the patient’s oral cavity and administered in a spot-by-spot manner directly
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to the mucosa [8]. This approach can be lengthy, uncomfortable for patients, and logistically
challenging. Moreover, it limits PBMT application to the distal oral mucosa.

Extraoral delivery of PBMT using LED arrays ensures simpler application and the
ability to treat the oral cavity, oropharynx, and upper oesophagus with a broader treatment
field [9]. However, extraoral delivery requires transmission of photons through the external
orofacial tissue layers such as skin, fat, and muscle before reaching the inner mucosal lining,
attenuating the dose delivered and requiring additional dosimetric considerations. While
several small studies describing extraoral PBMT for prevention of OM have been reported,
none include a rationale for the selection of treatment parameters used [10]. Monte Carlo
simulations could be used to determine the appropriate parameters to deliver the target
dose to the mucosa lining. However, the validity of the Monte Carlo simulations to
accurately predict the dosimetry of extraoral PBMT treatments must be established prior
to the development of treatment protocols for extraoral PBMT. The objective of this study
was to examine the accuracy of Monte Carlo simulations to predict the fluence rate and
absorbed power distribution in tissue.

2. Materials and Methods
2.1. Study Volunteers

This study was approved by the Institutional Review Boards of the Dana-Farber/Harvard
Cancer Centre and Massachusetts Eye and Ear (protocol # 16-164, 19 April 2016). Four
adult volunteers participated in this study. Study volunteers included a 25-year-old male
with skin type 1V, a 43-year-old male with skin type I, a 25-year-old female with skin type
II, and a 57-year-old female with skin type VL.

2.2. Volunteer MRI and Image Analysis

Images of each volunteer’s face were acquired using an axial T1-weighted MR imaging
sequence (Philips, Amsterdam, The Netherlands). A line was drawn on the selected image,
simulating the trajectory of light delivered through the cheek during the light transmission
measurements. This line was in an oblique orientation relative to the horizontal, and
perpendicular to the tangent at the cheek surface, extending from the skin surface to the
oral buccal surface. The thickness of each tissue type encountered along this line—skin, fat,
and muscle layers—was measured on the image using electronic callipers on a standardized
PACS viewing station (Synapse, Fuji, Japan).

2.3. LED Light Source

The LED probe used for in vivo measurements was provided by THOR Photomedicine
Ltd. (Chesham, UK) (Figure 1A). The probe consisted of 69 LEDs that emitted 850 nm light
with a beam divergence of 22°. Each LED had a full width half maximum of 45 nm, and
an active area of 0.2 cm?. The maximum power density of the probe was 28 mW /cm?.
The probe had an outer diameter of 70 mm; the active area of the probe had a diameter
of 63 mm. To test output stability, power measurements of the probe were made over
the course of 5 min via a SPER Scientific Pocket Laser Power Meter—840011 (Scottsdale,
Maricopa, AZ, USA). Output uniformity over the active area of the probe was also tested.
Approximately 26.0 + 5.82 x 10~* mW/cm? was delivered uniformly over an area of
31.2 cm?.
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Figure 1. (A) LED probe provided by THOR Photomedicine Ltd. (B) Device used in validation
study: (1) power meter sensor, (2) LED probe light source, (3) SPER Scientific Pocket Laser Power
Meter, and (4) calliper for measuring cheek thickness. (C) The device used for in vivo transmission
measurements. The LED probe was placed on the outside of the volunteer’s right cheek, with the
light sensor placed on the surface of the mucosa, intraorally.

2.4. Transmission Measurement Device

The apparatus used for in vivo measurements of light transmission through the vol-
unteers’ cheeks consisted of a light sensor, a power meter, a calliper, and an LED probe
described above (Figure 1B). An SPER Scientific Pocket Laser Power Meter (Scottsdale, AZ,
USA) was used to measure radiated power. The power meter light sensor (an Si photodi-
ode) was mounted onto the calliper, facing toward the LED probe. The photodetector with
a measurement area of 0.2827 cm? was mounted inside a platform with a surface area of
5 cm?. The sensor could be moved toward and away from the LED probe. The calliper
measured the distance between the light source and sensor.

2.5. Transmission Measurements and Analysis

Transmission of 850 nm light through each volunteer’s cheek was measured using the
device described above (Figure 1). First, the output of the LED probe was measured as
a reference. Then, the LED probe was placed onto the exterior surface of the volunteer’s
cheek while the light sensor was placed onto the interior side of the cheek (Figure 1C)
and transmitted power through the cheek was measured. Using the reference power
measurement (I), transmitted power measurement (I), and the thickness of the cheek
(x), the effective attenuation coefficient (y) of the cheek was calculated using Beer’s Law
(Equation (1)). This process was repeated 8 times per volunteer. The average effective
attenuation coefficient, average cheek thickness, and average reference power measurement
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was then calculated. Using these values, the average transmitted power through the
volunteer’s cheek was calculated using Beer’s law.

[=Ipe ™ 1)

2.6. Monte Carlo Simulations

The Monte Carlo technique, described in detail elsewhere [11], was used to simulate
the propagation of 850 nm light through each volunteer’s cheek. In short, fluence rate
and absorbed power distributions, as well as the light transmitted through the medium
(transmission) and reflected by the medium (reflection) were calculated for a parallel plane,
multilayer scattering, and absorbing medium assuming monochromatic incident light. Each
layer of the medium was characterized by the following parameters: (i, ps;, pi(8,8'),d;, ny),
where j1,; is the absorption coefficient, g is the scattering coefficient, p;($,§’) is the scat-
tering phase function, d; is the thickness, and #; is the refractive index of the respective
layer i. Spatial and angular distributions of the incident light were assumed to be radially
symmetric:

S(r,8)= A(8)E(r), )

where A($) is angular distribution of a unit source. Since translational symmetry exists
with respect to the layer boundaries, E(r) is radial distribution of the source.

The modelled medium was divided into voxels (i, j, k). If N is the number of layers,
thend = Zfi 1 di—is the thickness of all medium layers 0 < z < d. Photons were placed at
the origin of the coordinate system and assigned initial weight Wj. As shown in Figure 2,
each photon is characterized by three coordinates 7 (x, y, z) and two angles (6, ¢), which
determine its direction of propagation. 0 is counted from the positive z-axis and ¢—from
the positive x-axis in (x, y) plane. The photon path length, [,,; = —In(1 — a)/ s, and the
direction of the photon propagation is determined using the following formula:

Xrnd
o= p (x)dx ®)
Xmin
where a—is a random number uniformly distributed in the interval (0,1), p(x)—is the
function of the probability distribution of the random variable x. x,,;,,—is minimal x value
and x,,,;—is the random x value.

After calculating the path length and scattering angle, the algorithm tested whether
the photon crossed the tissue boundary. If not, the photon was moved to the point prede-
termined utilizing Equation (3). If the photon did cross it, Fresnel formulas were used to
calculate the probability of its reflection off the respective boundary. If the photon crossed
the boundary between layer i and i + 1, Snell’s law was employed to calculate the new
direction of propagation and the remaining pathlength I’ was calculated as I’ =[x n;/n;1,
where [ is a remaining path length calculated for i layer of the medium. Part of the photon’s
weight proportional to (1 — c), where c is albedo of the layer, was counted as an element
Qjj of the matrix that quantifies the distribution of energy absorbed in the medium. The
values of the indices (7, j) were determined using updated photon coordinates. Then, new
values of the pathlength and scattering angle were generated, and the procedure was
repeated. When photon’s weight was reduced below a certain predetermined value, “Rus-
sian roulette” was played [12]. In the case when the photon exited the medium, part of its
weight proportional to the transmission coefficient of the medium boundary was counted
as an element Qr; of the matrix that quantifies transmission. Part of its weight proportion
was counted as an element Qg; of the matrix quantifying reflectance. The value of index i

was determined for the updated photon coordinates, using the formula /x% + y2.
After repeating the algorithm for a significantly large pre-set number of photons Ny,
Green functions of the medium were calculated using the following formulas:

Gij = Qij/ Npns VijpaijWo, 4)
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Gii = Qui/ NppsSiWo, ®)

where V;;—is volume of the voxel (i, j), jz;;—absorption coefficient of the medium layer of
voxel (i, j), I = T or R for transmission and reflection, respectively, and S;—area of the ring
corresponding to the distance /x2 + y2.

Finally, the spatial and angular distribution of the incident light and green functions
(4 and 5) of the medium were utilized to calculate fluence rate distribution FR(r) and
absorbed power distribution AP(r) within the medium:

AP(x,y,z) = ff G(x"y,2)E(x —x',y —y)dx'dy/, (6)

FRi(x,y) = [[ Gi(x,y)E(x =<',y —y)ax'dy, %)

where | = T or R for transmission and reflection, respectively, and x, y, z are Cartesian
coordinates.

Figure 2. Layer model diagram of facial tissues with coordinate system used in Monte Carlo
simulations.

To determine the accuracy of the Monte Carlo simulations, the percent difference
between simulated and measured transmitted power was calculated. The optical properties
of each tissue were taken from the literature [13,14]. Properties were assigned to each image
voxel based on the location of the respective tissue layer (Figure 2). The thickness of each
tissue layer was determined using acquired MR images of each study volunteer.

2.7. Optical Properties

The optical properties, including absorption coefficients and reduced scattering co-
efficients used in Monte Carlo simulations were taken from the literature (Table 1). The
optical properties of skin were determined in vivo by Tseng et al. (2009) [13]. The optical
properties of fat and muscle were measured ex vivo by Simpson et al. (1998) [14]. The
anisotropy factors were set to 0.9.

Table 1. Optical properties of cheek tissues for 850 nm light.

Reduced Scattering

Structure Absorption Coefficient, /mm Coefficient, /mm
Skin 0.056 1.65
Fat 0.009 11
Muscle 0.035 0.65
3. Results

3.1. MRI and Image Analysis

MR images acquired from each volunteer are shown in Figure 3. Tissue layers con-
tained within the right cheek of volunteers were determined to be skin, fat, and muscle
(Columns 5-7 of Table 2). Skin thicknesses among volunteers ranged from 1 to 2 mm, fat
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ranged from 0 to 3 mm, and muscle 3 to 7 mm. Subjects 2 and 3 had the thinnest total cheek
width (6 mm), whereas subject 1 had the thickest (12 mm).

Figure 3. Axial T1-weighted MR images through the face acquired from subjects 1 (A), 2 (B), 3 (C),
and 4 (D). The red line on each image depicts the trajectory along which a representative light beam
travels during transmission measurements. Measurements were made along this red line from the
surface of the skin to the surface of the buccal mucosa.

Table 2. Summary of validation data.

Anatomy of Right Cheek with Open

Skin h . ¢ Measured Simulated
Subject Gender Age Type Mouth Obtained from MRI Transmission,  Transmission, % Difference
Skin, mm Fat, mm Muscle, mm mW/cm? mW/cm?
1 M 25 I\Y% 2 3 7 047 0.41 12
2 F 57 VI 1 0 5 2.14 2.12 1
3 F 25 1I 1 2 3 2.38 2.07 11
4 M 43 I 2 1 6 0.83 0.82 1

3.2. Transmission Measurements and Analysis

Average measured transmitted fluence rates were 0.47 mW/ cm?, 2.14 mW/cm?,
2.38 mW/cm?, and 1.07 mW/cm? for study subjects 1, 2, 3, and 4, respectively (Table 2). As
shown by the measured data, transmitted fluence rate greatly depends on the total cheek
thickness but does not significantly depend on the skin type. The measured transmission
values from Subject 1 (greatest total cheek thickness) differed from the measured values
from Subjects 2 and 3 (smallest total cheek thickness) by 127% and 134%, respectively.

3.3. Monte Carlo Simulations

The calculated fluence rates (W/cm?) for each study volunteer are shown in Figure 4.
Fluence rates are plotted against total tissue depth (z-axis) and lateral tissue dimension
(r-axis). Individual tissue layer boundaries are labelled on the z-axis, indicating where
each layer ends. Simulated fluence rates decreased exponentially with increasing tissue
thickness but did not vary greatly in the lateral direction. Average transmitted fluence rates
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were determined to be 0.41 mW /cm?2, 2.12 mW/cm?, 2.07 mW /cm?2, and 0.82 mW /cm? for
study subjects 1, 2, 3, and 4, respectively (Table 2).

Wl ¥

© (D)

Figure 4. Simulated fluence rates (W/ cm?) for volunteers 1 (A), 2 (B), 3 (C) and 4 (D). Calculated
fluence rates are displayed on the vertical axis, tissue depth (mm) is displayed on the z axis, and
lateral tissue radius (mm) is displayed on the r axis. Tissue boundaries are labelled on the tissue
depth axis. Graphs are colour-coded based on fluence rate, with yellow corresponding to higher
fluence and blue to lower fluence rates.

The calculated absorbed power (W /cm?) for each study subject is shown in Figure 5.
Absorbed power is plotted against total tissue depth (z-axis) and lateral tissue radius
(r-axis), similar to the calculated fluence rates. Power levels decreased exponentially with
tissue depth and did not change significantly with tissue radius. A sharp decrease in
absorbed power was found at the skin-fat tissue boundary in subjects 1, 3, and 4. This
was followed by an increase in absorbed power at the fat-muscle tissue boundary. This
behaviour may be explained by the lower absorption coefficient of the fat, as compared to
both skin and muscle [13,14]. No fat tissue layer was detected in subject 2's MR images,
thus only a slight decrease in absorbed power at the skin-muscle tissue boundary was
observed.

With respect to the percent differences between measured and calculated transmission,
subject 1 had the greatest percent difference of 12%, whereas subjects 2 and 4 had the
smallest percent difference of 1% (Table 2). All study subjects had a positive percent
difference, indicating that measured fluence rates were greater than the simulated values
among all subjects.
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Figure 5. Simulated absorbed power (W/ cm®) for volunteers 1 (A), 2 (B), 3 (C), and 4 (D). Calculated
absorbed power are displayed on the vertical axis, tissue depth (mm) is displayed on the z axis, and
lateral tissue radius (mm) is displayed on the r axis. Tissue boundaries are labelled on the tissue
depth axis. Graphs are colour-coded based on absorbed power, with yellow illustrating higher power
and red lower power.

4. Discussion

Our model of extraoral PBMT is an important first step in developing an evidence-
based extraoral treatment protocol. Currently, PBMT protocols recommended for OM
involve intraoral delivery [8]. The treatment parameters surrounding these protocols
vary slightly depending on the disease and cancer therapy and even institutional differ-
ences, but generally fall within a set range: wavelength of 632.8-660 nm, power density
of 24-31.25 mW/cm? for He-Ne lasers and 417-1000 mW /cm? for diode lasers, and a
target energy density of 1-6.2 ] /cm? [8]. The few reports of extraoral PBMT for OM use a
treatment protocol similar to those utilized intraorally [15]. However, the dose delivered to
the mucosa when applied extra-orally will not be the same and additional considerations
are required [14]. The results of our simulations highlight many of these considerations.
Perhaps the most important is the considerable degree of attenuation observed in the
transmitted fluence rate. Despite an applied fluence rate of approximately 26 mW /cm?,
the measured transmitted fluence rate ranged between 0.47 mW /cm? and 2.38 mW /cm?,
a roughly 10- to 50-fold reduction. This emphasizes that the same treatment protocols
used intraorally cannot be used extra-orally and that an extraoral PBMT protocol will
likely require higher power and longer wavelength for increased tissue penetration [14,16].
A second important consideration is the variation in transmitted fluence rate: a range
of 0.47 mW/cm? to 2.38 mW/cm? indicates that the same applied dose of PBMT in two
patients can transmit doses of considerable difference, roughly 5-fold in our limited sample
size. This is, in part, due to variation in orofacial anatomy, both in total thickness and in tis-
sue composition [14,17,18]. Given that it is not feasible to obtain MR imaging in all patients
receiving PBMT, and given that the anatomy varies in unpredictable ways, a treatment
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protocol will likely have to aim to treat the “median” patient, akin to pharmacological
agents utilizing a standard dose.

5. Conclusions

An in vivo validation study was performed to quantify the accuracy of Monte Carlo
simulations in determining extraoral PBMT dosimetry. Mean in vivo transmission measure-
ments made were within 12% of values determined from simulations. With the accuracy of
simulations confirmed, Monte Carlo techniques can be utilized to determine the appropri-
ate parameters of extraoral PBMT procedures for oral mucositis treatment.
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