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Introduction

Xerostomia is characterized by a dry mouth sensation, often 
caused by a decrease in saliva production or changes in 
saliva composition. Factors such as radiation therapy in the 
head and neck area, chemotherapy, iodine therapy, autoim-
mune diseases, and certain medications can contribute to 
xerostomia, resulting in difficulties with speaking, chewing, 
and swallowing, ultimately impacting quality of life [1–3]. 
Changes in the oral microbiome and an increased risk of 
opportunistic infections in the mouth are also common in 
individuals with xerostomia [4]. Currently, there are no 
standardized protocols for preventing or treating hyposali-
vation and xerostomia, with most therapies being based on 
empirical evidence rather than robust scientific research.

One of the therapies involves photobiomodulation 
(PBM) with low-power lasers for intra and extra oral 
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Abstract
There are ongoing questions about the most effective wavelength for photobiomodulation (PBM) on major salivary glands 
due to the specific anatomical location and unique optical properties of the tissues surrounding the glands. The aim of this 
study was to analyze the photon propagation in the major salivary glands region of humans and rats using Monte Carlo 
(MC) stochastic simulation. Phantoms were designed to replicate the tissues surrounding the parotid and submandibular 
glands in humans and rats. Simulations were carried out using a MC online platform with wavelengths of 525 nm, 660 nm, 
and 850 nm. An experimental assay in rats was conducted to evaluate if the wavelength with the best performance could 
enhance the salivary flow. The 525 nm photons were primarily absorbed by the skin and fat tissue of humans and rats. 
Only in rats, this wavelength reached the salivary glands. The 660 nm photons reached the human glands but were more 
absorbed in the submandibular gland than in the parotid gland. The 850  nm photons had a higher absorption in both 
human and rat parotid glands. PBM using 850 nm wavelength improved the salivary flow in rats. The 660 nm and 850 nm 
wavelengths were more effectively absorbed in the human parotid and submandibular glands, respectively, compared to 
the 525 nm. The increased salivary flow observed in rats following treatment with 850 nm suggests a beneficial effect of 
this wavelength on salivary gland function.
Clinical trial number: Not applicable.
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irradiation. Clinical trials and meta-analyses have dem-
onstrated the benefits of PBM in preventing salivary flow 
reduction caused by cancer treatment and medications in 
major salivary gland dysfunction (Table 1). A recent meta-
analysis [13] confirmed these benefits, but the optimal PBM 
protocol remains uncertain. There are ongoing questions 
about the most effective wavelength and dosage considering 
the specific anatomical location and unique optical proper-
ties of the tissues surrounding the glands.

One method for studying photon absorption and scatter-
ing in multi-layered tissue is through Monte Carlo (MC) 
simulation, a stochastic modeling technique used to ana-
lyze photon propagation in tissue. This approach has been 
employed in the medical field since the 1980s [14, 15]. MC 
simulations have shown good reproducibility in clinical sce-
narios involving soft tissues near the oral cavity [16], mak-
ing them a valuable tool for planning photobiomodulation 
protocols. Several open-source codes and programs have 
been developed [17] to model more complex scenarios, 
such as multi-layered phantoms with varying optical prop-
erties in each layer [18]. Recently, user-friendly web-based 
platforms have been introduced, allowing non-coders to 
easily model and visualize photon transport, absorption, and 
scattering in 3D multi-layered tissue simulations [19–22]. 
These systems often utilize computer networks with GPUs 
and CUDA to accelerate calculations and overcome time 
constraints [21, 23, 24].

This study was conducted to investigate the optimal 
wavelength for penetration and absorption in the parotid 
and submandibular glands, based on the benefits observed 
in clinical trials for xerostomia prevention and recov-
ery. Utilizing a web-based Monte Carlo simulation plat-
form [21], we simulated the anatomical characteristics of 
the parotid and submandibular glands in humans and rats, 
including tissue type and thickness. We tested a range of 

wavelengths reported in the literature (Table 1) to determine 
which wavelength had the highest likelihood of reaching 
the salivary glands. Additionally, we assessed whether the 
selected wavelength had any impact on salivary flow using 
a rat experimental model.

Methods

Ethics considerations

This study had already been approved by the Human and 
Animal Ethics Committee of our institution (Project no. 
33/22).

Anatomic measurements

To create the phantom for simulation, head and neck com-
puterized tomography scans of 40 oncologic male patients 
aged 39 to 72 were obtained from The Cancer Genome 
Atlas Head-Neck Squamous Cell Carcinoma Collection 
[25] via the Cancer Imaging Archive [26]. The tissue lay-
ers in the region of the parotid and submandibular glands 
(Fig. 1A) were used for the construction. Sublingual gland 
was excluded due to its anatomical location requiring an 
intraoral PBM which was not the focus of this study. PBMT 
for these salivary glands is usually administered in the 
floor of the mouth, where the only tissue barrier is the oral 
mucosa, and the parameters commonly used are infrared 
wavelengths typical of oral PBMT protocols.

Measurements were conducted in the CT scans to deter-
mine the distances from the skin surface to the outer bound-
aries of the parotid and submandibular glands. This enabled 
the calculation of the thickness of the tissue layers in this 
area (Fig. 1C and D). The distances were obtained using a 

Table 1  Examples of extraoral photobiomodulation parameters used in clinical trials for the prevention and treatment of Xerostomia
Ref N FBM Protocol Region exposed to FBM
 [5] 34 InGaAIP Laser, 780 nm, 15mW, 0.04 cm2 spot area, 10s, 3.8 J/cm2 per point Bilateral parotid (6 points), bilateral sub-

mandibular (colon)
 [6] 21 HeNe laser, 630 nm, 30mW, 2,5 a 3,8 J/cm2 Parotid and bilateral submandibular (with-

out specification of points)
 [7] 21 810 nm, 40 mW, 25 J/cm2 3x/sem. During radiotherapy. Parotid (6 points), submandibular (3 points 

on each side)
 [8] 23 830 nm, 30mW, 0.028 cm² spot area,10s, 7.5 J/cm2

3x/no alternate days during radiotherapy
Parotid (6 points), submandibular (3 points 
on each side)

 [9] 37 InGaAIP Laser 810 nm, 200mW, 0.028cm2 spot, 4s per point, 0.8 J per point, 
2.85 J/cm2, 45.6 J/cm2 total energy density, 714.2.mW/cm2

3x/week, four weeks

Parotid gland (3 points), submandibular 
gland (2 points), sublingual gland (1 point), 
buccal mucosa (2 points in each side)

 [10] 41 808 nm, 100mW, 0.028cm2 spot, 40s and 4 J per point, 142 J/cm2, 3.5 W/cm2 Parotid gland (6 points), submandibular 
gland (2 points)

 [11] 30 808 nm, 100mW, 4 J per point, 40.65 J/cm2, 112 J
2-3x/week, 20 sessions

Parotid gland (8 points), submandibular 
gland (3 points)

 [12] 28 980 nm, 300mW, 20s, 6 J Parotid gland (8 points), submandibular 
gland (2 points)
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measurement tool in an open-source software for DICOM 
image viewing and analysis (MicroDicom DICOM Viewer, 
Sofia, Bulgaria). The thickness for each tissue ranged as 
follows: parotid gland: skin– 1.8–2.2 mm; fat tissue– 2.6–
3.7 mm; submandibular gland: skin– 2.2–2.8 mm; fat tis-
sue– 4.5–7.8 mm; muscle– 2.1–2.3 mm.

In the rat simulation, the thickness of the skin and fat 
tissue around the parotid and submandibular glands was 
measured using a pachymeter during the euthanasia of rats 
in other experiments conducted at our institution (Fig. 1B). 
The depth of the fat tissue near the glands was also verified 

by measuring histological sections from the salivary glands. 
The skin and fat tissue thickness ranged from 0.5 to 1.5 mm 
and 1.8–2.3 mm, respectively, for both glands.

Phantom design

Using the CT scan data, a phantom (Fig.  2) was created 
using the same software utilized for the Monte Carlo simu-
lation (multi-scattering.com [21]). The scattering medium 
consisted of a 10 × 10 × 10 voxel grid (each voxel measur-
ing 1mm3). The human parotid region was modeled with 

Fig. 1  A: Anatomical positioning of human parotid and submandibu-
lar glands without skin and fat tissue. Only the superficial lobe of the 
glands was considered in the simulations. B: Anatomical positioning 
of rat parotid and submandibular glands, including the skin and fat tis-
sue in the area. C: MRI scan (axial view) used to measure the thickness 

of skin and fat tissue around the human parotid gland (highlighted in 
yellow). D: MRI scan (coronal view) for measuring the thickness of 
skin, fat tissue, and platysma muscle around the human submandibular 
gland (highlighted in yellow)

 

1 3

Page 3 of 13    269 



Lasers in Medical Science          (2025) 40:269 

Monte Carlo simulations

We conducted Monte Carlo simulations using light sources 
with wavelengths of 660 nm and 850 nm, which are similar 
to those used in clinical trials involving photobiomodulation 
(PBM) on the major salivary glands (Table  1). Addition-
ally, we examined the effects of 525 nm light, as the parotid 
gland has a high absorption coefficient for this wavelength 
[27]. The optical properties of each tissue layer in the human 
and rat phantoms were modeled based on literature values 
(Table 2). Since optical property values for submandibular 
glands were not available, we used the values for the parotid 
glands in our calculations. We believe that this limitation 
was partially mitigated by the fact that, under normal condi-
tions, the superficial portions of both glands have a similar 
proportion of serous components [30]. As rat parotid and 
submandibular glands do not have distinct optical proper-
ties, the values used were the same as those for humans. 
The anisotropy coefficient (g) was set at 0.90. A light source 
resembling a laser probe with a 5 mm diameter and emitting 
109 photons was employed in the simulations. These param-
eters were determined based on the typical laser devices 
used in Dentistry for intra and extraoral irradiations. The 
source was placed perpendicular to the center of the phan-
tom on the face corresponding to the y-axis. The algorithms 
applied in the simulations and validation of the software are 
detailed in previous studies [21, 31].

Z-axis images generated by the simulation platform were 
gathered to visually examine the propagation of photon 
packages on the phantom surface and the distribution of 
photon package weight within the phantom under each sim-
ulation condition. The total number of photons and average 
scattering number were also documented for comparison.

Animal experiment for salivary flow analysis

We conducted an animal experimental assay to determine 
if the wavelength that performed better in the MC rat simu-
lations would increase salivary flow. Twelve male Wistar 

three layers: the first layer was skin (2 mm) in contact with 
the light beam, the second layer was fat tissue (4 mm), and 
the third layer was the parotid gland (4  mm, completing 
the phantom volume) (Fig. 2A). The human submandibu-
lar gland was also simulated with the same layers, but the 
fat tissue thickness was increased to 5 mm (considering the 
anatomic measurements described previously) and a 2 mm 
muscle layer was added to represent the platysma muscle 
(Fig. 2B). For the rat parotid and submandibular glands, a 
single phantom was used for all rat simulations due to the 
similarity in the anatomical region of both glands. The rat 
model included skin (1  mm), fat tissue (2  mm), and the 
glands (7 mm) as tissue layers (Fig. 2C).

Table 2  Input values of optical properties for each tissue type in 
humans and rats used in the Monte Carlo simulation at the specified 
wavelength
Layer Absorption 

coefficient 
(mm− 1)

Non-reduced 
Scattering coef-
ficient (mm− 1)

525 nm Human Rat Human Rat
Skin 0.10 0.12 32.0 40.0
Fat tissue 0.39 0.05 14.2 12.0
Parotid/submandibular gland 1.32 1.32 33.6 33.6
Muscle 1.45 - 18.8 -
660 nm Human Rat Human Rat
Skin 0.06 0.06 20.0 25.0
Fat tissue 0.00 0.08 9.90 12.0
Parotid/submandibular gland 0.25 0.25 28.7 28.7
Muscle 0.12 - 11.5 -
850 nm Human Rat Human Rat
Skin 0.05 0.06 16.5 15.0
Fat tissue 0.00 0.10 9.2 12.0
Parotid/submandibular gland 0.09 0.09 25.0 25.0
Muscle 0.03 - 66.9 -
The optical properties for human tissue were sourced from: skin 
- Tseng et al. (2009) [28]; fat tissue, muscle, and parotid gland - 
Wisotzky et al. (2019) [27]. The optical properties for rat tissue were 
obtained from Bashkatov et al. (2000) [29]. As there were no avail-
able optical properties for rat parotid and submandibular gland in 
the literature, the values used were those adopted for human parotid 
gland

Fig. 2  Schematic representation of the matrix containing 10 voxels (1mm3 per voxel) used for simulating each tissue layer in the human (A and 
B) and rat (C) major salivary glands region
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flow values at T1 were normalized to those at T0 (T1-T0) 
in both groups.

Salivary flow data were analyzed using the Shapiro-
Wilks test, which indicated a non-parametric distribution. 
Wilcoxon’s test was used for paired data comparisons 
between T0 and T1 within each group. Group comparisons 
were conducted using the Mann-Whitney test. The signifi-
cance level was set at 0.05.

Results

Photons propagation in the phantom surface

The propagation of photons on the phantom surface dif-
fers significantly between human and rat tissues at different 
wavelengths (Fig. 4). Specifically, the 525 nm wavelength 
exhibited greater scattering patterns compared to 660  nm 
and 850 nm in both humans and rats. At 525 nm, photons 
were primarily concentrated in the skin for human. In con-
trast for rat, the photons were primarily concentrated in fat 
tissue and only a small number of photons is distributed in 
the thinner skin tissue. As the first two tissue layers are thin-
ner for rat, some photons reached gland tissue.

The photons with a wavelength of 660 nm were found to 
be concentrated in the skin and particularly in the fat tissue 
for both species. In human tissues, more photons are dis-
persed in the first layer skin than in rat tissue. As well, the 
dissipation halos were more extended in human tissue for 
660 nm compared to those observed within 525 nm. In con-
trast to the 525 nm simulations with human tissues where no 
photons reached the gland tissue layer, with 660 nm some 
photons reached parotid gland tissue. In the simulation 
involving the human submandibular gland, where the fat 
tissue layer was thicker (by 1 mm) and there was a muscle 
layer present, a minimal number of photons formed a halo 
that reached the muscle but did not reach the salivary gland. 
In rats, some photons at the 660 nm wavelength were also 
dispersed towards the salivary gland, but only in the super-
ficial layer of the organ.

Like for 660  nm, in all simulations the 850  nm wave-
length was found to penetrate deeper layers compared to the 
525 nm simulations. Likewise, the 850 nm photons reached 
deeper layers for all rat and the human parotid gland sim-
ulations. In the human parotid gland, some photons were 
distributed in the superficial region of the gland, with the 
highest concentration observed in the skin and fat tissue. In 
the submandibular gland, the 850 nm photons did not accu-
mulate in the gland region due to the presence of the muscle 
layer, resulting in a less prominent dissipation halo com-
pared to the 660 nm wavelength in that area. The rat models 
exhibited a specific pattern of 850 nm photon distribution 

rats weighing 200 g were randomly assigned to two groups: 
Without PBM (n = 6) - received no treatment; and with PBM 
(n = 6)– exposed to PBM in the parotid and submandibular 
glands. The animals were kept in cages for 30 days, with 
consistent environmental conditions of temperature, humid-
ity, and light-dark cycle. They had access to water and com-
mercial food ad libitum.

PBM was conducted at two points in the parotid region 
on each side of the head, and at three points in the subman-
dibular gland region (Fig.  3). The light parameters were 
selected to match the power and energy densities found 
in the literature (Table 1): 0.1 W, 0.2 W/cm2, 0.5cm2 spot 
area, 40s, 4 J, 8 J/cm2. The 850 nm wavelength was selected 
because it penetrated deeper into the rat glands compared to 
other wavelengths in MC simulations, suggesting interac-
tion with the surface of the glands (refer to Sect. 3.1 and 3.2 
in the Results section, and Fig. 7). The PBM group under-
went irradiation three times a week for four consecutive 
weeks after a brief sedation with isoflurane inhalation. The 
control group underwent the same sedation procedure but 
did not receive PBM.

Salivary flow was assessed at baseline (T0) and after 4 
weeks of laser therapy (T1). The animals were anesthetized 
with isoflurane inhalation and then given an intraperitoneal 
injection of pilocarpine to stimulate salivary flow through 
activation of the parasympathetic system (10µL/g, 100 mg/
kg total dose). A swab with a standardized volume was 
placed in the rat’s oral cavity to collect saliva. After 15 min, 
the swab was removed, placed in a sterilized microtube, and 
stored at -8ºC until processing in the laboratory. Following 
centrifugation (5250 g for 4 min) and removal of the swab 
from the microtube, salivary flow (µL/min) was calculated 
by dividing the total saliva volume by 15 min. The salivary 

Fig. 3  Application of photobiomodulation using an 850 nm LED probe 
on the cervical region of a rat. The circles indicate the points of illumi-
nation on the parotid and submandibular gland area
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Conversely, in rats, absorption was observed in the super-
ficial part of the salivary glands with a relatively high 
intensity.

Photons at 660 nm (Fig. 6) and 850 nm (Fig. 7) wave-
lengths successfully reached the salivary gland layer in all 
the models. Both wavelengths exhibited significant absorp-
tion in the skin and absence of absorption in the fat tissue 
for human tissue. The 850 nm wavelength showed greater 
penetration in the parotid gland compared to the 660  nm 
wavelength in both humans and rats, indicating a pattern of 
increased photon penetration with longer wavelengths. In 
relation to the human submandibular gland, it was observed 

in the superficial area of the parotid/submandibular glands, 
with the highest concentration also found in the skin and fat 
tissue.

Scattering and absorption

In all simulations, photons were mainly absorbed by the 
skin, displaying distinct scattering and absorption patterns 
consistent with the particular wavelength employed.

At 525 nm (Fig. 5), the main absorption took place in the 
skin and fat tissue. There was no absorption of this wave-
length in the human parotid and submandibular glands. 

Fig. 4  Distribution of photons in the parotid and submandibular sali-
vary glands following Monte Carlo simulations with wavelengths of 
525  nm, 660  nm, and 850  nm. The Z-axis is segmented into layers 

representing skin, fat tissue, muscle, and the parotid/submandibular 
glands in both human (A and B) and rat (C) models. Snb - average 
scattering number
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Fig. 5  Linear and log scale values of scattering and absorption of 
525 nm within the phantom and across different layers (skin, fat tis-
sue, muscle, and salivary glands) in both human (A– parotid gland. B– 

submandibular gland) and rat (C– parotid and submandibular glands) 
models. White dot lines represent the tissue layers illustrated in the 
example of photons paths
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Fig. 6  Linear and log scale values of scattering and absorption of 
660 nm within the phantom and across different layers (skin, fat tis-
sue, muscle, and salivary glands) in both human (A– parotid gland. B– 

submandibular gland) and rat (C– parotid and submandibular glands) 
models. White dot lines represent the tissue layers illustrated in the 
example of photons paths
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Fig. 7  Linear and log scale values of scattering and absorption of 
850 nm within the phantom and across different layers (skin, fat tis-
sue, muscle, and salivary glands) in both human (A– parotid gland. B– 

submandibular gland) and rat (C– parotid and submandibular glands) 
models. White dot lines represent the tissue layers illustrated in the 
example of photons paths
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Discussion

One of the key considerations for extraoral PBM is deter-
mining the most suitable wavelength to target the parotid and 
submandibular glands, considering the potential interfer-
ence of skin, fat tissue, and muscle that cover these glands. 
Despite the presence of these tissue layers, the parotid gland 
has a lobe that is near the skin surface, making it a superfi-
cial layer that is likely to be affected by light. However, the 
parotid gland has higher absorption and scattering coeffi-
cients in the 300 to 600 nm range [27], which overlaps with 
the wavelengths that are strongly absorbed and scattered by 
the skin and fat tissue surrounding the gland. This overlap 
limits the effectiveness of this wavelength range in inter-
acting with the glands due to significant absorption in the 
superficial tissue layers.

We noticed this trend analyzing the 525 nm wavelength 
in the human model, which it was primarily absorbed in skin 
and fat tissue. While 525 nm light is well absorbed by the 
human parotid gland in direct measurements [27], it did not 
yield satisfactory results when covering tissues of at least 
6 mm were included. Conversely, in rats, in which the tissue 
layers are thin (3 mm) and have different optical properties 

that photons at 660 nm were absorbed to a greater extent 
than those at 850 nm, likely because of the varying scattering 
patterns in fat and muscle tissues at these two wavelengths.

Salivary flow measurement

Based on the MC simulations in rats, the 850  nm wave-
length demonstrated superior penetration into the deeper 
layers. Utilizing this wavelength, we performed a salivary 
flow measurement in normal rats. There were no significant 
differences between T0 and T1 in the control group. In the 
PBM group, there was a significant increase in salivary flow 
at T1 compared to T0 (p = 0.018) (Fig.  8A). When com-
paring the two groups, the salivary flow was significantly 
higher in the PBM group than in the control group at T1 
(p = 0.002) (Fig. 8A). This trend was maintained after nor-
malizing T1 with T0 (T1-T0) (p = 0.022) (Fig. 8B).

Fig. 8  A: Comparison of salivary flow from the parotid and subman-
dibular glands of rats in the PBM and Control groups at baseline (T0) 
and after 30 days of photobiomodulation (T1). The rats were exposed 
to light irradiation with a 850 nm wavelength twice a week for four 
weeks. P values were calculated using Wilcoxon´s test. B: Compari-

son of salivary flow after normalizing T1 values with T0. P values 
were calculated using the Mann-Whitney test. Whiskers represent the 
minimum and maximum values, box limits indicate the 25th and 75th 
quartiles, and the horizontal line in the box represents the median
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distribution mentioned earlier. Hence, when selecting wave-
lengths for PBM planning, it is essential to consider not just 
the absorption coefficients and thickness of the tissues in 
the targeted area, but also their morphological structure and 
reflective properties [33].

In the context of simulated tissues and chosen wave-
lengths, hemoglobin and water emerge as crucial chromo-
phores [34]. The absorption coefficient is known to rise 
with the increase in blood vessel volume within the tissue, 
especially at 525–660  nm wavelengths [35, 36]. In this 
study, we assumed that all tissues were normal and did not 
exhibit vasodilation, edema, angiogenesis, or other factors 
that could affect blood flow in the microvasculature and 
tissue water content. However, PBM is commonly used on 
salivary glands in cases of xerostomia resulting from gland 
necrosis due to radiation or chemotherapy, leading to fibro-
sis of the glandular tissue, or in cases of sialadenitis caused 
by various factors (medication, autoimmune diseases, infec-
tions, etc.). The composition of water, collagen, and hemo-
globin in the salivary gland and surrounding tissues in these 
conditions may differ from those considered in this study 
and may alter the trends described in the current results.

In the rat model, there was low photon absorption in the 
layer of the parotid/submandibular gland. However, the 
850 nm wavelength, which allowed for better photon pen-
etration, improved salivary gland function after four weeks 
of PBM application. Factors such as stimuli in sympathetic 
and parasympathetic nerves, mastication movements, and 
water transport from blood to secretory portion of the gland 
play crucial roles in saliva production [37]. While direct 
photon interaction with the glands was not prominently 
detected, the positive effect on salivation likely resulted 
from an indirect effect of PBM, possibly related to nerve 
and blood flow stimulation localized in the dermis and fat 
tissue. In addition, the PBM regimen with multiple points 
and high energy density used in the rat experimental model 
may contribute for stimulating salivary flow. While there 
are anatomical and physiological differences between 
human and rat salivary glands, the indirect impact of PBM 
could potentially influence saliva production in humans as 
well. Indeed, research has demonstrated a beneficial effect 
of PBM on salivary flow in patients, as evidenced by clini-
cal studies [13], though further substantial scientific proof 
is required.

Limitations of the study

This study is limited in several ways. In addition to the 
limitations mentioned earlier, another limitation is the lack 
of simulations considering variations in skin composition, 
particularly in terms of hemoglobin and melanin pigments. 
Variations in the distribution of these components can 

compared to the human tissues, Monte Carlo simulations 
indicated high absorption of 525 nm light in the superficial 
region of the glands. Therefore, based on these simulations, 
we do not recommend using 525 nm for extraoral PBM in 
human parotid and submandibular glands. However, we 
suggest conducting tests with 525  nm light to assess its 
PBM effects on salivary glands in murine models.

The 660 nm and 850 nm wavelengths exhibited a simi-
lar pattern of photon absorption in the tissue layers, with 
high absorption in the dermis and some interaction with 
the glands in the human model. The wider photon spread 
of 850  nm made it a more favorable choice compared to 
660 nm. In rats, both wavelengths reached the glands, but 
the 850 nm wavelength, with its broader spread, was deemed 
more advantageous. The lower absorption of these wave-
lengths by the skin and the absence of absorption in the fat 
tissue, compared to 525 nm, likely facilitated photon propa-
gation into deeper layers. Research on PBM in the salivary 
glands has focused on wavelengths that are less absorbed by 
the skin and fat tissue. For example, in a clinical trial, the 
authors opted for the 980 nm wavelength to reduce xero-
stomia [12] based on the hypothesis that it would penetrate 
more effectively, thanks to low skin absorption, and have a 
greater interaction with water, which is an essential compo-
nent for saliva production.

Compared to the parotid gland, the submandibular gland 
is less ideal for PBM due to its deeper location, thicker layer 
of fat tissue, and thin muscle covering the superficial lobe 
of the gland. However, in our Monte Carlo simulations, we 
found that the 660 nm and 850 nm wavelengths were able to 
reach the human submandibular gland, albeit with very low 
absorption levels. Analyzing the log data revealed that the 
660 nm wavelength exhibited a higher level of absorption 
in the submandibular gland compared to the 850 nm wave-
length. This difference is likely due to the higher scattering 
of the 850 nm wavelength in the muscle, causing a change in 
the photon trajectory within the submandibular layer. These 
findings support the use of the 660 nm wavelength in clini-
cal studies targeting PBM for human submandibular glands.

One notable observation from the simulations was the 
impact of fat tissue on the penetration of photons into 
deeper layers. For instance, increasing the thickness of fat 
tissue by 1 mm in the human submandibular model resulted 
in a different distribution pattern of photons compared to 
the human parotid model. The low absorption and high 
scattering coefficients of fat tissue at 660 nm and 850 nm 
wavelengths may account for this observation. Studies 
and simulations on the optical properties of fat tissue have 
shown that the spherical shape of adipose cells contributes 
to the phenomenon of light reflectance known as a photonic 
jet, where each cell acts as a spherical microlens [32, 33]. 
This phenomenon could explain the variation in photon 
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affect optical properties and have a significant impact on 
the results [36]. To address potential inaccuracies in mea-
surements, we used absorption and scattering coefficients 
obtained from in vivo studies in human and rat species, tak-
ing into account factors such as physiological temperature 
and blood flow [33, 38]. We did not account for scenarios 
where obese patients are exposed to light, which could alter 
photon scattering due to thicker fat tissue [33]. Addition-
ally, we lacked absorption and scattering values specific to 
the submandibular gland. We used values from the parotid 
gland as a proxy, despite differences in gland composition 
and vascularity, which could affect tissue optical properties 
[39].

Conclusions

MC simulations of the tissue layers that cover the parotid 
and submandibular glands in humans and rats showed that 
photons at 660 nm and 850 nm wavelengths had better pen-
etration compared to those at 525 nm. The 850 nm showed 
a higher penetration than 660  nm in the human parotid 
gland, whereas the 660 nm wavelength was more absorbed 
by the human submandibular glands. A 4-week PBM treat-
ment using 850 nm improved salivary flow in a rat model, 
indicating a positive impact of this wavelength on salivary 
gland function. Future Monte Carlo simulations could be 
conducted using more intricate phantoms that accurately 
replicate the anatomy of nerves and blood vessels in both 
normal and altered salivary glands to enhance PBM clinical 
protocols.
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