
Citation: Jo, I.-Y.; Byeon, H.-K.;

Ban, M.-J.; Park, J.-H.; Lee, S.-C.;

Won, Y.-K.; Eun, Y.-S.; Kim, J.-Y.;

Yang, N.-G.; Lee, S.-H.; et al. Effect of

a Novel Handheld

Photobiomodulation Therapy Device

in the Management of

Chemoradiation Therapy-Induced

Oral Mucositis in Head and Neck

Cancer Patients: A Case Series Study.

Photonics 2023, 10, 241. https://

doi.org/10.3390/photonics10030241

Received: 30 December 2022

Revised: 14 February 2023

Accepted: 21 February 2023

Published: 22 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Effect of a Novel Handheld Photobiomodulation Therapy
Device in the Management of Chemoradiation
Therapy-Induced Oral Mucositis in Head and Neck Cancer
Patients: A Case Series Study
In-Young Jo 1,†, Hyung-Kwon Byeon 2,† , Myung-Jin Ban 3, Jae-Hong Park 3, Sang-Cheol Lee 4 ,
Yong Kyun Won 1, Yun-Su Eun 5, Jae-Yun Kim 5, Na-Gyeong Yang 5, Sul-Hee Lee 6 , Pyeongan Lee 7,
Nam-Hun Heo 8 , Sujin Jo 9, Hoonhee Seo 9,10, Sukyung Kim 10, Ho-Yeon Song 9,10 and Jung-Eun Kim 5,*

1 Department of Radiation Oncology, College of Medicine, Soonchunhyang University Cheonan Hospital,
31 Suncheonhyang 6-gil, Dongnam-gu, Cheonan-si 31151, Republic of Korea

2 Department of Otorhinolaryngology-Head and Neck Surgery, College of Medicine,
Soonchunhyang University Seoul Hospital, 59 Daesagwan-ro, Yongsan-gu, Seoul 04401, Republic of Korea

3 Department of Otorhinolaryngology-Head and Neck Surgery, College of Medicine,
Soonchunhyang University Cheonan Hospital, 31 Suncheonhyang 6-gil, Dongnam-gu,
Cheonan-si 31151, Republic of Korea

4 Division of Hematology-Oncology, Department of Internal Medicine, College of Medicine,
Soonchunhyang University Cheonan Hospital, 31 Suncheonhyang 6-gil, Dongnam-gu,
Cheonan-si 31151, Republic of Korea

5 Department of Dermatology, College of Medicine, Soonchunhyang University Cheonan Hospital,
31 Suncheonhyang 6-gil, Dongnam-gu, Cheonan-si 31151, Republic of Korea

6 Department of Dermatology, College of Medicine, Soonchunhyang University Bucheon Hospital, 170,
Jomaru-ro, Bucheon-si 14584, Republic of Korea

7 Department of Dermatology, Soonchunhyang University Graduate School of Medicine, 22,
Soonchunhyang-ro, Sinchang-myeon, Asan-si 31538, Republic of Korea

8 Clinical Trial Center, College of Medicine, Soonchunhyang University Cheonan Hospital, 31 Suncheonhyang
6-gil, Dongnam-gu, Cheonan-si 31151, Republic of Korea

9 Department of Microbiology and Immunology, School of Medicine, Soonchunhyang University,
Cheonan-si 31151, Republic of Korea

10 Probiotics Microbiome Convergence Center, Soonchunhyang University, Asan-si 31538, Republic of Korea
* Correspondence: freesia0210@naver.com
† These authors contributed equally to this work.

Abstract: Oral mucositis (OM) is a debilitating adverse event in patients undergoing treatment for
cancer. This study aimed to evaluate the therapeutic effect of a novel handheld photobiomodulation
therapy (PBMT) device on chemoradiation therapy (CRT)-induced OM in patients with head and
neck cancer. Head and neck cancer patients undergoing CRT who developed moderate-to-severe OM
during treatment were enrolled. After PBMT and at 2 and 4 weeks after PBMT, the mean value of OM
grade decreased significantly from 2.63 to 2.13, 1.31, and 0.75, respectively (p < 0.05, p < 0.001, and
p < 0.001). Moreover, we observed significant improvement in health-related quality of life (HRQoL)
after PBMT compared to baseline through a validated questionnaire; EORTC QLQ-C30. In the present
study, the use of this PBMT device in the management of CRT-induced OM in patients with head and
neck cancer was generally well tolerated and resulted in the improvement of OM. However, evidence
supporting its use remains lacking owing to limitations such as the small number of participants and
lack of a control group. Therefore, further mechanistic studies and large-scale randomized controlled
trials are needed to confirm the effectiveness of PBMT in the treatment of CRT-induced OM, as shown
in our results.

Keywords: photobiomodulation; low-level laser therapy; chemoradiation= therapy; oral mucositis;
head and neck cancer; case series
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1. Introduction

Oral mucositis (OM) is a common complication of conventional cancer therapies,
including radiotherapy (RT), chemotherapy (CT), and chemoradiation therapy (CRT) [1].
Approximately 70% of patients develop OM within 1–2 weeks of initiating concurrent
cisplatin-based CT and RT for head and neck cancer [2–5]. Ulcerations with submucosal
hemorrhages in severe OM can lead to intense pain and severely impair oral functions,
including eating, drinking, and talking, as well as lead to nutritional impairments and
impact quality of life. In severe cases, optimal cancer therapy may be interrupted, resulting
in an increased risk of treatment failure [6]. Although the pathophysiology of OM has
not been clearly elucidated, many studies have demonstrated that CT- and RT-induced
disruption of the basal cells of the oral surface epithelium is involved in the activation of
pro-inflammatory pathways, microvascular injury, host–microbiome interactions, and extra-
cellular matrix alterations [7–9]. However, OM treatment guidelines are often contradictory,
and no evidence-based standard treatment protocol exists. Therefore, OM management
remains principally supportive (aggressive pain management, mucosal coating agents, local
antiseptics, and nutritional support) [10]. A significant number of agents of various classes,
such as topical antimicrobial agents, vitamins, growth factors, and mouthwashes, have
been indicated to treat OM; however, the results have been inconsistent [11–17]. Codeine
and high-dose NSAIDs are among the most commonly prescribed medications to control
symptoms, including pain, in patients with cancer [18]. Although widely used, narcotics
cannot always adequately relieve severe OM pain and may cause secondary problems,
such as dry mouth, constipation, and impaired consciousness [19]. Accordingly, alternative
treatment options for OM are urgently required.

Several types of lasers and other light-based therapies are gaining popularity for the
treatment of cancer therapy-associated OM in response to the increased medical demand
for light-based therapies. Photobiomodulation therapy (PBMT), previously known as low-
level laser therapy (LLLT), involves the application of lasers or noncoherent light sources,
such as LEDs, to beneficially influence cellular metabolism. This represents a nonthermal
treatment, and the energy and power levels associated with this therapeutic regimen are
below the threshold associated with adverse heating effects or mechanical cellular dam-
age [3]. PBMT initiates excitation of endogenous chromophores to elicit photophysical
and photochemical events. PBMT irradiation is absorbed by intracellular photoaccep-
tors in the membrane of the mitochondria [20,21]. Recent studies have demonstrated
a reduction in oxidative stress, biostimulation, inhibition of pro-inflammatory cytokine
production, and direct activation of intracellular chromophores following PBMT, thereby
triggering increased proliferation of endothelial cells, keratinocytes, fibroblasts, osteoblasts,
and pericytes with anti-inflammatory and analgesic effects [22]. In addition, PBMT has
been reported to promote collagen synthesis, fibroblast proliferation, and production of
various growth factors and extracellular matrix by activating cellular mitochondrial res-
piratory pathways [21,23,24]. PBMT stimulates the activity of cytochrome c oxidase in
the mitochondria, increases ATP production, and upregulates mitochondrial function. In
addition, PBMT induces lower levels of reactive oxygen species (ROS), which then activate
the transcription factors responsible for beneficial effects [25]. To date, however, the mech-
anisms of action of PBMT in OM are not fully understood; moreover, few studies have
reported the action of PBMT in cancer therapy-induced OM at the cellular level [26–29].
Improvement in OM lesions may be achieved by remodeling key epidermal and dermal
components. Sardo et al. determined that PBMT with red and infrared wavelengths nor-
malized epidermal differentiation and maturity, which was impaired in OM lesions by
ionizing radiation [28,30].

PBMT is a non-invasive modality for the prevention and management of OM, corre-
sponding to the simple application of a high-density narrow-band light source on the mucosa
at various wavelengths (600–1000 nm) [1]. Previous studies have shown good efficacy of
PBMT during CT or RT for OM prevention and treatment [22,31]. In general, PBMT is safe,
and exhibits anti-inflammatory, analgesic, and biomodulatory effects. The Multinational Asso-
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ciation of Supportive Care in Cancer/International Society of Oral Oncology (MASCC/ISOO)
conducted a systematic review, first developed guidelines in 2004 [32], updated in 2009 and
2014, and suggested PBMT for the prevention and treatment of OM in head and neck cancer
patients undergoing RT or CRT [33,34]. Most previous studies applying PBMT to OM used
visible red wavelengths within the 630–660 nm range or within the 780–970 nm range [3].
According to the literature, wavelengths of 600–1000 nm exert analgesic and anti-inflammatory
effects. A wavelength of 660 nm is effective in accelerating wound healing and reducing in-
flammatory response, possibly by stimulating mitochondrial activity and modulating cytokine
release from macrophages [35,36]. Other clinical and pre-clinical studies have demonstrated
that a 970 nm wavelength combined with high power and energy densities is associated with
improved healing and reduced inflammation [37–39]. Although previous studies have used a
combination of two wavelengths [37,40], no study has combined more than two wavelengths.
In this study, we aimed to maximize the beneficial effect of PBMT using a combination of four
wavelengths, including most of the wavelengths used in previous studies [33].

The human microbiome can confer susceptibility to certain cancers and may also
affect response to cancer treatment [41]. Dysbiosis has been proposed as one of the several
etiological factors in the development and progression of many cancers, and an association
between oral microbial imbalance and oral cancer development has been suggested [42,43].
It is presumed that cancer therapies such as CT and RT, especially in head and neck
cancer, may induce changes in the mucosal microbial community that may affect treatment
response; however, the underlying mechanism is not entirely clear [44–46]. To date, only a
few studies have evaluated changes in the oral microbiome during cancer treatment [47].
Dysfunction of the oral microbiome reduces mucosal integrity and can cause migration
of bacteria and microbial products into the blood and oral mucosa, thereby triggering the
activation of immune cells and contributing to inflammatory response [48]. PBMT is known
to affect many cell signaling pathways, including several markers that are influenced by
the microbiome. The use of PBMT as a safe and non-invasive alternative treatment option
for various dysregulated microbiome-associated diseases, such as metabolic, neurological,
and inflammatory diseases, suggests that PBMT can alter the microbiome [49,50]. One
study reported that PBMT application to OM not only reduced pro-inflammatory cytokines,
but also had a positive effect on oral microbiome composition [47]. Thus, a study was
conducted to determine the changes that occur in the oral microbiome when CRT-induced
OM in patients with head and neck cancer was treated with a novel PBMT device.

In the current pandemic era, the demand for non-contact treatment has continued to
rise among healthcare providers and patients. In addition, owing to technological advances
in solid-state light sources, the commercialization of at-home light therapy devices has
become feasible [51]. Combined with its satisfactory efficacy and good safety profile,
the use of a practical and user-friendly home-based handheld light device significantly
improves patient adherence and compliance [52]. Nonetheless, no study has reported the
effectiveness of a handheld PBMT device for the treatment of OM.

The present study aimed to evaluate the clinical effectiveness of a novel, handheld
PBMT device for CRT-induced moderate-to-severe OM in patients with head and neck
cancer using a self-administered treatment method. Our findings showed a reduction in
OM severity grades based on the World Health Organization (WHO) scale. Moreover,
we evaluated patients’ quality of life using the European Organization for Research and
Treatment of Cancer Core Quality of Life Questionnaire (EORTC QLQ-C30).

2. Materials and Methods
2.1. Study Design and Population

Our case series adhered to the case report guidelines (CARE guidelines) (Table S1)
and was prospectively performed at Soonchunhyang University Cheonan Hospital and
Soonchunhyang University Seoul Hospital (Republic of Korea). This study was conducted
from November 2020 to April 2022, in accordance with the ethical guidelines of the World
Medical Association Declaration of Helsinki, and was approved by the Institutional Review



Photonics 2023, 10, 241 4 of 18

Boards (IRBs) of Soonchunhyang University Cheonan Hospital (IRB number: 2020-06-032-
028) and Soonchunhyang University Seoul Hospital (IRB number: 2020-09-014). All patients
provided written informed consent prior to enrollment. OM severity was rated according to
WHO grading of mucositis (Table 1). Head and neck cancer patients undergoing CRT who
developed moderate-to-severe OM (WHO grade II, III) during treatment were recruited.
The patients received cisplatin-based concurrent CRT. Cisplatin was administered as
3-weekly cisplatin (100 mg/m2 BSA) at a radiation dose of 60–70 Gy in 30–35 fractions, for
5 days/week over 6–7 weeks. The patients underwent simulation computed tomography
(CT) (Brilliance CT Big Bore; Philips Medical Systems, Cleveland, OH, USA) in the supine
position. Type-S head and neck thermoplastic masks (CIVCO, Kalona, IA, USA) were used
to minimize head and neck motion in all patients. The treatment plan used the Eclipse
treatment planning system (Varian Medical Systems, Palo Alto, CA, USA) with 6 MV
photons. Radiation was delivered to patients using an intensity-modulated radiation ther-
apy technique. Eligible participants aged >18 years were included in this study. Patients
were excluded under the following conditions: previous treatment with PBMT for OM,
double malignancy or metastases of unknown etiology, history of CT and/or RT in the
head and neck region, reduced mouth opening (<1 cm2), severe uncontrolled collagen
vascular disease during pregnancy, and current smokers.

Table 1. World Health Organization Oral Mucositis Grading Scale.

Grade Description

0 None
1 Mild severity; oral soreness, erythema
2 Moderate severity; greater than Grade 1; oral erythema, ulcers, solid diet tolerated
3 Severe severity; greater than Grade 2; oral ulcers, liquid diet only
4 Life-threatening; greater than Grade 3; oral alimentation impossible

2.2. The New Handheld PBMT Device

The light source was PetalB (Ptech Corp., Pyeongtaek, Korea), which comprised four
different wavelengths, AIGaInP (670 nm), AIGaAs (780 nm), GaAs (830 nm), and InGaAs
(910 nm), each consisting of three laser diodes. We selected various wavelengths that were
effective for OM by referring to previous studies [33]. Four wavelengths were selected,
considering the treatment effect and reproducibility among the candidate wavelengths,
and the light source was constructed using these wavelengths. This device performs cross-
output with a 625-Hz pulse with 200 µs-on and 1400 µs-off using the four wavelengths
mentioned above. Since the applicable semiconductor laser chip was selected and used
according to the power level of each laser wavelength, different average powers were
used according to each laser radiation source (Table 2). The laser beams from diodes
were dispersed through lenses to create divergent beams. PetalB is designed in the form
of a dental mirror that can be easily inserted into the oral cavity; by installing a laser
diode instead of a mirror, close-up irradiation is possible even in inflamed areas of the
corners of the mouth. This device is a prototype constructed by Ptech Corp. and is not yet
commercially available (Figure 1).

2.3. Treatment Protocol

Patients were treated 3 or 4 days/week from the start of moderate-to-severe OM (WHO
grade II, III) until the end of CRT. Laser therapy was administered through a non-contact
modality (in which the laser irradiation part was covered with a disposable vinyl cover and
the distance from the oral mucosa was kept close to approximately 0.2–0.5 cm) over the entire
oral cavity, both in ulcerated and erythematous OM lesions, and in areas free of clinical OM
signs. Eleven points in the oral cavity were irradiated: the upper lip mucosa, lower lip mucosa,
upper gingiva, lower gingiva, right side of the tongue, left side of the tongue, right buccal
mucosa, left buccal mucosa, hard palate, soft palate, and mouth floor. Laser therapy was
applied at each point for 20 s; the protocol was repeated five times at 2–3 min intervals, and
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the total duration was 25–30 min. This treatment protocol was based on previous studies
using PBMT in OM patients with cancer [33,37,53]. Special protective glasses were used to
ensure patient and operator safety. All patients received the same instructions regarding
routine oral hygiene care and standard topical/analgesic treatments for OM during treatment.
Post-treatment follow-up assessments were conducted 2 and 4 weeks later. Laser therapy
parameters measured using the power meter are listed in Table 2.

Table 2. Laser therapy parameters.

Laser Parameters

Manufacturer Ptech Co., Ltd.

Model Name PetalB

Wavelengths 670 nm, 780 nm, 830 nm, 910 nm

Pulse mode 625 Hz pulse mode
(200 µs-on, 1400 µs-off in 1600 µs cycle)

Spectral
Half Width

670 nm:18 nm
780 nm:20 nm
830 nm:34 nm
910 nm:40 nm

Power (average)

670 nm:8.0 mW
780 nm:1.2 mW
830 nm:17.0 mW
910 nm:4.0 mW

Power density

670 nm:20.7 mW/cm2

780 nm:3.1 2 mW/cm2

830 nm:44.0 mW/cm2

910 nm:10.3 mW/cm2

Energy

670 nm:4.8 J
780 nm:0.72 J
830 nm:10.2 J
910 nm:2.4 J

Energy density

670 nm:12.44 J/cm2

780 nm:1.87 J/cm2

830 nm:26.44 J/cm2

910 nm:6.22 J/cm2

Exposure duration 18 min

Beam diameter 7 mm

2.4. Clinical Efficacy and Patients’ Quality of Life

The participants were carefully assessed weekly from baseline and followed up until
4 weeks after treatment. Standardized digital photographs of the oral cavity were taken
during each visit using identical positions and camera settings to ensure the reliability
of the evaluation. Efficacy was assessed by evaluating global severity according to the
WHO grading of mucositis scale. All adverse effects, including mucosal dryness, erythema,
pruritus, and desquamation, were recorded in detail throughout the study. Patients’ qual-
ity of life was evaluated weekly using EORTC QLQ-C30 (version 3.0), and follow-ups
were performed until 4 weeks after the final treatment. The EORTC QLQ-C30 comprises
30 questions, both multi-item scales and single-item measures, including five functional
scales (physical functioning [PF2], role functioning [RF2], emotional functioning [EF], cog-
nitive functioning [CF], and social functioning [SF]), three symptom scales (fatigue [FA],
nausea and vomiting [NV], and pain [PA]), a global health status/quality of life scale,
and six single items (dyspnea [DY], insomnia [SL], appetite loss [AP], constipation [CO],
diarrhea [DI], and financial difficulties [FI]).



Photonics 2023, 10, 241 6 of 18

Figure 1. PetalB (Ptech Corp., Pyeongtaek, Republic of Korea). (a) Description of the laser irradiation
part of PBMT device. (1) Laser irradiation unit; (2) laser irradiation part cover; (3) silicone handle;
(4) main body connect port. (b) Description of the main body of PBMT device. (1) Device operation
button; (2) operation indicator lamp. (c) Photos of laser being irradiated by connecting the main body
and the laser irradiation part.

2.5. Metagenomics Analysis Based on 16S rRNA Gene for the Salivary Microbiome

Saliva was collected from the patients using a dedicated kit for saliva microbiome
analysis (OMNIgeneORAL, OM501, DNAgenotek, Kanata, ON, Canada). The collected
samples were stored in a freezer and quickly delivered to Soonchunhyang University
Probiotics Microbiome Convergence Center (PMC) in a frozen state in batches.

DNA extraction from saliva samples was performed using the phenol:chloro-
form:isoamyl (PCI) method. The sample was centrifuged at 4000 rpm for 30 min, the
supernatant was removed to obtain a pellet, and 360 µL of ATL solution was added and
mixed. Afterward, 40 µL proteinase K solution (800 U/mL) was added and incubated at
56 °C for 3–4 h after mixing by pipetting, followed by the addition of 400 µL AL solution
and incubation at 70 ◦C for 10 min. It was then transferred to a tube containing beads of
0.1 mm diameter (Lysing Matrix B, MP Biomedicals, Irvine, CA, USA) and subjected to
physical disruption. An equal volume of 25:24:1 ratio of PCI alcohol solution was mixed
and centrifuged at 12,000 rpm for 7 min at room temperature, and the upper aqueous
phase (200–500 µL) was transferred to a new tube. Freeze-cold/pre-chilled 100% ethanol
corresponding to 2.5 times and 3 M sodium acetate corresponding to 1/10 were mixed.
After being placed at −80 ◦C for 1 h overnight, it was centrifuged at 15,000 rpm for 20 min
at 4 ◦C, and the resulting pellet was washed with 500 µL of 70% ethanol. Finally, it was
centrifuged again at 15,000 rpm for 5–7 min at 4 ◦C, and the pellet was dried for 5–10 min
before resuspending in 100 µL of PCR-grade water.

The entire process of 16S gene-based metagenomic analysis, including metagenomic
library formation and sequencing and data analysis, was performed according to previous
reports conducted in our laboratory [54,55]. Briefly, the extracted DNA was first amplified in
the V4 region of the 16S rRNA gene using primers containing overhang sequences that were
compatible with the Illumina Nextera XT index. The primer sequences used were as follows:
515F(5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-GTGCCAGCMGCCGC-
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GGTAA-3′)/806R(5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-GGACTACH-
VGGGTWTCTAAT-3′). Afterward, metagenomic libraries were prepared using the Nex-
tera XT DNA Library Prep Kit (Illumina, San Diego, CA, USA). All PCR reactions were
performed using 2 × KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA,
USA), and PCR cleanup was performed using AMPure XP beads (Beckman Coulter, High
Wycombe, UK) after each step. Samples were finally diluted from 1 nM to 50 pM in 10 mM
Tris (pH 8.5), mixed with 10% PhiX, loaded onto iSeq-100 reagent cartridges (Illumina, San
Diego, CA, USA), and sequenced on the iSeq-100 (Illumina, San Diego, CA, USA).

2.6. Statistical Analysis

The treatment effects and results of the EORTC QLQ-C30 were compared with the
baseline scores at each follow-up visit using paired t-tests. Data were analyzed using SPSS
version 26.0; IBM Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. Efficacy of PBMT in the Study Population

The study included 21 patients with head and neck cancer and moderate-to-severe
OM. The baseline characteristics of the patients are listed in Table 3. The patients were
Asians (33.3% females and 66.7% males) with a median age of 63.9 (47–93) years. All the
patients had OM grade II or III OM before the start of PBMT. The mean value of OM
grade decreased significantly from 2.63 ± 0.50 before PBMT to 2.13 ± 0.89, 1.31 ± 0.60 and
0.75 ± 0.58 after treatment, 2 weeks after treatment, and 4 weeks after treatment, respec-
tively (p < 0.05, p < 0.001, and p < 0.001), as shown in Figure 2. The distribution of OM
grades before and after PBMT is presented in Table 4. A significant decrease in OM severity
was observed after PBMT. The proportion of patients with OM grade 2 (moderate) was
37.5% at baseline, which decreased to 4.8% at the final visit. Additionally, the proportion of
patients with OM grade 3 (severe) was 62.5% at baseline; however, no patients with OM
grade 3 were observed at the final visit. Clinical pictures of the two patients with marked
improvement are shown in Figures 3 and 4.

Table 3. Baseline characteristics of the patients.

Variable Total Percent

Sex
Male 14 66.7%

Female 7 33.3%
Age (y, median (range)) 63.9 (47–83)
Smoking (before cancer)

Yes 14 66.7%
No 7 33.3%

Primary cancer
Oropharyngeal cancer 10 47.62%

Oral cavity cancer 6 28.57%
Laryngeal cancer 3 14.29%

Nasopharyngeal cancer 1 4.76%
Esophageal cancer 1 4.76%

Pre-treatment OM grade (WHO)
Grade 4 (life-threatening) 0

Grade 3 (severe) 12 57.1%
Grade 2 (moderate) 9 42.9%

Grade 1 (mild) 0
Grade 0 (clear) 0

Mean of WHO scale pre-treatment 2.57
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Figure 2. Changes in mean WHO grade of OM with time (p < 0.001).

Table 4. Distribution of OM grades before and after PBMT.

Grade

Pre-Treatment Post-Treatment
p-Value

2 wks Follow-Up
p-Value

4 wks Follow-Up
p-ValueNo. of

Patients % No. % No. of
Patients % No. of

Patients %

Grade 3 (severe) 10 62.5 7 43.8 0.041 - <0.001 - <0.001
Grade 2 (moderate) 6 37.5 4 25.0 6 28.6 1 4.8

Grade 1 (mild) - 5 31.3 9 42.9 10 47.6
Grade 0 (clear) - - 1 4.8 5 23.8

Figure 3. (a) 50-year-old female prior to treatments. (b) At 2 weeks after 4 weeks of PBMT treatments.

3.2. Evaluation of Health-Related Quality of Life (HRQoL) by EORTC QLQ-C30 Questionnaires

In the EORTC QLQ-C30, compared to baseline, we observed that patients had signifi-
cantly lower scores after PBMT on all five functional scales: PF2 (p < 0.001), RF (p < 0.001),
EF (p < 0.001), CF (RF (p = 0.005), and SF (p < 0.001). Additionally, patients had significantly
lower scores after PBMT than at baseline on all three symptom scales: FA (p < 0.001), NV
(p < 0.001), and PA (p < 0.001). Among the single items, patients had significantly lower DY
(p < 0.001), SL (p = 0.001), and AP (p < 0.001) scores after PBMT. In addition, CO, DO, and
FI scores were reduced after PBMT, although the reduction was not significant (p = 0.806,
0.270, and 0.136, respectively). After PBMT, the general global health status significantly
increased (p < 0.001) compared to baseline, indicating improved HRQoL (Table 5).
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Figure 4. (a,b) 63-year-old male prior to treatments. (c,d) At 2 weeks after 4 weeks of PBMT treatments.

Table 5. HRQoL according to EROTC QLQ-B30 questionnaires before and after PBMT.

Parameter
Baseline after PBMT

p-Value
Mean SD Mean SD

Global health status (QL2) 26.0 19.7 66.2 13.1 <0.001
Physical functioning (PF2) 67.1 16.1 89.2 11.1 <0.001

Role functioning (RF) 49.0 26.9 83.3 23.6 <0.001
Emotional functioning (EF) 59.4 19.2 88.0 9.1 <0.001
Cognitive functioning (CF) 70.8 20.6 84.4 11.3 0.005

Social functioning (SF) 52.1 31.0 86.5 15.2 <0.001
Fatigue (FA) 62.5 16.7 25.7 15.0 <0.001

Nausea and vomiting (NV) 35.4 24.3 14.6 19.1 <0.001
Pain (PA) 64.6 22.7 19.8 19.5 <0.001

Dyspnea (DY) 31.3 25.7 8.3 14.9 <0.001
Insomnia (SL) 47.9 32.1 20.8 16.7 0.001

Appetite loss (AP) 72.9 30.4 29.2 29.5 <0.001
Constipation (CO) 29.2 29.5 31.3 37.5 0.806

Diarrhea (DI) 12.5 24.0 6.3 18.1 0.270
Financial difficulties (FI) 29.2 26.9 18.8 17.1 0.136

3.3. Safety and Patient Compliance

Of the 21 patients enrolled, five dropped out; the reasons for difficulty in visiting
the hospital were as follows: two patients found it difficult to visit because of too many
treatment sessions, two lived too far from the hospital, and one reported that all OM lesions
had healed mid-treatment. No severe side effects or side effects (e.g., mucosal dryness,
erythema, pruritus, or desquamation) were reported.

3.4. Effects of PBMT Device on the Microbiome Composition in the Saliva of Patients

In the permutational multivariate analysis of variance (PERMANOVA), no significant
changes in the bacterial community were identified on the species and genus criteria for
samples before and after PBMT (Table 6). In addition, principal coordinate analysis (PCoA)
and the unweighted pair group method with arithmetic mean (UPGMA) analyses did
not show a clear distinction in the bacterial community by PBMT (Figure 5). For alpha
diversity, no significant differences in species richness and diversity for the microbiome
were detected in saliva samples before and after PBMT (Figure 6). Figure 7 presents
the average taxonomic composition of the salivary microbial communities. Taxa with
relative abundances greater than 1% in all ranks showed no significant changes with PBMT.
Detailed values are presented in Table 7. Taken together, these results suggest that PBMT
using this device does not have a detrimental effect on the oral microbiome.
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Table 6. Results of PERMANOVA (Beta set-significance was demonstrated by permutational multi-
variate analysis of variance) analysis on the salivary microbiome of patients.

PRE-POST

Jenson–Shannon
species N.S. (p = 0.869)
genus N.S. (p = 0.528)

Bray–Curtis species N.S. (p = 0.820)
genus N.S. (p = 0.579)

Generalized UniFrac
species N.S. (p = 0.634)
genus N.S. (p = 0.534)

UniFrac
species N.S. (p = 0.680)
genus N.S. (p = 0.632)

Figure 5. Beta diversity index for the salivary microbiome of cancer patients. (a) UniFrac-based PCoA
(principal coordinate analysis) and (b) UPGMA (unweighted pair group method with arithmetic
mean) were applied to the beta diversity analysis of the salivary microbiome.

Figure 6. Alpha diversity index for salivary microbiome of cancer patients. Species richness was
analyzed based on (a) Ace (b) Chao1, (c) Jacknife, and (d) OTU. Species diversity was analyzed as
(e) NPShannon, (f) Shannon, (g) Simpson, and (h) Phylogenetic diversity. The analysis results are
presented as a boxplot, with the horizontal black band representing the median value and the upper
and lower margins of the boxplot representing the first and third quartiles. No statistically significant
differences were detected between the two groups in any of the analyzes used.



Photonics 2023, 10, 241 11 of 18

Figure 7. Average taxonomic composition of the salivary microbiome of cancer patients. Taxonomic
relative abundance was classified into (a) phylum, (b) class, (c) order, (d,e) genus, and when the
relative abundance was less than 1%, it was indicated as ETC. The Wilcoxon rank-sum test was used
to analyze the significance between the two groups. For all ranks, none of the taxa with a relative
abundance greater than 1% had significant changes.

Table 7. Distributions of bacterial community at different taxonomic levels.

Rank Taxa PRE POST

Phylum Proteobacteria 21.2 18.3
Fusobacteria 5.2 3.9

Actinobacteria 10.0 11.9
Saccharibacteria_TM7 2.8 3.7

Bacteroidetes 13.9 12.1
Firmicutes 45.8 49.1
ETC (<1%) 1.1 1.0

Class Bacilli 29.4 30.3
Fusobacteria_c 5.2 3.9

Betaproteobacteria 16.6 14.3
Flavobacteria 4.9 3.5

Saccharimonas_c 2.8 3.7
Clostridia 5.2 2.7
Bacteroidia 9.0 8.6

Actinobacteria_c 8.2 10.4
Gammaproteobacteria 3.3 2.8

Coriobacteriia 1.8 1.5
Negativicutes 10.7 15.7
ETC (<1%) 3.0 2.6



Photonics 2023, 10, 241 12 of 18

Table 7. Cont.

Rank Taxa PRE POST

Order Bacteroidales 9.0 8.6
Burkholderiales 7.8 8.5
Pasteurellales 2.3 2.4
Clostridiales 5.2 2.7

Flavobacteriales 4.9 3.5
Fusobacteriales 5.2 3.9
Veillonellales 9.6 15.3
Neisseriales 8.8 5.8

Coriobacteriales 1.8 1.5
Bacillales 1.6 1.1

Saccharimonas_o 2.8 3.7
Micrococcales 6.1 8.5
Lactobacillales 27.8 29.3

ETC (<1%) 7.2 5.4

Family Gemella_f 1.5 1.0
Flavobacteriaceae 4.9 3.5

Neisseriaceae 8.8 5.8
Comamonadaceae 1.2 1.4

Lautropia_f 6.5 7.1
Saccharimonas_f 2.8 3.7
Pasteurellaceae 2.3 2.4

Streptococcaceae 22.2 23.7
Prevotellaceae 5.9 6.2
Veillonellaceae 9.6 15.3

Porphyromonadaceae 1.8 1.6
Coriobacteriaceae 1.8 1.5
Lachnospiraceae 2.3 1.1
Aerococcaceae 3.9 3.4

Lactobacillaceae 1.7 2.0
Micrococcaceae 6.1 8.5

Ruminococcaceae 1.8 0
Fusobacteriaceae 3.4 2.0
Leptotrichiaceae 1.8 1.9

ETC (<1%) 9.8 8.0

Genus Porphyromonas 1.4 1.3
Haemophilus 2.1 1.9
Granulicatella 3.8 3.1
Fusobacterium 3.4 2.0

Gemella 1.5 1.0
Saccharimonas 2.4 3.1

Prevotella 5.1 5.7
Veillonella 9.3 15.0

Streptococcus 22.0 23.7
Rothia 6.1 8.5

Neisseria 8.2 5.3
Leptotrichia 1.8 1.9

Ottowia 1.2 1.4
Capnocytophaga 4.6 3.3

Lautropia 6.5 7.1
Lactobacillus 1.7 1.9
Atopobium 1.7 1.5
ETC (<1%) 17.5 12.2

ETC, taxa with a relative composition ratio of less than 1%.

4. Discussion

OM is a common, painful, and debilitating complication of cancer therapies. OM
occurs at varying frequencies during CT and/or RT, mainly depending on the type of
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treatment regimen and degree of toxicity. Representative anticancer drugs that cause OM
easily include high-dose methotrexate, 5-fluorouracil, and busulfan. RT, especially RT
targeting the head and neck regions, is another risk factor for severe OM [56]. Approxi-
mately 90% of head and neck cancer patients receiving RT developed OM [57,58], leading
to huge medical expenditure. Severe OM is an unmet medical need in head and neck
cancer patients undergoing CRT because it significantly affects quality of life and interferes
with cancer therapy; however, no effective preventive strategy is currently available [59].
Previous studies on cancer therapy-induced OM reported good results with the use of
PBMT in OM prevention [33].

This study was conducted to explore the effectiveness of a novel handheld PBMT
device for treating CRT-induced OM in patients with head and neck cancer. Overall, our
results showed that this device was effective in treating CRT-induced OM with excellent
patient compliance. After PBMT, we observed a significant decrease in the mean WHO OM
grade, and an additional significant decrease was observed at the final 4-week follow-up.
In addition, no difficulties were encountered in administering PBMT and no side effects
were documented. Overall, the patients enrolled in this study had strong compliance and
subjective satisfaction with the treatment device. If further large-scale studies report similar
effectiveness and safety, this novel handheld PBMT device may become a reliable and safe
alternative for the treatment of CRT-induced OM in patients with head and neck cancer.
Similar to our results, no serious side effects have been reported to date in previous clinical
studies applying PBMT for the management of cancer therapy-induced OM [60,61]. Despite
the various mechanisms that alter its biological activity, the device is considered safe when
used appropriately.

In addition, the patients’ quality of life as measured using the EORTC QLQ-C30
showed an overall improvement after PBMT. The rate of OM grade II or lower after PBMT
was significantly higher than that before treatment, which is thought to have affected the
patient’s perceived quality of life. Patients with OM grade ≤ II are generally able to eat
adequate amounts of food and maintain their nutritional status. From this perspective,
lowering the OM grade to II or lower has a positive impact on patients’ quality of life
through the restoration of feeding capacity, a strong indicator of patient well-being. Mal-
nutrition can also affect the response and adherence to cancer treatment by increasing the
risk of toxicity and infection [62]. In this study, the participants visited the hospital and
received PBMT; however, in the future, this handheld device may be used for treatment at
home instead of the patient visiting the clinic regularly, which requires less time and effort,
potentially leading to excellent compliance.

Factors such as wavelength, energy density, and irradiation frequency can influence
the cellular mechanisms of PBMT [63]. The wavelength of PBMT is an important factor
that affects cellular response. Red to near-infrared light in the range of 600–1070 nm is
known to have the greatest effect on cellular and molecular responses, including cell prolif-
eration, metabolism, and angiogenesis. This phenomenon may be due to the absorption
or interference of light beyond this range. It is thought that shorter wavelengths can be
absorbed by hemoglobin or melanin, whereas longer wavelengths penetrate more deeply
but can be absorbed by water; thus, only a specific wavelength has effective biostimulatory
effects [64–66]. Ma et al. reported that PBMT using a dual wavelength of 635 nm and
830 nm increased fibroblast proliferation and collagen synthesis, whereas PBMT using
a single wavelength of 635 nm had no significant effect [67]. Recently, another in vitro
and in vivo study reported that a 660 nm wavelength increased ROS production, and a
970 nm wavelength showed antioxidant activity. Interestingly, a significant reduction in
ROS levels was detected in cells exposed to the 800 nm wavelength or a combination of
the three different wavelengths (660 nm, 800 nm, and 970 nm). These findings suggest
that multi-wavelength PBMT may be clinically useful by efficiently reaching various tissue
depths and exploiting the diverse properties of each wavelength [68]. Thus, we decided to
use laser diodes with four different wavelengths (670 nm, 780 nm, 830 nm, and 910 nm) in
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the present study and obtained promising results. However, future in vitro, in vivo, and
clinical studies are required to confirm the rationale of our protocol.

There was no significant difference in oral microbiome composition before and after
PBMT. Sufficient microbiome recovery was difficult because PBMT was applied after severe
dysbiosis had already occurred via CRT. Nevertheless, the results of this study confirm that
PBMT maintains homeostasis without adversely affecting the oral microbiome. However,
this study is limited in that changes at the taxonomic level were investigated, and considering
that the near-infrared energy of PBMT can affect the metabolism of bacteria [30,69], a holistic
understanding based on the analysis of the entire genome of the microbiome is required.
Some studies showed that the visible and near-infrared wavelengths of PBMT may affect
oral bacterial growth and salivary gland activity by modulating the bacterial cell cycle
through interactions on photoacceptors such as cytochrome, flavins and voltage-dependent
calcium channels [69,70]. In the future, a well-designed large-scale study is needed to
analyze the effects of PBMT on the oral microbiome over a long period, including before the
start of cancer treatment and a control group. In addition, a detailed analysis is necessary
depending on the type and duration of anticancer drugs, whether RT was used, and the
severity of OM. In addition, in-depth research is needed on the mechanism by which PBMT
prevents the destruction of microorganisms during cancer treatment and the relationship
between the improvement in OM and equilibrium of the oral microbiome.

This study had some limitations. Although our results are promising, an optimal
irradiation fluence and treatment regimen (including the distance between the device
and oral mucosa) should be determined in future studies. In addition, this study had
a significant limitation of not having a control group. Treatment with this device is a
non-contact modality, and the distance to the oral mucosa may not be constant, which may
affect the amount of energy reaching the tissue; therefore, there is a possibility of bias. In
addition, we did not evaluate the oral hygiene status. Many studies have reported that the
maintenance of good oral health reduces OM severity, but also helps in its resolution [71].
Other studies have reported that compromised immune status, poor oral hygiene, and
pre-existing oral damage such as tooth decay and plaque are associated with a very severe
OM [72]. The MASCC/ISOO guidelines recommend the use of a standardized oral care
protocol, including brushing with a soft toothbrush, flossing, and non-medicated rinses [73].
Furthermore, the possible preventive role of PBMT was not investigated in the present study.
An effective role of PBMT in reducing the incidence and severity of OM when administered
before symptom onset has been reported [74]. Further studies using larger randomized
controlled trials are required to obtain better evidence for the clinical applications of this
novel PBMT device. As the molecular mechanisms underlying the advantages and clinical
efficacy of the combined irradiation of the four wavelengths used in this study have not
been fully explored, additional follow-up studies are required.

5. Conclusions

OM is a common side effect associated with conventional cancer therapy, and when
it is severe, it not only has a major impact on patients’ quality of life, but also causes
other side effects such as secondary infections. However, no standard treatment has been
suggested to date. Therefore, alternative treatment options for OM are required. Thus,
this study was conducted to explore the effectiveness of a novel handheld PBMT device
for treating CRT-induced OM in patients with head and neck cancer. In conclusion, our
results showed that this new portable device is effective in treating CRT-induced OM with
excellent patient compliance. After PBMT, a significant decrease in the mean WHO OM
grade was observed. In addition, we observed a significant improvement in HRQoL after
PBMT compared with baseline in the EORTC QLQ-C30 results. PBMT using this novel
device could be a supportive therapeutic modality for treating OM in patients with head
and neck cancer. Further mechanistic and large-scale randomized controlled studies on
cancer therapy-associated OM should be carried out to determine its effectiveness and
safety and investigate the exact mechanisms.
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