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Abstract

Objectives: The objective of this study is to evaluate the effect of 635 nm photobiomodula-
tion on the rate and magnitude of maxillary canine distalization following extraction of
the maxillary first premolars in adult patients. Materials and Methods: This randomized,
controlled, split-mouth clinical trial included 18 adult patients undergoing extraction-based
orthodontic treatment for Class II malocclusion. Maxillary first premolars were extracted,
and canine distalization was performed using nickel-titanium closed-coil springs deliver-
ing a constant force of 150 g, supported by orthodontic mini-implants providing absolute
anchorage. Photobiomodulation was applied on one randomized side using a 635 nm
diode laser operating at 100 mW in continuous-wave mode, with an 8 mm handpiece
diameter. Laser irradiation was delivered in contact mode to two application sites per
session corresponding to the buccal and palatal aspects of the maxillary canine root, with
an exposure time of 60 s per site. Irradiation was performed according to a predefined
schedule over a 45-day observation period, while the contralateral side served as a sham-
treated control. Tooth movement was assessed by repeated measurements of inter-bracket
distance. A linear mixed-effects model was used to analyze the effects of treatment, time,
and their interaction on tooth movement dynamics. Results: The linear mixed-effects
model revealed a significant interaction between treatment and time (p < 0.001), indicating
a greater rate of canine distalization on the photobiomodulation-treated side compared
with the control side. Treatment and time also demonstrated significant main effects. After
45 days, the mean cumulative canine displacement was approximately 1.6 mm greater on
the photobiomodulation side than on the control side. Age and sex did not significantly
influence tooth movement. Conclusions: Photobiomodulation at a wavelength of 635 nm
significantly increased the rate of maxillary canine distalization in adult extraction cases
over a 45-day observation period.

Keywords: orthodontics; canine distalization; class II malocclusion; extraction therapy;
low-level laser therapy
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1. Introduction

Class Il malocclusion is among the most prevalent malocclusions in Caucasian popu-
lations [1]. In adult patients who have completed pubertal growth and present with severe
maxillary arch crowding, correction of Class II malocclusion becomes particularly challeng-
ing [1]. Many adult patients are unwilling to undergo orthognathic surgery and therefore
opt for conventional orthodontic treatment approaches, which may involve certain com-
promises. A commonly employed strategy in such cases is extraction of the maxillary
first premolars followed by canine distalization to improve facial esthetics and establish
canine-guided occlusion [2]. However, achieving bodily (translational) tooth movement
under these conditions is technically demanding and often requires prolonged treatment
time [3]. In contemporary orthodontics, increasing emphasis is placed on treatment esthet-
ics, comfort, and efficiency. Fixed orthodontic appliances may cause discomfort, complicate
oral hygiene, and increase the risk of dental caries and gingival inflammation [1]. Treat-
ment duration is a major concern for adult patients, as prolonged therapy may negatively
affect motivation, adherence, and overall satisfaction. In addition, extended visibility of
extraction spaces may further compromise patient acceptance of treatment. Consequently,
approaches that safely increase the rate of orthodontic tooth movement have the potential
to reduce treatment-related complications and improve patient experience [4-7].

It has been known orthodontic tooth movement can be accelerated using several
approaches, including pharmacologic agents, light-based therapies, and physical modal-
ities such as pulsed electromagnetic fields (PEMF) [4,8,9]. Surgical methods are gener-
ally reserved for situations in which conservative approaches are inadequate. Micro-
osteoperforation, which creates small perforations in the alveolar bone adjacent to the tooth,
has been reported to successfully increase tooth movement [10]. The regional acceleratory
phenomenon (RAP) can also be induced by corticotomy [11] or more recently by piezoci-
sion [12]. Nevertheless, surgical interventions are associated with postoperative discomfort
and may increase the risk of complications such as infection or paresthesia [7].

Accordingly, recent research has increasingly focused on minimally invasive alter-
natives for tooth movement acceleration [13-15]. Pharmacologic agents including corti-
costeroids, salmon calcitonin, and doxycycline have been investigated for their effects on
bone metabolism and the rate of tooth movement [13,16]. Non-systemic physical stimuli
are particularly attractive because they can be applied locally with limited invasiveness.
PEMF has been reported to stimulate bone remodeling and potentially increase the rate
of tooth movement [8]. Vibration-based devices have also been associated with reduced
treatment duration through enhanced remodeling and bone formation [17,18]. In addition,
photonic approaches such as low-level laser/light therapy have been proposed as adjuncts
to accelerate orthodontic tooth movement [14,19-21].

Photobiomodulation (PBM) is a non-invasive technique that uses non-ionizing light,
typically in the red to near-infrared range (approximately 600-1200 nm), to modulate cellu-
lar activity [2,22-25]. Proposed mechanisms of PBM action include increased adenosine
triphosphate (ATP) production and controlled generation of reactive oxygen species, which
may influence inflammation, pain perception, and bone remodeling [26,27]. Light-emitting
diode (LED)-based PBM has been reported to enhance osteoclastic activity, potentially
facilitating more rapid orthodontic tooth movement [28]. Despite the growing availability
and use of photobiomodulation therapy during orthodontic treatment, existing guidance
on irradiation parameters remains highly inconsistent and heterogeneous, particularly with
respect to wavelength, energy density, power output, application frequency, and treatment
duration [21,29-31].

Therefore, this randomized split-mouth clinical trial evaluated the effects of 635 nm
photobiomodulation on maxillary canine movement following extraction of the maxillary
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first premolars in adult patients. A standardized photobiomodulation protocol was applied.
The primary outcomes were the magnitude and rate of maxillary canine distalization.
The null hypothesis was that photobiomodulation would have no effect on the rate or
magnitude of canine movement compared with the untreated control side, whereas the
alternative hypothesis was that 635 nm photobiomodulation would increase the rate and /or
magnitude of maxillary canine distalization during orthodontic treatment.

2. Materials and Methods
2.1. Study Design and Ethical Approval

The study was designed as a randomized, controlled, split-mouth clinical trial. The
research protocol was reviewed and approved by the Local Ethics Committee of Wroclaw
Medical University (approval No. KB-278/2018). All participants provided written in-
formed consent before enrolment, in accordance with the principles of the Declaration of
Helsinki. The study was registered on ClinicalTrials.gov (Identifier: NCT07390357).

An a priori sample size calculation was performed for paired comparisons, consistent
with the split-mouth design, using a two-sided significance level («) of 0.05 and a statistical
power of 90%. Based on an expected mean paired difference of 1.53 mm and a standard
deviation of paired differences of 1.27 mm, derived from pilot data, the minimum required
sample size was 8 participants. Therefore, the inclusion of 18 patients provided an adequate
margin of statistical power to detect clinically meaningful differences between the laser-
treated and control sites.

2.2. Subjects

Eighteen patients (12 women and 6 men; mean age: 31.6 &+ 6.9 years) undergoing
extraction-based orthodontic treatment for Class II malocclusion were enrolled in the
study. All patients required extraction of the maxillary first premolars followed by canine
distalization supported by orthodontic mini-implants providing absolute anchorage.

Inclusion criteria:

Class II malocclusion requiring extraction of maxillary first premolars;
Indication for canine distalization with absolute anchorage;

Fixed orthodontic treatment for the first time;

Good general health;

Non-smokers;

No systemic diseases affecting bone metabolism;

No history of radiotherapy or bisphosphonate therapy;

No use of anti-inflammatory drugs or antibiotics within the previous 12 months;
Good periodontal health.

Exclusion criteria:

Uncontrolled periodontal disease;

Diabetes mellitus or other metabolic disorders;
Pregnancy;

Poor oral hygiene.

2.3. Orthodontic Treatment Protocol

All patients were treated using a straight-wire technique with fixed orthodontic ap-
pliances (MBT prescription, 0.022” slot). Maxillary first premolars were extracted for
orthodontic indications prior to the initiation of canine distalization. Orthodontic mini-
implants made of titanium alloy (grade V), with a diameter of 1.4 mm and a length of 10 mm,
were inserted into the alveolar process between the roots of teeth 15 and 16, and between
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teeth 25 and 26, to provide absolute anchorage for canine distalization. All mini-implants
were placed by the same experienced clinician using a direct transgingival (flapless) in-
sertion technique, without bone decortication or soft tissue de-epithelialization, and were
inserted immediately using a hand driver. Following insertion, the mini-implants on both
sides were passively connected to the orthodontic brackets bonded to teeth 15 and 25 using
a lace-back ligature to ensure absolute anchorage.

Canine distalization was achieved using nickel-titanium (NiTi) closed-coil springs
attached between the brackets on the maxillary canines and the second premolars. A
constant orthodontic force of 150 g was applied on both sides. To ensure equal force
delivery, springs of appropriate length were selected according to the manufacturer’s
force—deflection chart based on the width of the post-extraction space. The applied force
was verified clinically at placement to ensure symmetry between the laser-treated and
control sides.

2.4. Photobiomodulation Protocol

Photobiomodulation therapy was applied using a red diode laser (SmartM, Lasotronix,
Poland) operating at 635 nm, with an output power of 100 mW in continuous-wave mode.
The handpiece diameter was 8 mm, corresponding to a spot area of 0.5024 cm? and an
average power density of 199.04 mW /cm?. Laser irradiation was delivered in contact mode
to two application sites per session, corresponding to the buccal and palatal aspects of the
canine root adjacent to the post-extraction space. The total irradiation time per session was
approximately 120 s, and the cumulative energy density per session was 24 J/cm?.

Laser irradiation was applied according to the following schedule: immediately after
initiation of canine distalization (day 0), day 3, day 7, day 14, day 30, and day 45.

Randomization was performed using a coin toss to determine the side of the maxilla
assigned to active photobiomodulation therapy. On the contralateral side, a sham pho-
tobiomodulation procedure was performed, in which the laser handpiece was placed in
contact with the tissues according to the same schedule and application protocol as on the
experimental side, but without laser emission. Thus, the contralateral side served as the
control, and the participants were blinded to treatment allocation, whereas the operator
performing the irradiation was not. (see Figure 1(C1,C2)).

2.5. Measurement of Tooth Movement

Tooth movement was assessed by measuring the distance between the central points
of the bracket slots bonded to the maxillary canines and second premolars using the same
calibrated orthodontic caliper under standardized conditions. All measurements were
performed by an examiner who was not involved in the PBM application. Before the start
of the study, the examiner was calibrated by repeated measurements performed under
standardized conditions. Measurements were obtained at baseline (day 0) and on days 3, 7,
14, 30, and 45. The amount of tooth movement was calculated as the difference between
the baseline and follow-up measurements. (see Figure 1(B1,B2))
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Figure 1. Clinical sequence of maxillary canine distalization following premolar extraction.
(A1,A2) show the initial clinical situation before canine distalization on the right and left sides
of the maxilla, respectively; (B1,B2) illustrate measurement of the distance between the maxillary
canine and second premolar using a caliper on the right and left sides; (C1,C2) depict photobiomod-
ulation applied to the buccal and palatal aspects of the canine root, respectively; (D1,D2) show
closed-coil springs attached between the brackets on the maxillary canine and second premolar
during canine distalization on the right and left sides; (E1,E2) present the final clinical outcome after
completion of canine distalization on the right and left sides of the maxilla.

2.6. Statistical Analysis

Statistical analysis was performed to evaluate whether photobiomodulation had a sta-
tistically significant effect on the rate of orthodontic tooth movement. A linear mixed-effects
model was constructed, with the change in measurement from day 0 as the dependent
variable. Time and treatment (photobiomodulation vs. control) were included as fixed
effects, along with their interaction, to assess differences in movement dynamics. Age and
sex were included as covariates. Patient ID was treated as a random effect to account for
paired and repeated measurements within individuals. Model parameters were estimated
using restricted maximum likelihood (REML). The significance of fixed effects and their
interactions was assessed using t-tests with Satterthwaite’s approximation for degrees of
freedom. Statistical analysis and data visualization were performed in the R statistical
environment (version 4.4.2; R Core Team, 2024) using additional libraries [32,33].

3. Results
3.1. Linear Mixed-Effects Model of Tooth Movement

The results of the linear mixed-effects model are presented in Table 1. The analysis
revealed a statistically significant interaction between treatment and time (p < 0.001),
indicating that photobiomodulation significantly modified the rate of orthodontic tooth
movement over the observation period. Significant main effects were also observed for
treatment (estimate = 0.40, p = 0.0088) and time (estimate = 0.06, p < 0.001), confirming
greater overall tooth movement on the laser-treated side and a progressive increase in
displacement over time. Age and sex were included as covariates in the model but did not
show a statistically significant influence on tooth movement (p > 0.05). (see Table 1).
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Total movement from day 0 [mm]

Table 1. Linear mixed-effects model assessing the effects of treatment, time, and their interaction on
orthodontic tooth movement. Treatment (photobiomodulation vs. control), time, and their interaction
were included as fixed effects, with age and sex as covariates. Covariates (sex and age) did not
influenced significantly the final outcome. p-value was calculated with t-tests with Satterthwaite’s
approximation for degrees of freedom.

Variable Estimate Std. Error df t Value p-Value
(Intercept) 0.53 0.66 15.62 0.805 0.43288
treatment 0.40 0.15 195.00 2.645 0.00884

time 0.06 0.00 195.00 13.375 <0.001

age 0.00 0.02 15.00 0.009 0.99278

sex —0.54 0.28 15.00 —1.909 0.07554
treatment*time 0.03 0.01 195.00 4.56 <0.001

Std. Error, standard error of the estimate; df, degrees of freedom; t value, t-statistic; p-value, probability value,
*, interaction between treatment and time.

3.2. Dynamics of Canine Distalization over Time

Figure 2 illustrates the dynamics of canine distalization on the photobiomodulation-
treated and control sides. Panel A presents cumulative tooth movement relative to baseline,
while Panel B shows changes in the absolute distance between the central points of the
bracket slots over time.

Tooth movement Distance between brackets

vy}

20
Treatment:
control
\ == photomodulation

Distance between brackets [mm]

20 30 40 0 10 20 30 40

time [days] time [days]

Figure 2. Dynamics of canine distalization on photobiomodulation-treated and control sides. Thin
lines represent individual patient trajectories, while bold lines indicate group means. (A) Cumulative
canine movement relative to baseline over time. (B) Absolute distance between the central points of
the bracket slots during treatment.

As shown in Figure 2A, canine movement progressed more rapidly on the photo-
biomodulation side compared with the control side throughout the observation period.
Although individual patient trajectories demonstrated variability, the average trend indi-
cated a consistently greater rate of tooth movement in laser-treated teeth.

Consistent with these findings, Figure 2B demonstrates a greater reduction in the
inter-bracket distance on the photobiomodulation side compared to the control side. Af-
ter 45 days, the mean absolute distance was 14.9 &+ 3.63 mm on the control side and
13.4 £ 3.46 mm on the photobiomodulation side, corresponding to a greater total displace-
ment of the canine on the laser-treated side.
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4. Discussion

The aim of this randomized split-mouth clinical trial was to evaluate the effect of a
635 nm photobiomodulation (PBM) on orthodontic tooth movement in adult extraction
cases. The results demonstrated a significantly greater rate of maxillary canine distalization
on the PBM-treated side compared with the untreated control side, as evidenced by the
significant interaction between treatment and time in the linear mixed-effects model. This
finding indicates that photobiomodulation modified the dynamics of tooth movement over
time rather than merely influencing the final displacement. Within the 45-day observation
period, a clinically meaningful difference in canine movement was observed between
the photobiomodulation-treated and control sides. The mean total displacement of the
maxillary canine was approximately 1.6 mm greater on the PBM-treated side compared
with the untreated control side, reflecting a substantially higher rate of tooth movement over
time. This difference was achieved under controlled conditions with absolute anchorage
and without the use of any surgical acceleration techniques, supporting the potential clinical
relevance of photobiomodulation as an adjunctive method for accelerating orthodontic
tooth movement in adult extraction cases.

Previous experimental and clinical studies suggest that photobiomodulation may
enhance orthodontic tooth movement by modulating bone remodeling. Yang et al. [34]
demonstrated increased alveolar bone remodeling with 660 nm and 830 nm PBM, with
stronger early osteoclastic activity at 660 nm, while Keklikci et al. [35] reported the greatest
tooth displacement near 650 nm. The acceleration observed in the present study with
635 nm PBM is consistent with these findings. The selection of the 635 nm wavelength was
based on biological considerations. Although near-infrared wavelengths are more com-
monly used in the literature because of their presumed deeper tissue penetration, red-light
wavelengths in the range of approximately 630-660 nm have also been reported to exert bi-
ologically relevant effects on bone remodeling and orthodontic tooth movement [29,34,35].
Since the biological target in this study was the periodontal and alveolar tissue adjacent
to the moving tooth rather than deeper anatomical structures, the use of red-spectrum
PBM was considered justified. Clinical studies and reviews have likewise reported accel-
erated tooth movement or reduced treatment time after PBM application [36—41]. In our
study, cumulative canine displacement was greater on the PBM-treated side than on the
control side (4.81 mm vs. 3.2 mm) over 45 days, corresponding to an approximately 50.3%
greater displacement during the observation period. However, because the present study
assessed tooth movement over a limited 45-day interval rather than the full orthodontic
treatment course, no direct conclusion can be drawn regarding the reduction in total treat-
ment time. Furthermore, considerable heterogeneity remains across studies with respect
to wavelength, energy density, and irradiation intervals. Faster tooth movement has been
associated with energy density values below 5.3 J/cm? and wavelengths below 810 nm [21],
while effective protocols have also been reported for 640 + 25 nm, 830 £ 20 nm, and
960 + 20 nm, with suggested energy ranges of 5-70 J/cm? [29]. Umbrella reviews con-
firmed substantial variability in PBM protocols, although wavelengths around 730-830 nm
and regular application schedules appear promising [30,31]. Irradiation frequency itself
may be of limited importance [42], whereas four-week intervals may be insufficient [43].
PBM has also been proposed as a minimally invasive adjunct in younger patients [26].

Beyond accelerating tooth movement, PBM may also support post-extraction alve-
olar bone remodeling, reduce inflammatory responses, and alleviate pain. These effects
may be related, at least in part, to the modulation of biochemical mediators involved in
orthodontic tooth movement [3]. Recent literature indicates that OTM is regulated by a
complex cytokine network within the periodontal ligament and alveolar bone, including
IL-13, IL-6, IL-8, TNF-a, M-CSE, RANKL, and OPG, which coordinate inflammatory sig-
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naling, osteoclastogenesis, and alveolar bone remodeling [16]. Although these mediators
were not directly assessed in the present study, PBM has been associated with changes in
selected inflammatory mediators, particularly IL-13 and IL-8, which may contribute to
the enhanced tooth movement observed after irradiation [16]. A systematic review and
meta-analysis by Zhang et al. [44], consistent with other studies [45], suggested a reduction
in orthodontically induced inflammatory root resorption, although Farah Y. Eid et al. [46]
found no significant differences with 980 nm PBM in a randomized clinical trial. This may
indicate wavelength-dependent effects, as supported by findings by Lin Kong et al. [47],
who reported a protective effect of a 650 nm diode laser together with accelerated tooth
movement. In an animal model, Okazaki et al. [48] demonstrated reduced pain-related
neuropeptide markers after near-infrared irradiation, while PBM, including LED-based
devices, may also improve the stability and longevity of temporary anchorage devices [49].
Compared with other acceleration methods, PBM appears less invasive, although not
always the most potent. Ferreira Botelho et al. [50] found greater acceleration with corti-
copuncture than with PBM alone, but the combined approach produced the most favorable
results, whereas corticotomy remains the most invasive option despite its high acceleration
potential [51]. Gokhan Tiirker et al. [52] reported a stronger short-term effect of LLLT
than piezocision, and although both LED and LLLT may increase canine retraction, greater
acceleration has been reported with an 810 nm Ga-Al-As laser than with a 640 nm LED
device [53]. El-Angbawi et al. [4] identified statistically significant acceleration only for
low-level laser therapy, while Lalnunpuii et al. [54] found no significant difference between
self-ligating and conventional brackets when adjunctive LLLT was used.

The present findings support a significant acceleration of orthodontic tooth movement
with PBM. Nevertheless, several limitations of the present study should be acknowledged.
First, the study was conducted in a relatively small group of patients, although the sample
size was adequate according to the a priori calculation. Second, the observation period
was limited to 45 days; therefore, the results reflect only the short-term effect of PBM on
canine movement and do not allow direct conclusions regarding the overall duration of
orthodontic treatment. In addition, photobiomodulation remains difficult to standardize
due to the marked heterogeneity of published protocols. Current evidence is inconsistent
regarding the most influential variables, including wavelength, output power, energy
density, application duration, and treatment frequency. Moreover, a shortage of high-quality
comparative studies directly evaluating different parameter sets, alongside numerous
confounding clinical variables, limits the ability to propose a routine PBM protocol for
everyday practice. Despite promising results in recent years, further well-designed trials
with larger samples and longer follow-up periods are required to establish reproducible,
evidence-based guidelines for PBM use in orthodontics.

5. Conclusions

Within the limitations of this randomized split-mouth clinical trial, photobiomodula-
tion at a wavelength of 635 nm significantly increased the rate of maxillary canine distaliza-
tion compared with an untreated control side in adult patients undergoing extraction-based
orthodontic treatment. A greater cumulative canine displacement was observed on the
photobiomodulation-treated side over a 45-day observation period. These findings suggest
that 635 nm photobiomodulation may serve as a minimally invasive adjunct to accelerate
orthodontic tooth movement under controlled clinical conditions. Further well-designed
randomized clinical trials with longer follow-up periods are required to determine the
long-term effects and to establish standardized, evidence-based protocols for photobiomod-
ulation use in orthodontic practice.
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