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Effect of 3D-printing assisted micro- s
osteoperforations on the rate of canine
retraction: a clinical investigation

Yangyifan Zhou'", Qi Shao'", Miaomiao Bie', Jingju Zhang?, Han Shi?"" and Feiwu Kang'™"

Abstract

Objectives More time is often needed for adult orthodontic patients compared with juvenile counterparts due to
lower tissue vitality. In some cases, the prolonged orthodontic treatment may cause a series of problems, such as
enamel demineralization, dental caries, periodontitis and root resorption. Therefore, we aimed to accelerate tooth
movement to avoid various adverse reactions by 3D-printing assisted micro-osteoperforations (MOPs) in difficult
orthodontics cases.

Methods Twenty-eight adult patients (28.3 +3.4 years) with slow tooth movement after extraction of bilateral
maxillary first premolars were included. The scheme of 3D-printing assisted MOPs was designed to perform bone
punctures in the mesial and distal sides of canines.

Results The average speed of the retraction of canines was 1.02+0.41 mm per month after MOPs and significantly
faster than that before the MOPs, 0.34+0.16 mm per month (P <0.05). Moreover, the evaluation of side effects
including root resorption, periodontal damage did not reach statistical difference and pain level was acceptable
generally.

Conclusion MOPs assisted by 3D-printing could significantly accelerate tooth movement while achieving greater
precision, without notably increasing side effects.

Trial registration ChiCTR2100044685, date of registration: 25/03/2021.
Keywords Micro-osteoperforations(MOPs), 3D-printing, Tooth movement, Adult orthodontics
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Introduction

The duration of comprehensive orthodontic treatment is
usually 24—28 months in adults and primarily depends on
the rate of orthodontic tooth movement [1]. Complicated
reasons such as bone maturation, decreased mineral
turnover, and patients’ poor compliance with instruc-
tions for wearing orthodontic appliances can lead to the
prolonged duration of treatment [2]. Unfortunately, the
long-term orthodontic treatment may cause a series of
other problems, such as dental caries, gingival recession,
and root resorption [3], making the patient’s compliance
worse [4].

In these cases, orthodontists encounter difficulties in
increasing the rate of orthodontic tooth movement and
shortening the treatment time. At present, clinical meth-
ods for accelerating tooth movement include drugs treat-
ment [5, 6], physical interventions [7, 8] and surgical aids
[9-12]. Among these, the efficacy of surgical methods has
been widely demonstrated in clinical practice. In 1893,
Bryan first observed that corticotomy could accelerate
the movement of teeth during orthodontic treatment
[13]. Then, in 1959, Kole firstly put forth the hypothesis
that the cortical bone of the alveolar bone was the source
of resistance to tooth movement and by the disruption of
its integrity, relatively independent bony blocks contain-
ing teeth could be formed, thus resulting in the accelera-
tion of tooth movement [14]. Subsequently, the efficiency
was tested by a series of researches [15, 16]. In a study
conducted by Wilcko, it was found that localized corti-
cotomy without the creation of an independent part for
each tooth could also result in accelerated tooth move-
ment [17]. Besides, he also claimed that the underly-
ing mechanism was regional acceleratory phenomenon
(RAP), which characterized by increased bone remodel-
ing in injured areas. However, the wound caused by cor-
ticotomy had been a major side effect for orthodontic
patients. Yaffle reported a procedure without flap surgery
to make trauma to reduce the damage [18]. Afterwards,
Dibart reported that piezocision defined by using piezo-
electric devices to make trauma without flap elevation
could also greatly optimize the procedure [19]. Along
with the insight into the mechanisms, RAP, the surgical
methods are becoming less and less invasive, as a result
of which the MOPs technique has emerged as a prom-
ising method with minimal damage [20, 21]. Sufficient
motivation is gained only through the drilling of holes
around the teeth. Nevertheless, the technique still neces-
sitates considerable surgical experience. In the absence
of precise positioning of deep tissues, blind operations
may result in damage to roots and other vital anatomical
structures, including the maxillary sinus and neural tube.

For decades, engineers and dentists have tried hard
to enhance the precision and reduce the trauma of
the operation. Lately, with the development of digital
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manufacturing, 3D-printing technique is applied in a
wider range of clinical settings to optimize the treatment
[22, 23]. For example, recently, Shu reported that
3D-printing dental implants with modified layer acti-
vated blood clot formation, which contributed to a faster
osseointegration speed [24]. Furthermore, the produc-
tion of guide plates serves as an illustrative example of
this trend. Milano was the inaugural researcher to utilize
a 3D-printed guide plate in piezocision, which resulted in
a reduction of trauma to periodontal tissue and enhanced
precision [25]. Accordingly, the 3D-printing guide plate
was introduced into this study with the objective of mini-
mizing the side effects and enhancing the precision of
MOPs operations.

Actually, the precise clinical outcome of MOPs with
the assistance of a 3D-printed guide plate remains to be
substantiated by robust clinical evidence. To ascertain
whether this technique can expedite tooth movement
and mitigate the risk of complications, further research
is imperative. Accordingly, a clinical trial was devised
to examine the rate of canine retraction with MOPs in
adult patients whose teeth exhibit insufficient move-
ment under conventional fixed appliance treatment. The
null hypothesis is that micro-osteoperforations (MOPs)
have no influence on the rate of canine retraction in
adult cases. Furthermore, evaluations were conducted to
assess the incidence of tooth root resorption, periodon-
tal health, and the pain and discomfort experienced by
patients throughout the course of treatment.

Materials and methods

Trial design

The sample size for this study was determined based on
a type I error rate of 5% and a statistical power of 90%
(B=0.1, corresponding to a 1 - B value of 0.9), as indi-
cated by our pre-experiment data. The mean error value
for the test group was determined to be 0.51+0.36 mm.
A sample size calculation conducted using SPSS 21.0
software indicated that a minimum of eight subjects was
required to be included in the test group for the clinical
investigation. In light of the anticipated subject shed-
ding rate of no more than 20%, it was determined that a
minimum of 10 subjects should be enrolled in the study
to ensure an adequate sample size for meaningful analy-
sis. This study was approved by the Ethics Committee of
the Affiliated Stomatological Hospital (approval number:
[2021]-SR-08). This study was conducted in accordance
with the CONSORT guidelines. The registration num-
ber is as follows: The registration number for this study
is ChiCTR2100044685, and it was registered on March
25, 2021. The name of the trial registry is as follows: The
objective of this study is to examine the efficacy of micro-
osteoperforation technology guided by a digital guide
plate in accelerating orthodontic tooth movement.
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Participants, eligibility criteria, and settings

This prospective cohort study was conducted in the
Department of Orthodontics and Oral and Maxillofacial
Surgery of the Affiliated Stomatological Hospital from
December, 2020 to November, 2023. All patients were in
good general health with an age range of 18—45. Inclusion
criteria included the following: (1) no systemic disease,
(2) no history of periodontal therapy, (3) no radiographic
evidence of periodontal bone loss, (4) no smoking, (5)
no current active periodontal disease, (6) no gingivitis or
untreated caries. Furthermore, all patients enrolled in the
study exhibited a Class II Division 1 malocclusion, neces-
sitating the removal of both maxillary first premolars. A
senior orthodontist finished all the treatment and two
experienced orthodontics residents calibrated the tooth
movement and undertook other data collection and anal-
ysis. For orthodontic treatment, a series of arch wires,
comprising 0.012, 0.016, 0.016x0.022, 0.016x0.025,
0.017 x 0.025, 0.018 x 0.025, and 0.019x0.025 NiTi (3 M,
USA), were employed in a sequential manner, in conjunc-
tion with the orthodontic bracket (Damon Q, Ormco,
USA), for the purpose of aligning and levelling the denti-
tion. Subsequently, implant anchorage was employed to
retract the anterior teeth as a unit, closing the gap on the
0.019%0.025 SS arch wire by 200 g of force with nickel-
titanium coil springs (Shinye, China). The procedure for
closing the tooth-extraction gap was all undertaken on
0.019%0.025 SS arch wire and obvious gap still remained
after 6-month duration. The MOPs treatment was con-
ducted at this time point. Then, patients still underwent
the same closing-gap-treatment as aforementioned for
another 3 months and were scheduled for follow-up vis-
its at one-month intervals to monitor the force exerted
by the springs and the condition of the appliances. The
tooth movement rate was calculated by the change of the
distance between canine and second premolar per month
before and after surgery.

Screening subjects

The clinical investigation was conducted in accordance
with the ethical principles set forth in the Declaration
of Helsinki by the World Medical Association. Prior to
their participation, patients were informed of the details
of the study, the potential risks, and the anticipated ben-
efits. Each participant provided written consent. The
investigation was subjected to a review and subsequently
approved by the Ethics Committee of the Affiliated Sto-
matological Hospital. Initially, 34 adult patients with
slow tooth movement after extraction of bilateral max-
illary first premolars were included. Four patients were
withdrew from the experiment, three of which did not
participate in the study and one patient changed initial
treatment plan. Two patients were lost to follow-up. The
remaining 28 subjects started the experimental phase
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and completed the study, without any further subsequent
loss.The mean age of the study subjects was 28.3+3.4
years, and their demographic characteristics are pre-
sented in Table S1.

Designing and building guides

In order to accurately and precisely elucidate the design
of the MOPs treatment, we integrated the methodology
of the digital guide plate with the objective of developing
a novel design process for the MOPs digital guide plate,
utilising CBCT and dentition scanning data (Medit i500,
Korea). First, the CBCT data and dentition scanning data
were aligned to create a high-resolution fitting model
in Realguide 5.0 (Myray, Italy) (Fig. 1A). Subsequently,
three 1.6 mm diameter holes were drilled on the mesial
and distal sides of the canines respectively, as illustrated
in the schematic diagram (Fig. 1B). The optimal depth of
the holes was maintained at 7 mm, with a distance of at
least 1 mm from the root of the tooth and 3 mm from
the alveolar crest, as well as other crucial anatomical
structures, including the maxillary sinus and nasal base.
The configuration of the holes determined the design
of the guide plate. The design was divided into two sec-
tions: the positioning and fixation of the guide plate by
means of dentition and the functional component, which
facilitates precise holing. The 3D direction of the hole
was accurately positioned and adjusted from the sagit-
tal, coronal, and anteroposterior sections of the CBCT
in software to prevent damage to the roots of the teeth
(Fig. 1C& Figure S1). Subsequently, the 3D guide plate
was produced by using the 3D-printer (UltraCraft A2D,
China) in accordance with the specifications set out in
the software design (Fig. 1D). In the clinic, once the guide
plate was in position, a high-speed turbine was used to
drill and control the depth of the hole along the length of
the needle, thereby completing MOPs cases and continu-
ing orthodontic space closure without delay (Fig. 1D).
Following the surgical procedure, the accuracy of the
technique was assessed using cone beam computed
tomography (CBCT), which demonstrated that the dis-
crepancy between the actual angle achieved through clin-
ical drilling and the intended angle was no greater than 5°
(Fig. 1E). Additionally, it was observed that the formation
of scar tissue on the mucosal surface at the three-month
mark post-surgery was not as pronounced as in tradi-
tional surgical techniques that accelerate orthodontic
tooth movement. This finding highlights the minimally
invasive nature of this technology (Fig. 1F). Collectively,
these results indicate that the technology of 3D-printing
assisted MOPs has the advantages of precision and mini-
mal invasion, which is conducive to precise clinical treat-
ment and the popularization of this technology.
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Fig. 1 The design and process of MOPs. (A) CBCT data and hard tissue scanning dentition data were fitted together in a point-to-point manner in Real-
guide 5.0. (B) Schematic diagram showed the position of punching hole. (C) The design of digital guide template was shown and the drill position was
drawn in red. (D) MOPs was carried out under the guidance of digital guide template. (E) CBCT showed the designed drill angle in green lines and the
actual drill angle in yellow lines. (F) Intraoral soft tissue recovery at 3 months after MOPs
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Surgical procedure

The patient underwent MOPs in accordance with the
prefabricated 3D guide plate. The surgical instruments
utilized in this procedure included a high-speed den-
tal air turbine handpiece (Pana-Max2 M4, NSK, Japan)
and carbide burs (H33L.316.016, Gebr. Brasseler, Ger-
many). The drilling depth was 7 mm, and the operation
was completed by the same surgeon. Immediately follow-
ing the surgical procedure, orthodontic treatment was
initiated to close the gap, utilizing a straight wire with a
force of 200 g. Anterior retraction was achieved through
the use of calibrated 200-g nickel-titanium coil springs
(Shinye, China), which were connected from mini-
implants (Cibei, Ningbo, China) to orthodontic hooks
on arch wires. At each visit, the force of the coil was
evaluated, and any modifications to the appliances were
documented. The patient was counseled to refrain from
self-administering painkillers unless medically indicated.
The primary observational criteria were the rate of tooth
movement, tooth root resorption, periodontal health,
and pain level.

Observation index

At the outset of the orthodontic treatment, on the day
of surgery, and on a monthly basis for a period of three
months following surgery, oral scanning was conducted
to quantify tooth movement. All scans were imported
as. STL files into Medit Design software (Medit, Korea).
Three reference points were placed on the rugae of each
palate, since these are considered most stable during
OTM [26]. After this initial check, a distance map with
color coding was created to assess the stability of the area
for superimposition (Fig. 2A). Between each time point,
points set in the same position of the canines can be used
by the software to automatically calculate the distance of
tooth movement. Additionally, three CBCT scans were
conducted at the outset of the orthodontic treatment,
on the day of surgery, and at the end of the observation
period. The pre-MOPs and post-MOPs data pertaining to
jaw and dentition fitting were imported as STL files into
Mimics 21.0 software (IBM, Armonk, NY) (Fig. 2B). As
described by Chen et al., the 3D reconstruction of the
target tooth was performed by setting three orthogonal
sections: sagittal, coronal, and cross Sect [27]. Land-
mark of CBCT for root length was designated on the
2D surface in Mimics 21.0 software (Fig. 2C). The mea-
surements of root volume were shown in Fig. 2D. Subse-
quently, periodontal conditions were evaluated, including
PLL PD, and CAL, on the day of surgery and at the end
of the observation period. The patients’ pain levels were
assessed at one week post-operatively. The participants
were asked to assess their level of pain on the day of sur-
gery, subsequently at 1 h, 3 h, 7 h, 24 h, 3 days, 5 days,
and 7 days after canine retraction with a numeric rating
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scale. The patients were instructed to select a number
from the provided table, which ranged from 0 to 10, to
indicate the intensity of their pain, with 0 indicating no
pain and 10 indicating the worst possible pain.

Statistical analysis

The data were presented in the form of means + standard
error of the mean (SEM) and all statistical analyses were
performed using GraphPad Prism 10 (GraphPad Soft-
ware, USA). A Student’s t-test was employed to ascer-
tain any significant differences between the two groups
and one way ANOVA test was used among 3 or more
groups. A p-value of less than 0.05 was deemed statisti-
cally significant.

Results

The speed of tooth movement before and after MOPs
After MOPs surgery, the speed of tooth movement was
significantly increased. As shown in Fig. 3A, the aver-
age adduction speed of the canine was 0.34+0.16 mm/
month before MOPs and 1.02+0.41 mm/month after
MOPs (P<0.05), indicating that the utilization of MOPs
could markedly enhance the speed of tooth movement
(Fig. 3A).

Monthly tooth movement after MOPs

As illustrated in Fig. 3B, a normality test revealed that
the tooth movement rate at various time points follow-
ing MOPs did not adhere to a normal distribution, as
compared to the preoperative baseline. Subsequently,
the Wilcoxon test for paired samples was employed. The
tooth movement rate before surgery was 0.34+0.16 mm.
It reached 0.90+0.65 mm at the first postoperative
month, while the second and third postoperative months
exhibited rates of 1.14+0.50 mm and 1.07+0.54 mm
respectively. A comparison of the preoperative rate of
0.34 mm with the subsequent rates revealed statistically
significant differences (P<0.05). In general, the tooth
movement of patients within three months after MOPs
surgery was significantly faster than that observed prior
to surgery. The movement rate of the first month after
surgery exhibited notable discrepancies among subjects,
indicating a difference in tissue responsiveness. Further-
more, although no significant difference was observed,
the tooth movement velocity was the most rapid in the
second month following surgery. Finally, in the final
month of observation, MOPs were still able to signifi-
cantly accelerate the speed of tooth movement.

Root resorption

As illustrated in Fig. 3C, the mean length of root resorp-
tion in the canine after MOPs surgery (2.13 mm) did not
exhibit a statistically significant discrepancy compared to
the pre-MOPs measurement (1.96 mm). This finding was
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Fig. 2 Oral scanning and CBCT data fitting of pre-MOPs and post-MOPs. (A) The representative pictures of oral scanning and their fitting results. (B) The
representative pictures of the 3D reconstruction of maxillae. (C) The changes in root length of canines. (D) The changes in root volume of canines

further substantiated by the analysis of the volume of root
resorption (Fig. 3D). The mean volume of root resorp-
tion in the canine group following MOPs was 49.15 mm?,
while the mean volume of root resorption in the control
group was 55.13 mm?®. Moreover, the statistical analysis
of the root length before and after MOPs is presented
in Fig. 3E. The mean root lengths were 11.56+0.07 mm
for the lateral incisors, 13.60+0.04 mm for the canines,
and 12.43+0.06 mm for the second premolars prior

to the surgical procedure. The root lengths for the final
three-month period were 11.53+0.07 mm for the lat-
eral incisors, 13.26+0.09 mm for the canines, and
12.36 £0.06 mm for the second premolars. A comparison
of the lengths of the roots before and after the opera-
tion revealed that, three months after MOPs, the roots
of the lateral incisor, canine, and second premolar had
all undergone resorption; however, no statistically sig-
nificant difference was observed (P>0.05). In conclusion,
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Fig. 3 Statistical analysis of tooth movement and side effects. (A) Comparison of tooth movement average speed before and after MOPs. (B) Tooth
movement speed at different periods before and after MOPs. (C) The comparison of root resorption length between MOPs group and control group. (D)
The comparison of root resorption volume between MOPs group and control group. (E) MOPs comparison of root length of lateral incisors, canines and
second premolars. (F) The degree of pain in different periods of one week after surgery. (*p <0.05; **p <0.01; ***p <0.001)

the application of MOPs in orthodontic tooth movement

may result in root resorption of the canine tooth.

Periodontal conditions

To assess the periodontal status throughout the course

statistically significant difference between the pre-MOPs

and post-MOPs in terms of PLI, PD, and CAL. This find-
ing suggests that the MOPs and relevant orthodontic
treatment did not result in any discernible periodontal

of treatment, three widely accepted indicators were
employed. The results demonstrated that there was no

damage (Fig. 4; Table 1).
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Fig. 4 Periodontal studies after 3D-printing assisted MOPs. (A) The statistical analysis of PLI of patients in stages of pre-surgery and post-surgery; (B) The
statistical analysis of PD of patients in stages of pre-surgery and post-surgery; (C) The statistical analysis of CAL of patients in stages of pre-surgery and

post-surgery

Table 1 Comparison of preoperative and postoperative
periodontal health

Group PLI PD(mm) CAL(mm)
Preoperative 217+011 2.63+0.07 0.67+0.08
Postoperative 2.21+0.09 2.71+0.05 0.68+0.10
p 0.7817 04013 09121
Pain level

As illustrated in Fig. 3F, the pain levels of patients across
different time points post-operatively did not adhere to
a normal distribution, as indicated by the median (25%,
75%) following a normality test. The results demonstrated
that the pain level reached its peak on the first day follow-
ing the operation, with the most severe pain occurring
between three and seven hours post-operatively. How-
ever, the majority of patients reported experiencing only
mild pain. During the postoperative follow-up period,
patients indicated that the degree of pain was acceptable
for them to tolerate without the need for analgesics.

Discussion

One of the primary challenges in orthodontic treatment
is the prolonged duration, which is associated with an
increased risk and severity of adverse reactions. Pro-
longed treatment times are directly linked to complica-
tions such as root resorption, dental caries, periodontal
issues, and soft tissue injuries. Consequently, reducing
treatment duration has been a key focus for clinicians
and researchers.

Surgical interventions have demonstrated the most
significant and reliable impact on accelerating orth-
odontic tooth movement. However, traditional surgical
techniques, such as osteotomy involving mucoperiosteal
flaps, are rarely used due to their association with post-
operative pain, swelling, and low patient acceptance. Less

invasive procedures, such as piezocision [28, 29] and cor-
ticision [30, 31], target the cortical bone without requir-
ing flap elevation, offering an alternative approach.

Micro-osteoperforation (MOP), in contrast, addresses
many limitations of traditional surgical methods. It can
be performed independently by orthodontists, facilitat-
ing tooth movement and simplifying complex orthodon-
tic treatments. Despite these advantages, prior studies
have not adequately examined factors such as periodon-
tal status, root resorption, and the duration of accelera-
tion effects in adult patients.

In this study, we comprehensively evaluated the clini-
cal efficacy and potential side effects of MOP. Patients
undergoing MOP demonstrated a significantly higher
rate of tooth movement, with a post-procedure rate of
1.02+0.41 mm/month compared to the pre-procedure
rate of 0.34+0.16 mm/month. These findings confirm
the effectiveness of MOP, with results lasting up to three
months, consistent with previous studies [20, 21]. How-
ever, the duration of sustained effectiveness extended
beyond the observation period of this study and requires
further investigation in subsequent research.

Our findings indicate that 3D digital guides signifi-
cantly reduce trauma, improve the accuracy of micro-
osteoperforations (MOPs), and simplify the procedure.
Postoperative wounds are minimal and suture-free,
resulting in manageable pain levels that are well-tolerated
by patients. Additionally, the healed scars are unobtru-
sive and do not cause discomfort. The digital simulation
design effectively controls the direction and depth of
perforations, thereby avoiding damage to tooth roots
and critical anatomical structures. Immediate postopera-
tive cone-beam computed tomography (CBCT) imaging
confirmed that no dental tissue damage occurred in any
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patient, demonstrating the high precision of 3D guide-
assisted MOPs.

Given that MOPs are performed through soft tissues,
periodontal complications from soft tissue or localized
bone damage are a concern. To minimize these risks, the
perforation design ensured that the lowermost hole was
positioned at least 3 mm from the alveolar crest, reduc-
ing gingival papilla irritation and minimizing the likeli-
hood of black triangle. Periodontal assessments after
MOPs, including probing depth (PD), clinical attachment
level (CAL), and plaque index (PLI), showed no signifi-
cant differences compared to baseline, confirming that
the procedure did not cause additional damage to the
hard or soft tissues surrounding the tooth roots. Collec-
tively, our evaluation is consistent with previous studies
in terms of exerting little influence on the periodontal tis-
sues [32, 33].

Root resorption is a common complication of orth-
odontic treatment [3, 34]. While most cases are clinically
insignificant, severe root resorption can compromise
dental health. Previous studies have attributed root
resorption to factors such as patient age, gender, treat-
ment method, and duration [35, 36], though conclusions
remain inconsistent. Canine root resorption, in par-
ticular, may be associated with their greater movement
during treatment and the localized bone acceleration,
which recruits osteoclasts, cytokines, and inflammatory
markers.

In this study, despite the accelerated tooth movement
observed with 3D guide-assisted MOPs, there was no
significant increase in root resorption. This suggests that
MOPs not only enhance treatment efficiency but also
maintain periodontal safety, indicating a broad applica-
bility for this technique.

Existing studies have demonstrated that the mecha-
nism by which jaw surgeries, including micro-osteoperfo-
rations (MOPs), accelerate orthodontic tooth movement
is the regional acceleratory phenomenon (RAP). This
phenomenon occurs when localized soft and hard tissue
trauma alters the microenvironment, triggering osteo-
clastic and osteogenic activity in adjacent tissues through
cellular regulatory mechanisms. This process accelerates
bone resorption and synthesis, leading to rapid remod-
eling of the hard and soft tissues. These changes include
ischemic, hypoxic, and inflammatory alterations.

Bone remodeling is inherently an inflammatory process
mediated by the expression of cytokines and inflamma-
tory markers. In RAP, cortical bone surgery intensifies
aseptic inflammatory responses in local tissues. Follow-
ing osteocorticotomy, the early stages of alveolar bone
healing are characterized by the infiltration of numer-
ous inflammatory cells, which produce various inflam-
matory cytokines [37]. For instance, in a rabbit model
simulating orthognathic surgery, levels of interleukin-6
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(IL-6), interleukin-1f (IL-1B), and tumor necrosis
factor-a (TNF-a) were elevated from 3 to 14 days post-
surgery, indicating that surgical trauma induces changes
in inflammatory factor expression [38].

Pro-inflammatory factors such as TNF-a, IL-1, IL-6,
IL-11, and IL-17 play a pivotal role in promoting bone
resorption by enhancing osteoclast differentiation and
activity while inhibiting osteoblast differentiation [39].
TNF-a and IL-1 synergistically promote osteoclastogen-
esis, directly or indirectly, by stimulating the expression
of receptor activator of nuclear factor kappa-B ligand
(RANKL) in osteoblasts and fibroblasts, while down-
regulating osteoprotegerin (OPG) [40, 41]. IL-6 not only
promotes osteoclast formation by directly interacting
with osteoclast precursors but also enhances osteoblast-
mediated osteoclast differentiation through activation of
the JAK2/STAT3 signaling pathway and upregulation of
RANKL expression [42].

Hypoxia-inducible factor (HIF) plays a crucial role in
the cellular response to hypoxic microenvironments.
Experimental studies have shown that mandibular oste-
otomy-induced hypoxia activates HIF-1la expression in
osteoblasts, enhancing glycolysis-driven acid production
[43]. This promotes osteoclast activity and accelerates
bone resorption. Conversely, HIF-1a gene knockdown
significantly reduced bone resorption in the first molar
region of mice post-mandibular osteotomy, attenuating
the RAP effect [44].

These findings elucidate the cellular and molecular
mechanisms underlying MOPs and provide a theoretical
foundation for their scientific application in accelerating
orthodontic tooth movement.

Conclusion

In this study, we proved that 3D-printing assisted MOPs
could speed up tooth movement significantly and safely
in adult patients. Furthermore, there were no significant
side effects such as pain and root resorption when com-
pared to traditional orthodontic treatment. Thus, our
study provides a new adjunctive method for orthodontic
treatment and sheds light on minimizing the potential
side effects of adult patients by shortening the duration
of orthodontic treatment. Future studies are necessary to
investigate the effect of MOPs on a multi-centered level.
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