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Abstract

Obijectives: To investigate the activity of inflammatory markers and their effect on the
rate of orthodontic tooth movement in response to different force magnitudes in adolescents
and adults.

Methods and Materials: We recruited healthy human subjects of both sexes and in
different age groups (age 11-14 and 21-45) requiring maxillary first premolar extractions
and canine retraction. Each subject in both age groups was randomly assigned to receive
one of the following four magnitudes of force during canine retraction: 50, 100, 150,
and 200 cN. Gingival crevicular fluid (GCF) from the distolabial crevice was collected
one day after the start of canine retraction. The protein levels of different inflammatory
markers in GCF, including IL-1B, CCL2, and RANKL, was measured using antibody-
based assays. The rate of canine retraction was measured on study models after 28 days
of force application. Differences within and between groups were assessed statistically.

Results: Thirty-two subjects were recruited, with 4 subjects in each force magnitude
subgroup for a total 16 subjects per age group. There was a linear relation between the
force and the cytokine levels in response to lower magnitudes of force. However, higher
magnitudes of force did not increase the cytokine levels in either age group, i.e. the
cytokine levels reached a saturation point. Adolescents had lower cytokine levels at lower
magnitudes of force than adults, but the levels increased at higher force magnitudes while
adults reached saturation of the response earlier. The rate of canine movement in 28 days
was not significantly different between adolescents and adults, and higher magnitude of
force did not increase the rate of movement. However, tooth movement rate was higher
in adolescents for all force groups.

Conclusion: Saturation of biological response to orthodontic force exists in humans.
After reaching a certain magnitude of force, the biological response saturates, and higher
magnitude of force does not increase inflammatory markers nor the amount of tooth
movement. Adolescents have higher saturation point than adults.
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Introduction

In our previous animal study, we demonstrated that an
increase in orthodontic force magnitude is accompanied by
higher levels of cytokine and chemokine expression only up to a
certain point [1]. Increasing the magnitude of force beyond that
point did not produce higher levels of inflammatory markers
or osteoclast activation, nor did it increase the rate of tooth
movement. This observation led to the conclusion that there is
a “biological saturation point” in orthodontics beyond which
a higher magnitude of force will not increase the biological
response. According to this theory, at a lower range of force
magnitude, there is a linear relationship between the magnitude
of force and the level of inflammation, but after reaching a
certain magnitude of force, the cell-free zone (the necrotic
zone) in the PDL is maximized, and further inflammation is not
possible until the necrotic tissues are cleared by the remodeling
mechanism.

While we established a saturation point in animals, it was
not clear if it also exists in humans. Understanding if there is a
saturation point in humans is clinically essential as its absence
would justify applying as strong a force as possible to move
teeth as quickly as possible. On the other hand, if there is a
saturation point, then the application of higher forces would
not provide any clinical advantage and only expose patients
to an increased risk of side effects, such as root resorption
[2-6]. Current literature relating force magnitude to the rate
of tooth movement has produced contradictory results [7-9].
Therefore, this field warrants further research. Assuming that
a saturation phenomenon exists in humans, the next question
would be whether saturation points are identical or different
between different individuals. This has a significant impact on
clinical decisions regarding force optimization. If the saturation
point is the same among individuals, one could predict the
saturation point and the optimal force for tooth movement for
other individuals. On the contrary, if the saturation point is
different among individuals, then different amounts of force
magnitude should be considered in different individuals to
optimize the rate of tooth movement.

We focused on age to study individual variability in the
biological saturation response during orthodontic tooth
movement. The selection of age as the main variable was
based on a previous clinical study in which we demonstrated
differences in biological response and rate of tooth movement to
an identical orthodontic force between individuals of different
ages [10]. Previously we showed that when applying an identical
magnitude of force, adults have a higher level of inflammatory
response than adolescents, but a slower rate of tooth movement
during the first two months. Based on these results, there is a
possibility of variation in the saturation point among different
ages that requires further investigation.

Materials and Methods

Human subjects

The institutional review board of New York University
approved a non-randomized, single-center, single-blinded
clinical study. We recruited healthy human subjects of both sexes
and in different age ranges (age 11-14 and 21-45), regardless
of their race or ethnicity. Patients were recruited based on 1)
meeting the inclusion and exclusion criteria summarized in
Table 1, and 2) needing maxillary canine retraction of at least 3
mm. Subjects included in the study had fully erupted maxillary
canines with a Class II Division 1 malocclusion that required
the removal of both maxillary first premolars. The overall study
design is summarized in Figure 1.

Investigators

Two orthodontic residents were trained and calibrated by
the principal investigator (M.A.) They were responsible for
screening and examining the subjects, determining their
eligibility, and rendering the orthodontic treatment under the
supervision of a faculty member who was not the principal
investigator. Before starting orthodontic treatment, patients
who met the selection criteria completed an informed consent
form either by themselves as adults or as guardians of minors,
before starting orthodontic treatment. The subjects and the
residents rendering the treatment were aware of the subjects’
age and, therefore, not blinded. The investigators performing
the measurements of samples and data analysis were blinded
to the subjects’ identities and ages.

— 50 cN

— 100 cN

— Age 11-14
— 150 cN

L 200cN

— 50 cN

— 100 cN

— Age21-45

— 150 ¢cN

L 200cN

Figure 1. Diagram of the study design and group assignment. Subjects were
healthy adolescents aged 11 to 14 and adults aged 21 to 25. One of four force
magnitudes (50, 100, 150, or 200 cN) was randomly assigned to each subject
in both age groups to retract the canine. Canine retraction was started at least
six months after the first premolar extraction.

https://doi.org/10.30771/2025.3
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Male and female

Age range, 11 — 14 years or 21 — 45 years

Class Il Division 1 malocclusion,
overjet < 10 mm, Pg-N per < 18 mm,
ANB < 7°, SN-GoGn < 38°

Have permanent dentitions at least from first
molar to contralateral first molar, and need
canine retraction for 3 mm or more

No systemic disease

No radiographic evidence of bone loss

No history of periodontal therapy

Non-smokers

No gingivitis or untreated caries

No current active periodontal disease
Probing depths < 4mm in all teeth
Good oral hygiene

Gingival Index < 1

Plaque index < 1

English-speaking

Table 1. Inclusion and exclusion criteria of the clinical study

Treatment

Initial orthodontic records were obtained for all subjects
prior to orthodontic treatment, including extra/intraoral
photos, panoramic radiograph, lateral cephalogram, periodontal
measurements, and alginate impressions. At the beginning of
orthodontic treatment, fixed appliances were bonded on both
arches (0.022” McLaughlin, Bennett, and Trevisi [MBT]
prescription), including maxillary canine brackets with an
auxiliary vertical slot (GAC International, Bohemia, NY,
USA). Teeth were leveled and aligned with a sequence of
arch wires from 0.016” NiTi, 0.016” x 0.022” NiTi, to a final

Long-term use (6 months prior to study
enroliment) of antibiotics, phenytoin, cyclosporin,
anti-inflammatory drugs, systemic corticosteroids,
and calcium channel blockers

Extreme skeletal Class Il malocclusion, crossbite,
overjet > 10 mm, Pg-N per > 18 mm,
ANB > 7°, SN-GoGn > 38°

Presence of primary teeth, incomplete
permanent dentition

Systemic disease

Radiographic evidence of advanced bone loss

Past periodontal disease on upper canines; past
periodontal treatments during the 6-month period
prior to study enrollment

Current smokers

Gingivitis and caries

Current periodontal disease
Probing depths > 4mm in any tooth
Poor oral hygiene

Gingival Index > 1

Plaque index > 1

Non-English Speaking

0.018” x 0.025” stainless steel for this study. All subjects were
monitored for oral hygiene and periodontal status at each office
visit throughout the orthodontic treatment. Routine orthodontic
treatment continued after the period of study.

To minimize operator variability, patients were referred to the
same surgeon for the extraction of the maxillary first premolars.
Canine retraction was not initiated until leveling and aligning
were achieved, at least six months after the first premolars were
extracted. Periapical radiographs were taken to evaluate the
morphology and integrity of canines and molars and estimate
their center of resistance based on their root length.

https://doi.org/10.30771/2025.3
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Canine retraction was initiated by applying a calibrated
nickel-titanium closing coil spring (GAC International®) that
generates a constant force at a designated magnitude of force.
Each subject in both age groups was randomly assigned to
receive one of the following four magnitudes of force: 50, 100,
150 and 200 cN. The coil spring was connected from a power
arm extending from the accessory tube of the molar bands
to a power arm extending from the ipsilateral canine bracket
(Figure 2). The length of the power arms was determined by
the estimated location of the center of resistance using the
periapical radiographs. The extended power arms allowed
force application to be as close to the centers of resistance as
possible, therefore facilitating bodily movement of the canines.
To minimize the movement of adjacent teeth while the canine
was retracted, the anterior teeth (lateral incisor-to-lateral
incisor) were co-ligated as a segment with ligature wire, as
well as the posterior teeth from the 2nd premolar to the 2nd
molar. The canine chosen for evaluation in each subject was
randomly selected from either left or right side to minimize
the effect of uneven occlusal force due to habitual occlusion
predominantly on one side.

Patients were asked to refrain from taking any pain
medication, and were seen 24 hours after initiating the canine
retraction for the first follow-up visit. At each following visit
after canine retraction was initiated, the force generated by the
coil was checked, and the appliances were monitored for any
deformation or change in position due to chewing.

50 cN
100 cN
150 cN
200 cN
A
B

Figure 2. Canine retraction apparatus. Canine retraction was initiated by
connecting a calibrated nickel-titanium closing coil springs (GAC International®)
which generates a constant force at a selected magnitude from a power arm
extending from the accessory tube of the molar bands, to a power arm extending
from the ipsilateral canine bracket. The force application was estimated to pass
the centers of resistance of both canine and molar.

The timetable of events and data collected at different time
points are summarized in Table 2. This clinical study was
concluded after 4 weeks of canine retraction, and the subjects
continued to receive orthodontic treatment at the Department
of Orthodontics at New York University College of Dentistry.
Routine orthodontic final records were taken at the end of
treatment.

Gingival Crevicular Fluid (GCF) Sampling and Protein
Analysis

To evaluate the level of inflammatory response, gingival
crevicular fluid (GCF) samples were collected from the
distobuccal gingival crevice of the maxillary canines of each
subject one day after retraction was initiated. Collection of
samples was performed between 10 AM and noon to minimize
the influence from diurnal variation. If present, supra-gingival
plaque was removed, and cotton rolls were used to isolate the
region before GCF samples were collected with filter-paper
strips (Periopaper, Oraflow Inc, Smithtown, NY, USA). One
strip was carefully inserted 1 mm below the gingival margin into
the distobuccal gingival crevice of the canine for 10 seconds. To
avoid the contamination of GCF samples with blood, gingival
index and probing depths were not assessed until GCF samples
were collected.

Sample volume was assessed with Periotron 8000 (Oraflow)
according to the manufacturer's instructions. Total protein
level was quantified using the BCA protein assay kit (Pierce,
Rockford, IL, USA). An estimated volume of 0.6 to 1.2 puL of
GCF was collected and diluted with phosphate-buffered saline
(Invitrogen, Burlington, ON, Canada) to obtain 50 to 100 pL of
sample required for analysis. Cytokine levels were measured
using a custom glass slide-based protein array for the following
cytokines: IL-13, CCL2 (MCP1), and RANKL (RayBiotech,
Norcross, GA) according to the manufacturer's instructions.

Study Model Analysis for Rate of Tooth Movement

To evaluate the rate of canine retraction, alginate impressions
were taken at the following time points: before orthodontic
appliances were bonded, immediately before initiation of
canine retraction, and 28 days after canine retraction. The
impressions were poured up with plaster (calcium sulfate)
immediately. The models were labeled with the date taken and
the patient's assigned ID number for the study. On the palatal
surface of the lateral incisors and canines, vertical lines were
drawn from the middle of the incisal edge to the middle of the
cervical line, dividing each crown into equal halves (Figure
3A). Three landmarks along these lines were marked at the
incisal edge, in the middle of the crown, and at the CEJ or
gingival line (Figure 3B). Distances between these landmarks
on the canine and its adjacent lateral incisor were measured,
added together and averaged on each model. The amount of
canine retraction was calculated by subtracting the averaged
distances before and 28 days after canine retraction.

https://doi.org/10.30771/2025.3
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Leveling and aligning to

stage of .018” X .025” SS 0i=6imonths

Placement and activation of
canine retraction apparatus

Monitoring OTM
(GCF Sampling)

Pre-Tx sample
(0 months)

Monitoring OH (Gl, PD, PI)

Intraoral photos,
alginate impressions
and study models

Pre-Tx sample
(0 months)

> 6 months
after extractions

1 day
after canine retraction

1 and 28 days

Start of canine retraction ; )
after canine retraction

(= 6 months)

Start of canine retraction 28 days
(= 6 months) after canine retraction

GCF, gingival crevicular fluid; OTM, orthodontic tooth movement; OH, oral hygiene; Gl, gingival index;
PD, periodontal depth; PI, plaque index; SS, stainless steel; Pre-Tx, pre-treatment.

Table 2. Timetable of events during the duration of the clinical study

The distance between landmarks on the study models were
measured using a digital caliper (Orthopli Corp, Philadelphia,
PA, USA) with an accuracy of 0.01 mm. Both intra-observer
and inter-observer errors were evaluated. For the evaluation
of the intra-observer error, 10 models were measured twice
at least 2 weeks apart. For the inter-observer error, a second
investigator (M.A.) measured the same set of models twice,
and the mean values of these two measurements by each

)

investigator were compared. The random and systematic errors
were calculated using a formula described by Dahlberg [11]
and Houston [12]. Both the random and systematic errors were
found to be small and insignificant. Random errors were 0.031
mm for the intra-observer evaluation and 0.039 mm for the
inter-observer evaluation. Systematic errors were 0.028 mm
for the intra-observer evaluation and 0.036 mm for the inter-
observer evaluation (p < 0.001).

Figure 3. Landmarks used for analyzing rate of tooth movement on study models. Study models were obtained prior to orthodontic treatment, and immediately before
and 28 days after initiation of canine retraction. The amount of tooth movement was measured after canine retraction. (A) Lines that divided lateral incisors and canines into
equal halves were drawn over the palatal surface of the models (red solid lines). (B) Three points (red dots) along the line were marked at the incisal edge, in the middle
of the crown, and at the CEJ or gingival line. A single distance moved measurement for each tooth was determined by averaging the distance moved at the three points.

https://doi.org/10.30771/2025.3



|\N@VATION

Sample size measurement

To calculate the sample size, we performed a power analysis
using the following formula, assuming the probability of
committing a type I error is 5%, and setting the power of the
statistical test at 90% (power = 0.9, B = 0.1).

_(2e)x (ta, vt t2(1—P),v)2
N= (a)°

Where N = the sample size, e = the population standard
deviation, d = the difference in means that is expected to be
detected. We used the results from our previous clinical study
[13] as a guide to estimate that there will be a 50% difference
in cytokine expression between the two age groups, o =
significance level, v = the degrees of freedom, %, =the t value
corresponding to o and v, and P = the desired statistical power.

Based on this calculation, a sample size of 32 was determined
for this study, with n=4 per force magnitude group, and n=16
per age group.

Statistical Analysis

Comparisons between groups were assessed by analysis of
variance (ANOVA). Pairwise multiple comparison analysis was
performed with the Tukey’s post hoc test. In some experiments,
paired and unpaired t tests were used to compare the 2 groups.
Two-tailed p values were calculated, and p < 0.05 was set as
the level of statistical significance.

RESULTS

Subject Recruitment

Thirty-two subjects were recruited and completed the study
with no loss to follow-up. Four subjects were included in each
force magnitude subgroup for a total of 16 subjects enrolled per
age group. The adolescent group (aged 11-14) was comprised of
11 females and 5 males, and the adult group (aged 21-45) was
comprised of 9 females and 7 males. The subjects were recruited
from patients who came to the Department of Orthodontics at
New York University for comprehensive orthodontic treatment.
The age range of adolescent group was 12 to 14 years, with
mean age of 12.8 years. The age range of adult group was 26 to
42 years, with mean age of 35.4 years. The patients had similar
type and severities of malocclusion (Table 3). All patients
maintained good oral hygiene throughout the study and took
no additional medications, including analgesics.

Level of Inflammatory Markers

All subjects received similar orthodontic treatment in
the leveling and aligning stage. Each subject was randomly
assigned to receive a specific magnitude of force for canine
retraction, ranging from 50 to 200 cN. GCF samples were
collected from the distobuccal gingival crevice of the canines
one day after activation of the retraction apparatus (Table 2).
The levels of selected inflammatory markers were measured
by protein arrays (Figure 4).

In the adult group, when compared with 50 cN response,
the level of IL-1B increased significantly in 100, 150 and 200
cN groups by 1.4-, 1.5-, and 1.4-fold, respectively (p < 0.05).
However, the difference in the concentration of IL-1p was not
statistically significant between 100 and 150 cN, between 100
and 200 cN, or between 150 and 200 cN groups (p > 0.05).

ANB (°) 3.9-5.9
GoGn-SN (°) 25.4-32

U1-SN (°) 103-109

IMPA (°) 93-102
Overjet (mm) 4.5-6

NS, not significant (p > 0.05)

4-6 NS
27-33 NS
102-112.5 NS
95-103 NS
4-6.5 NS

Table 3: Comparison of the morphologic characteristics of the patients in the adolescent and adult groups. No statistically significant differences were observed for

the cephalometric measurements listed in Table 3.

https://doi.org/10.30771/2025.3
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In the adolescent group, when compared with 50 cN response,
IL-1B levels increased significantly in 100, 150 and 200 cN
groups by 1.8-, 2.8-, and 2.7-fold, respectively (p < 0.05). When
compared with 100 cN, IL-1P levels increased significantly in
150 and 200 cN groups by 1.55-, and 1.45-fold, respectively
(p < 0.05). However, the difference IL-1p concentration was
not statistically significant between 150 and 200 cN groups
(p > 0.05).

In terms of comparison between the adult and adolescent
groups, IL-1B levels were significantly higher in adults who
received 50 and 100 cN force compared to the adolescents who
received the same magnitude of force (p < 0.05).

In the adult group, the level of CCL2/MCP-1 (Monocyte
Chemoattractant Protein-1) increased significantly in 100, 150
and 200 cN groups by 1.73-, 1.77, and 1.68-fold, respectively (p
< 0.05) compared to the 50 cN group. However, the difference
in CCL2/MCP-1 concentration was not significant between
100 and 150 cN groups, or 100 and 200cN group (p > 0.05).

IL-1B
# +
A 6 - —
*
#

5 4
2 47
2
2 34
=
2

2

1 4

0

Adult Adolescent
CCL2
B

iy
=
[=2]
=
2
2
<

Adult Adolescent

m50cN ®m100cN m150cN m200cN

Figure 4. Activity of IL-18 and CCL2 demonstrate different saturation points
of biological response in adolescents and adults. GCF was collected from
distolabial gingival crevice of maxillary canines one day after activation of canine
retraction. Mean concentrations of IL-18 (A) and CCL2 (B) in both age groups
were evaluated by protein arrays. Each experiment was repeated 3 times, and the
data was expressed as the mean + standard deviation concentration in picograms
per microliter (pg/uL) (#, significantly different from 50-cN group within the
same age group, +, significantly different from 100-cN group within the same
age group; *, significantly different between adolescents and adults who received
the same force magnitude).

In the adolescent group, CCLS levels increased significantly
in 100, 150 and 200cN groups by 2.1, 3.6, and 4.0-fold,
respectively (p < 0.05) compared to the 50 cN group. When
compared with 100 cN, the level of CCL2 increased significantly
in 150 and 200cN groups by 1.7, and 1.9-fold, respectively (p <
0.05). However, the difference in CCLS concentration was not
significant between the 150 and 200cN group (p > 0.05). The
level of CCL2 was significantly higher in adults who received
50 and 100cN force when compared with the adolescents who
received the same magnitude of force. On the contrary, CCLS
levels were significantly higher in adolescents who received 150
and 200¢N force, when compared with the adults who received
the same magnitude of force (p < 0.05)

The results demonstrated that in adults, there was an initial
increase in the activity of inflammatory cytokines when forces
increased from 50 to 100 cN, and then a plateau from 100
to 200cN force levels. Meanwhile, in adolescents, an initial
increase in cytokine activities occurred when forces increased
from 50 to 150 cN, and then plateaued from 150 to 200-cN
force levels.

Activation of Osteoclasts

To evaluate the effect of magnitude of force on activation of
osteoclasts between the two age groups, GCF samples were
collected from the distobuccal gingival crevice of the canines
one day after activation of canine retraction. The activity of
osteoclast marker RANKL was measured by protein arrays,
and the results are shown in Figure 5.

RANKL

Activity (pg/pL)

Adult Adolescent

m50cN ®m100cN m150cN m®200cN

Figure 5. Osteoclast marker, RANKL, shows higher levels in adults in
response to same magnitude of orthodontic force. GCF was collected from the
distolabial gingival crevice of maxillary canines one day after retraction and mean
concentration of RANKL was evaluated by a protein array. Each experiment was
repeated 3 times, and the data was expressed as the mean + standard deviation
concentration in picograms per microliter (pg/uL) (#. significantly different from
50cN group within the same age group, +, significantly different from 100cN
group within the same age group; *, significantly different between adolescents
and adults who received the same force magnitude).

https://doi.org/10.30771/2025.3
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In the adult group, when compared with 50cN group, the
level of RANKL increased significantly in 100, 150 and 200cN
groups by 1.55, 1.52, and 1.3-fold, respectively (p < 0.05; Figure
6). However, the difference in RANKL concentration was not
significant between 100- and 150-cN groups, nor between 100-
and 200-cN groups (p > 0.05).

In the adolescent group, when compared with 50 cN, the
level of RANKL increased significantly in 100, 150 and
200¢cN groups by 1.4, 2.1, and 2.3-fold, respectively (p < 0.05).
When compared with 100 cN, the level of RANKL increased
significantly in 150-and 200cN groups by 1.5, and 1.6-fold,
respectively (p < 0.05). However, no significant differences
were observed between adolescents who received 150 and
200cN force (p > 0.05). The level of RANKL was significantly
higher in adults who received 100cN force, when compared
with the adolescents who received the same magnitude of force.
On the contrary, the level of RANKL was significantly higher
in adolescents who received 200cN force when compared with
the adults who received the same magnitude of force (p < 0.05).

The results demonstrate that in the adult group, there is an
initial increase in the activity of osteoclast marker when forces
increased from 50 to 100cN, and then a plateau from 100cN
to 200-cN force levels. Meanwhile, in the adolescent group,
an initial increase in cytokine activities occurred when forces
increased from 50 to 150 cN, and then a plateau from 150 to
200cN force levels.

1.6
1.4
1.2

0.8
0.6
0.4
0.2

Average magnitude of
movement (mm)

Adult

Amount of Tooth Movement

The amount of canine retraction in the first 28 days was
measured on the study models at 3 landmarks: incisal, middle,
and cervical thirds of the crowns (Fig 3B).

In the adolescent group, when compared with 50cN group,
the amount of canine retraction increased significantly in 150
and 200cN groups by 1.56 and 1.60-fold, respectively (p <0.05;
Figure 6). However, the difference in the amount of canine
retraction was not significant between subjects who received
100 and 150cN groups, or between 100 and 200cN groups (p
>0.05).

In the adult group, there was no significant difference in
amount of canine retraction observed among all force groups
(p > 0.05), although there was a clinically noticeable increase
from 50 to 100 cN.

When compared the amount of movement in first 28 days
between adolescents and adults who received the same
magnitude of force, adolescents appeared to have a higher
magnitude of movement in all force groups, however, the
difference was not statistically significant (p > 0.05).

The results demonstrate that adolescents reached saturation
of their biological response at a higher magnitude of force
than adults, as the amount of tooth movement in adults did
not increase with a higher magnitude of force as was seen in
the adolescents.

Adolescent

m50cN m100cN m150cN m200cN

Figure 6. Canine retraction in response to different magnitude of force in adolescents and adults. We measured the amount of tooth movement in millimeters
measured at 3 landmarks (Fig. 3) for both adolescent and adult groups after 28 days of canine retraction. In the adolescent group, when compared with 50cN group, the
average canine retraction increased significantly in the 150 and 200cN groups. Each value represents the mean + standard deviation movement of all subjects in their
respective age group (#, significantly different from 50cN group within the same age group, p < 0.05).

https://doi.org/10.30771/2025.3
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Discussion

Tooth movement is the result of a biological reaction to force.
In the absence of this biological response, there is no movement
regardless of the magnitude of the force applied to the tooth.
However, the relation between the magnitude of force and the
magnitude of biological response is not linear. Our previous
studies have shown saturation of the biological response to
higher magnitudes of force in animals [1]. Our current study has
demonstrated that this phenomenon is also observed in humans.
This is clinically important, since it supports the conclusion that
applying higher orthodontic forces in human does not linearly
increase the rate of tooth movement. This can also explain
why there are conflicting reports in the literature on the effect
of the magnitude of the orthodontic force and the rate of tooth
movement. While some studies have shown that application
of higher forces does not increase the rate of tooth movement
[7, 14], others have argued the opposite [9]. Results vary based
on the magnitude of force used and the saturation point in the
individual. If the force that is used surpasses the saturation
point of the biological response, the study will not show any
increase in rate of tooth movement with an increase in force
magnitude. On the other hand, if the force used is below the
saturation point in that individual, increasing the force could
still show increase in the rate of tooth movement.

Another important finding in this study and our previous
study [10] is that both the biological response and saturation
point can vary significantly between individuals. Our findings
were in agreement with those of animal studies that have shown
that even with standardized, constant, and equal forces, the rate
of orthodontic tooth movement can vary substantially between
and even within subjects [15, 16]. This is very important when
selecting the optimal force for our patients.

The concept of “an optimal orthodontic force” has been the
subject of investigation for decades. This concept has evolved
over the last 80 years. Earlier studies (before 1980) focused
on efficiency of OTM by using light vs. heavy force, and later
studies focused on histological and cell biological changes, or
side effects such as root resorption. The first definition was
proposed in 1932 [17], “the force leading to a change in tissue
pressure that approximated the capillary vessels’ blood pressure,
thus preventing their occlusion in the compressed periodontal
ligament.” According to this definition, forces well below the
optimal level cause no reaction in the PDL. Forces exceeding
the optimal level would lead to areas of tissue necrosis. Other
definitions have been proposed, “the lightest force capable of
bringing about tooth movement”. This concept of optimal force
is based on the hypothesis that a force of a certain magnitude
and temporal characteristics would be capable of producing
a maximum rate of tooth movement without tissue damage
and with maximum patient comfort. However, Reitan observed
cell-free zones within PDL even in cases where light forces
were applied [18]. It was also observed that the optimal force

for tooth movement may differ for each tooth and for each
individual patient [19-21]. Due to the lack of specific standard
to define the optimal force, the appropriate forces for movement
of human teeth reportedly range from a force as light as 18 g
to one as heavy as 1,515 g [20, 22-24].

Although defining optimal force is not the main concern of
our study, it’s worth mentioning that the concept of optimal
force can be re-invented from a biological response point of
view. From this perspective, an optimal force is defined based
on the saturation point of that particular patient and situation,
as a force that induces maximum biological response close to
reaching its saturation, after which an increase in the force
cannot further increase the inflammatory response. The
difference in saturation point between adults and adolescents
implies that lower magnitudes of orthodontic force should be
utilized in treating adult patients to optimize the amount of
tooth movement and avoid adverse tissue responses.

One question remains, what parameter best measures the
biological response. Teixeira et al. [25] demonstrated that
since the initial phenomenon of tooth movement is release
of inflammatory markers, one can measure the release of
inflammatory markers in response to different magnitude of
the force as representing the biological response. But why
should we not use the rate of tooth movement as the yard stick
to measure the biological response? Although tooth movement
is the desired result of the biological response to orthodontic
forces, it may not necessarily be a precise representative of the
biological response that causes tooth movement, since many
other factors can affect the amount of tooth movement [20, 26,
27]. In other words, two patients can have similar biological
response to identical forces but demonstrate different rates of
tooth movement, not due to the magnitude of the force, but due
to anatomical variations such as bone density. These variations
can obscure the relation between magnitude of the force and
magnitude of biological response if we use tooth movement as
the only reference. Unfortunately, the majority of the studies
evaluating the difference in the rate of tooth movement to
different magnitudes of force in animals [9, 15, 16, 20, 28-30]
and humans [7, 20, 22, 24, 31] focus on the rate of movement as
the main measurement and little evidence is available regarding
the differences in terms of biological reactions to different
magnitudes of orthodontic force, especially in humans [24, 32].

The inflammatory markers we selected for analysis in this
study were based on their known functions and the results
from our previous studies [13, 25]. The most practical place to
collect these biomarkers is the GCF. The presence/expression
of regulatory proteins in the GCF has been recognized as
a promising non-invasive diagnostic tool for monitoring
orthodontic treatment outcomes [33] since it has been shown
that GCF may reflect the immune and inflammatory reactions
arising from the application of orthodontic force [8, 34-36].

https://doi.org/10.30771/2025.3



|\N@VATION

Our present study demonstrates that the concentrations of
cytokines (such as IL-1B) and chemokines (such as CCL-2)
were significantly elevated during orthodontic tooth movement,
they responded immediately after orthodontic loading and they
can be used as reliable biomarkers to measure the biological
response to orthodontic forces.

At a lower level of force, there was an initial increase in
the levels of inflammatory cytokines in both age groups, and
then it reached saturation with increased force magnitude.
While in adults, the saturation occurred between 100 to
150¢N of force, in adolescents, the same saturation occurred
between 150 to 200cN of force. Such a difference implies that
younger individuals have higher saturation points than mature
individuals. We believe this is the first study in orthodontics
describing and comparing such phenomena and differences.

The observation of different saturation points between
individuals also resonates and further explains the rationale
for choosing an appropriate force magnitude in our previous
clinical study [13]. We selected a force magnitude of 50 cN for
canine retraction in that study to avoid the effect of saturation
we observed in our animal study and the present clinical study.
In the present study, we observed that adults reached their
saturation point at a lower force magnitude than adolescents; in
other words, while the biological response to a S0cN force was
higher in adults than in adolescents who received the identical
force, the biological response to a 150 or 200cN force was
higher in adolescents than in adults. As a result, if in the last
clinical study we had chosen a much higher magnitude of force
that had surpassed the saturation point of either or both age
groups, we would have observed false positive or false negative
results and drawn a misleading conclusion, as was reported
in other studies that used much higher magnitudes of force
to evaluate the biological responses among individuals [37].

Since inflammatory molecules play significant roles in the
recruitment and activation of osteoclast precursor cells, one
may assume that increased activities of these factors would
be accompanied by higher osteoclast activation and therefore
a higher rate of tooth movement [38-41]. However, this is only
partially true as individual differences should be evaluated as
two entities. While a higher level of these inflammatory markers
results in a greater rate of OTM within the same individual,
a higher level of inflammatory markers does not guarantee a
greater rate of OTM when comparing different individuals, as
we observed in this study. Similarly, the saturation point cannot
be predicted based on that of another individual. On the other
hand, in the same individual, if there is no significant difference
in biological response to two different magnitudes of force, we
do not expect a substantial difference in the rate of OTM either.

Osteoclasts, which resorb bone and allow tooth movement,
require time to carry out their catabolic functions. Therefore,
the observation period of each study is significant. Short
duration experiments may not provide enough time to
observe the difference in rate of tooth movement since bone

resorption has not progressed enough, and overly long duration
experiments may be influenced by many variables that can
change the outcome of the study. The observation period of
the rate of movement in this study was limited to 28 days after
retraction, as during the process of bone remodeling, bone
mineral density and microenvironments surrounding the
tooth constantly change over the course of tooth movement in
the long term. Therefore, as bone remodeling progresses, the
biological response within the same individual is unlikely to
remain the same over time. Likewise, the saturation point could
change over time within the same individual. The difference in
biological responses and rate of tooth movement in response
to the changing microenvironment over time require further
research, and is currently being investigated by our research
group. On the other hand, the downside of such short-term
observation is that the difference between age groups on the
rate of tooth movement was not obvious enough to reach
statistical significance. While the duration of 28 days did not
provide enough time to demonstrate difference in rate of tooth
movement between different age groups in our current study,
the result still demonstrated a trend of faster movement in
adolescents than adults, in general.

Many factors other than age could affect the rate of tooth
movement and warrant further research. Poor oral hygiene,
periodontal disease, advanced alveolar bone loss, systemic
diseases, and anti-inflammatory medications can affect the
rate of tooth movement significantly [42-44]. To minimize the
influence from these factors, we set clear exclusion criteria, as
summarized in Table 1, and the subjects were able to follow
the instructions.

Based on above discussion, while increasing the orthodontics
force magnitude does not overcome this limitation, other
methodologies, such as micro-osteoperforations (MOPs) are
sometimes necessary to enhance the biological response, in
turn improving treatment efficiency and decreasing adverse
tissue response in certain clinical scenarios [13, 45]. It is
reasonable to conclude that since the saturation point is lower
in adults, acceleration techniques are justified on adults rather
than juveniles.

Conclusion

In summary, the result of our study suggested using the level
of the inflammatory response as a predictive factor for the rate
of tooth movement and optimal force. In our clinical study we
found a difference in the saturation of biological response and
thus, the optimal force for OTM among different individuals.
Therefore, predicting an individual’s saturation point based on
another individual information would be erroneous without
considering individual variables such as age. One should always
compare the level of inflammatory markers and saturation point
within the same individual.
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Innovation

Our findings have significant values for the development of
diagnostic tools. While the results of our animal study suggest
using the level of the inflammatory response as a predictive
factor for the rate of tooth movement, the results from our
clinical study indicated that this would be erroneous without
considering individual variables such as age. Therefore, one
should always compare the level of inflammatory markers
within the same individual and not extrapolate a result from one
person to another. Based on this observation, any diagnostic
tools created could use the changes in inflammatory markers
in CGF to monitor the biological response to different forces
and compare the results in the same individual at various time
points to select the optimal force range for that individual.
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