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a b s t r a c t 

Background: The mechanism of cortical bone adaptation to static forces is not well understood. This is an 

important process because static forces are applied to the cortical bone in response to the growth of soft 

tissues and during Orthodontic and Orthopedic corrections. The aim of this study was to investigate the 

cortical bone response to expanding forces applied to the maxilla. 

Methods: Overall, 375 adult Sprague-Dawley rats were divided into three groups: 1) static force group, 

2) static force plus stimulation group, and 3) sham group. In addition to static force across the maxilla, 

some animals were exposed to anti-inflammatory medication. Samples were collected at different time 

points and evaluated by micro-computed tomography, fluorescence microscopy, immunohistochemistry, 

and gene and protein analyses. 

Results: The application of expansion forces to the maxilla increased inflammation in the periosteum and 

activated osteoclasts on the surface of the cortical plate. This activation was independent of the magnitude 

of tooth movement but followed the pattern of skeletal displacement. Bone formation on the surface of 

the cortical plate occurred at a later stage and resulted in the relocation of the cortical boundary of the 

maxilla and cortical drifting. 

Conclusions: This study demonstrates that cortical bone adaptation to static forces originates from the 

periosteum, and it is an inflammatory-based phenomenon that can be manipulated by the clinician. Our 

findings support a new theory for cortical adaptation to static forces and an innovative clinical approach 

to promote cortical drifting through periosteal stimulation. Being able to control cortical drift can have 

a significant impact on clinical orthodontic and dentofacial orthopedics by allowing corrections of severe 

deformities without the need for maxillofacial surgery. 

© 2024 World Federation of Orthodontists. Published by Elsevier Inc. All rights are reserved, including 

those for text and data mining, AI training, and similar technologies. 

 

 

 

 

 

 

 

 

1. Introduction 

It has been shown that trabecular bone can sense dynamic

forces. In response to low-magnitude dynamic forces, quick

changes in trabecular density give the skeleton a fast adaptation
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ability [ 1 , 2 ]. Similarly, cortical bone demonstrates sensitivity to dy-

namic forces; however, in comparison with trabecular bone, the

changes in cortical bone take place over a longer period of time

and are initiated in response to higher dynamic forces [ 3–6 ]. These

characteristics make cortical bone the prominent load-bearing bone

in our skeleton [ 7 ]. 

Interestingly, neither trabecular nor cortical bones show sensi-

tivity to static forces [ 2 , 4 , 8 , 9 ], which can explain why lack of ac-

tivity can cause trabecular bone loss even when the static force of

gravity is present [ 10 ]. 

Previously, we and others have demonstrated that the mecha-

nism of trabecular bone and cortical bone adaptation to dynamic

forces originated either indirectly from strain-induced-changes in

the matrix recognized by the bone cells [ 11–16 ] or by direct recog-
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nition of this mechanical stimulation by the cells themselves [ 2 , 17 ].

Signals produced by static forces may be too short in duration to

be able to stimulate bone cells directly or indirectly, which could

explain why both trabecular and cortical bone are not responsive

to static forces [ 18 , 19 ]. 

While static forces are not osteogenic, in many clinical scenar-

ios, the application of force by a growing pathology could stim-

ulate bone formation. For example, an increase in the size of

a chronically growing cyst or tumor can cause bone formation

[ 20–22 ]. Considering these pathologies grow very slowly, the force

produced by these growing structures can be considered mostly

continuous, uninterrupted, or static. While some experimental

models show that static forces may modify the shape of the corti-

cal bone [ 23 , 24 ], those observations suggest that the target of these

forces is not the bone itself. 

Therefore, the rationale for our study is to investigate the role

of periosteum on maxillary cortical bone adaptation to static forces,

and how we can harness periosteum response to deliberately stim-

ulate cortical bone changes in our patients. 

2. Methods and materials 

2.1. Animal study 

Adult Spraque-Dawley rats (375 animals with average body

weight 360 g, 120 days of age) were treated according to the

protocol approved by the New York University Institutional Ani-

mal Care and Use Committee (protocol 121009 approved November

2013). All animals were housed in polycarbonate cages in a 12-hour

light/dark environment at the constant temperature of 23 °C and

fed a standard pellet diet (Stepfield, Witham, Essex, United King-

dom) with tap water ad libitum. Animals were randomly divided

into different groups and treated with static force, static force plus

periosteal stimulation (bilateral or unilateral), static force and anti-

inflammatory medication, or sham (appliance installed with no ac-

tivation). 

In some animals, the anti-inflammatory drug diclofenac (5

mg/kg) was injected intramuscularly daily with changing injection

sites to prevent additional discomfort. Animals were weighed daily

to calculate the dose of the medication for each animal accurately. 

Bone labeling was performed using an intraperitoneal injection

of Calcein green (15 mg/kg) on days 0, 28, and 54. Animals were

euthanized by carbon dioxide narcosis on days 0, 1, 3, 7, 14, 28,

and 56. 

2.2. Application of static force 

On day 0, animals were anesthetized with an intraperitoneal in-

jection of Ketamine and Xylazine (0.09 mL/100 g). Anesthesia was

verified by lack of response to toe-pinch. The static force was de-

livered by a calibrated custom-designed expanding spring that ap-

plied a 100 cN force to the molars. This force was selected based

on previous studies demonstrating that 100 cN induces cellular ac-

tivity in the maxillary sutures [ 25 , 26 ]. This force is not considered

excessive when compared with regular vertical chewing forces of

the rats that, on average, are around 54 to 76 N. 

Expanding springs were fabricated from 0.016" stainless steel

wires (3M Unitek, Monrovia, CA), bent into a single helix placed

mesial to first molars while the arms engaged around maxillary

molars ( Fig. 1 A). The springs were secured with flowable resin

around the molars. The springs were calibrated to produce 100 cN

force (50 cN on each side) using a digital force gauge. The appli-

cation of static forces was carried out for 56 days, as noted above.
Animals and the integrity of the springs were monitored daily un-

der inhalation anesthesia (isoflurane–nitrous oxide). If springs were

dislodged, they were reinstalled at that time. 

2.3. Periosteal stimulation 

Stimulation of the periosteum was accomplished with a

custom-designed appliance with two rows of four needles. The

stimulation was done in an area extending from the distal of the

first molar to the mesial of the third molar, bilaterally or unilater-

ally, at day 0 and day 28. Stimulation was accomplished by gently

perforating the gums and periosteum until the needles reached the

cortical bone surface. 

2.4. Histology, immunohistochemistry, and fluorescence microscopy 

Maxillae were demineralized in 14% ethylenediaminetetraacetic

acid for 3 to 4 weeks at 4 °C and dehydrated in ethanol gradients

and xylene before embedding in paraffin. The sample embedded in

paraffin was cut into 5 μm occlusal sections using Leica Biosystems

RM2265 Fully Automated Rotary Microtome. Five consecutive sec-

tions were used for osteoclast staining. 

For identification of osteoclasts, sections were immunostained

using Vectastin ABC kit (Vectastin ABC kit, Vector Laboratories,

Burlingame, CA) with an antibody for tartrate-resistant acid phos-

phatase (TRAPcP-5b; Zymed antibodies; Invitrogen, Carlsbad, CA), a

marker of osteoclasts. As a negative control, sections were exposed

to pre-immune serum. Sections of each sample were scanned on

a Scan Scope GL series optical microscope (Aperio, Bristol, United

Kingdom) and analyzed at 20 × magnification. 

Osteoclasts were defined as TRAP-positive multinuclear cells on

the surface of cortical bone of maxillary alveolar bone between the

mesial border of the middle roots of the first molars and distal

border of the distal roots of the second molars. They were quan-

tified as the mean of three measurements per section in a fixed

frame (3.5 mm × 0.5 mm) ( Fig. 1 B). Five animals were used for

each group, and two examiners completed all histological quantifi-

cations. 

For fluorescence microscopy, fixed maxillae were, washed

overnight in running water, dehydrated in an alcohol series, cleared

with xylene, and embedded in methyl methacrylate according to

the method of Erben. Samples were sectioned at 5-μm thickness on

an RM 2265 Leica microtome (Leica Biosystems, Buffalo Grove, IL),

viewed, and photographed (Leica DMRX/E Universal Microscopy,

Turboscan software, Cambridge, United Kingdom). 

2.5. Micro-computed tomography imaging 

The entire rat heads were collected and fixed for 72 hours with

4% (w/v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, fol-

lowed by storage in 70% ethanol. The samples were scanned in

a Scanco Micro-computed tomography (micro-CT) (μCT40, Scanco

Medical AG, Bassersdorf, Switzerland). The skulls were scanned at

an energy of 70 kV and intensity of 114 mA, with 300 ms in-

tegration time, resulting in a 16-mm isotropic voxel size. Results

were analyzed utilizing μCT V6.0 software on the HP open plat-

form (OpenVMS Alpha Version 1.3-1 session manager). Frontal sec-

tions of the scanned maxilla were compared at the area of mesial

roots of the second molars. 

The width of the palate (distance between the palatal walls at

the level of intersection between palate and alveolar) was mea-

sured in the micro-CT images at the level of the mid-coronal plane

of the maxillary second molar ( Fig. 2 A). The magnitude of unilat-

eral tooth movement was calculated by subtracting palate width
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Fig. 1. Static forces increase the number of osteoclasts in periosteum. Calibrated springs used to produce static forces on the rat maxilla were fabricated from 0.016” stainless 

steel wires (3M Unitek, Monrovia, CA) and secured to maxillary molars by flowable resin (A). Immunohistochemistry for TRAP was performed in paraffin sections of the rat 

maxilla to identify active osteoclasts on the surface of the cortical maxillary bone in an area extending from the mesial border of the middle roots of the first molars and 

distal border of the distal roots of the second molars, in a fixed frame of 3.5 mm × 0.5mm (B). Light microphotographs show TRAP-positive osteoclasts in the surface of 

cortical bone at different time points (C). Osteoclasts are stained as dark red cells (black arrowheads, magnification 10 ×). Osteoclasts were quantified at different time points, 

on the cortical surface of maxillary alveolar bone in the area defined in B. Each value represents the mean ± SD of five animals (D). 



296 M. Alikhani et al / Journal of the World Federation of Orthodontists 13 (2024) 293–302 

Fig. 2. Increase in osteoclasts in the periosteum follows palatal width increase but precedes tooth movement. Palatal width and dental width of the maxilla were measured 

using micro-CT 3D reconstructed images, and sections at the level of the mid-coronal plane of the maxillary second molar. Green line shows the width of palate (distance 

between the palatal walls at the level of intersection between palate and alveolar walls), and red line shows the dental width (distance between height of contour of second 

molars) (A). The palatal widths were measured over time in both Static and Sham maxillae (B). Unilateral tooth movement was measured as described in Methods and 

Materials section at different time points (C). Data expressed as the mean ± SD of distances in mm. Each number represents the average of five samples. ∗Static group 

significantly different from sham, P < 0.05. 
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stimulate further cortical bone formation. 
from the inter-dental width (distance between the height of con-

tour of second molars) and dividing the difference by two ( Fig. 2 A).

2.6. RNA analysis 

For total RNA extraction, five animals from each group were sac-

rificed at different time points by carbon dioxide narcosis at 24

hours, and the soft tissue surrounding the buccal surface of alve-

olar bone including periosteum was dissected and frozen in liquid

nitrogen. After RNA extraction, Real-time polymerase chain reaction

for bone and inflammatory markers was performed with primers

specific for rat genes, with a QuantiTect SYBR Green RT-PCR kit

(Qiagen, Valencia, CA) on a DNA Engine Optican 2 System (MJ Re-

search, Waltham, MA). A messenger ribonucleic acid (mRNA) pool

for each group was tested three times. Relative levels of mRNA

were calculated and normalized to the level of GAPDH (Glycer-

aldehyde 3-Phosphate Dehydrogenase) and acidic ribosomal pro-

tein mRNA. 

2.7. Protein analysis 

Levels of inflammatory marker interleukin (IL)-1 β were mea-

sured by enzyme-linked immunosorbent assay (ELISA). The soft tis-

sue covering the buccal cortical plate of alveolar bone was dis-

sected from five animals, frozen in liquid nitrogen, and pulverized.

Lysates were prepared, and total protein was quantitated using a

BCA protein assay kit (Pierce, Rockford, IL). The concentration of

IL-1 β (Thermo, Rockford, IL) was determined by ELISA. Data were

analyzed in comparison with a standard curve. 

2.8. Sample size calculation and statistical analysis 

The sample size was calculated based on the results of our pre-

vious animal studies [ 25 , 26 ], assuming an estimated 50% difference

in the expression of inflammatory markers and osteoblast markers.

Type I error was set at 5% and the power of the statistical test was

set at 90% (power = 0.9, b = 0.1). Based on this calculation, a sam-

ple size of four per group was suggested. We decided to increase

the sample size to five to account for attrition. 

After confirming the normal distribution of samples by the

Shapiro-Wilk test, group comparisons were assessed by ANOVA.

Pairwise multiple comparison analysis was performed with Tukey’s

post hoc test. Two-tailed P values were calculated; P < 0.05 was

set as the level of statistical significance. 

3. Results 

3.1. Osteoclasts appear in the periosteum in response to static forces 

The health status and body weight of the rats were evalu-

ated daily, and no significant differences were observed among the

groups. To investigate if static forces across the maxilla induced

changes in alveolar bone, we quantified the number of TRAP-

positive osteoclasts in the surface of cortical bone at different time

points in an area defined along the roots of second and first molars

( Fig. 1 B). In response to application of transverse static forces, os-

teoclasts appeared in the buccal periosteum at day 1 and increased

overtime from day 1 to day 28, with a peak on day 14 ( Fig. 1 C and

D). The increase in the number of osteoclasts in the static force

group at day 1 was not statistically significant in comparison with

sham group ( P > 0.05) ( Fig. 1 D). However, the increase in osteo-

clast numbers was statistically significant for all other time points,

when compared with sham group ( P < 0.01). By day 28 a trend to-

wards a decrease in the number of osteoclasts was observed ( P <

0.05) ( Fig. 1 C and D). 
3.2. Osteoclast appearance in the periosteum follows palatal width 

increase but precedes tooth movement 

In response to static transverse forces across the maxilla, the

width of the palate increased, and the molars moved laterally 

( Fig. 2 A). Palatal width increased significantly on days 3, 7, 14, and

28, with the peak increase on day 14, which in comparison with

the sham group was statistically significant ( P < 0.01) ( Fig. 2 B). The

appearance of osteoclasts in the periosteum followed the pattern of

increase in palatal width (compare Fig. 1 D with Fig. 2 B). However,

the appearance of osteoclast in the periosteum occurred ahead of

tooth movement (compare Fig. 1 D with Fig. 2 C) and it was not re-

lated to magnitude of tooth movement. The magnitude of unilateral

tooth movement in the experimental group in comparison with the

sham group was statistically significant only on days 14 and 28 ( P

< 001) ( Fig. 2 C). No significant amount of tooth movement was ob-

served on days 1, 3, and 7 and in none of the time points studied

did the tooth movement reach the cortical plate. 

3.3. Activation of osteoclasts is an inflammatory-based phenomenon 

We hypothesize that the change in alveolar bone position dur-

ing buccal or lingual displacement in response to static forces can

traumatize the periosteum and therefore, the appearance of osteo-

clasts in the periosteum is a trauma-based phenomenon. To inves-

tigate this hypothesis, we studied the expression of the inflamma-

tory cytokine, IL-1 β , in the soft tissue covering the buccal cortical

plate 28 days after the application of static forces ( Fig. 3 A). This

soft tissue included the buccal periosteum. IL-1 β was present in

soft tissue at all time points during static force application and its

expression was significantly higher in comparison with the sham

group ( P < 0.05). Levels of this cytokine peaked twice in the pe-

riosteum, once on day 1 and again on day 14. This expression grad-

ually decreased until day 28 ( Fig. 3 A). 

To investigate if inflammation is the signal-stimulating osteo-

clast activity in the periosteum, animals were exposed to similar

static forces in the presence or absence of anti-inflammatory med-

ication. In the presence of anti-inflammatory medication, no osteo-

clast activity was observed in periosteum at day 7 ( Fig. 3 B) even

though the alveolar bone was exposed to static forces. 

3.4. Cortical bone resorption is followed by cortical bone formation 

To evaluate if osteoclast activity at the surface of cortical bone

will cause the destruction of alveolar bone, micro-CT scans were

completed at days 28 and 56. While static forces caused a signif-

icant decrease in bone density of the buccal plate of the alveolar

bone at day 28, the buccal cortical plate was restored by day 56

( Fig. 4 A). 

Gene expression studies confirmed that osteoblastic activity fol-

lowed the osteoclastic activity. Indeed, expression of the early os-

teogenic marker, collagen type I ( Fig. 4 B), and the late osteogenic

marker, osteocalcin ( Fig. 4 C) were observed in the periosteum with

peak expression at day 14 or 28 respectively. 

3.5. Periosteal stimulation increases inflammation and osteoclast 

numbers 

If the increase in bone formation in the cortical plate is

osteoclast-dependent, one would expect that in the presence of the

same magnitude of static forces, increasing the number of osteo-

clasts in the area by controlled trauma to the periosteum would
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Fig. 3. Anti-inflammatory medication inhibits static force-induced osteoclast activity in the periosteum. Mean protein concentration of IL-1 β in soft tissue (including perios- 

teum) covering the buccal cortical plate was evaluated at different time points by ELISA (A). Data expressed as the mean ± SD of concentration in picograms per 100 mg of 

tissue. Each number represents the average of five samples (∗significantly different from sham group at the same time point, P < 0.05). TRAP staining of histological sections 

taken from buccal cortical plate of second molars in static and static + anti-inflammatory after 7 days of application of static forces show decrease of TRAP-positive cells in 

periosteum even in the presence of static forces (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the next series of experiments, we induced inflammation

in the periosteum by perforating attached gingiva and periosteum

covering the buccal cortical plate in the area of the second molar,

using small perforating needles ( Fig. 5 A). First, we investigated if

perforating the attached gingiva in addition to the application of

the static force increased the inflammatory reaction in periosteum.

In response to this additional stimulation, the expression of IL-1 β
significantly increased in periosteum at 1 day and 3 in compari-

son with the static group ( P < 0.05), while the difference in other

time points was not statistically significant ( P > 0.05) ( Fig. 5 B). Sec-

ond, we evaluated the number osteoclasts in the periosteum area

along the roots of the molars. We found a significant increase in

the number of osteoclasts in response to the stimulation in com-

parison with the group that received only static forces, on days 1,

3,7, 14, and 28 ( P < 0.05) ( Fig. 5 C). These experiments together

demonstrated that osteoclasts are controlled by the inflammatory

reaction in the periosteum, and their numbers and activity can be

increased with additional localized trauma of the periosteum. 

3.6. Inflammation through osteoclast activation stimulates cortical 

drifting 

To further evaluate the role of osteoclasts in regulating os-

teoblast activity, we studied the magnitude of bone formation
when osteoclast activity was boosted by stimulation of perios-

teum. In these experiments, animals were exposed to static forces,

and we stimulated the periosteum only on one side of the max-

illa. Micro-CT studies of these animals after 56 days demonstrate

significant bone formation in the side that received stimulation

( Fig. 5 D). Similarly, fluorescent microscopy of these experimental

animals demonstrates a clear increase in cortical bone formation

shown as an increase in fluorescent lines, with relocation the cor-

tical bone laterally or cortical drift ( Fig. 5 E). 

4. Discussion 

When we study bone response to mechanical stimulation, we

should differentiate between the response to static or dynamic

forces. Furthermore, we should investigate what is the biological

target of the mechanical stimulation. Is it the bone itself (which

can be either the trabecular or cortical bone) or is the envelope

that surrounds the bone, periosteum or endosteum, or both? 

It has been shown that the application of bending forces on

long bones can initiate the modeling machinery in the cortical

plate, with the activation of osteoclasts on the surface of corti-

cal bone [ 27 ]. This phenomenon has been attributed to the direct

recognition of the bending forces by the bone cells and initiation

of the modeling machinery [ 28 ]. 
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Fig. 4. Static forces activate osteoblasts in periosteum resulting in bone formation. Micro-CT images of coronal section of maxilla at the area of second molars were compared 

between sham and static groups. Static group demonstrate significant decrease in bone density in area of second molars at day 28. However, after 56 days, the animals that 

received static force showed significant reconstruction of buccal cortical plate (A). Change in expression of osteogenic markers collagen type 1 (B) and osteocalcin (C) in 

soft tissue covering the cortical plate of posterior teeth at different time points was measured by RT-PCR. Data are expressed as mean ± SD “fold change” in expression in 

comparison with control. Each value represents the average of five samples. (∗significantly different from sham group, P < 0.05). 

RT-PCR, reverse transcriptase-polymerase chain reaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In our experimental model, the static transverse forces that are

applied perpendicular to the alveolar bone activated the osteo-

clast on the cortical buccal plate. Further evaluation of the pe-

riosteum in the buccal cortical plate showed an increase of in-

flammatory markers in the periosteum, coinciding with the move-

ment of the alveolar bone towards its periosteal envelope. It should

be emphasized that the application of a static force to hemimax-
illa is significantly different from the application of static forces

to long bones. If the force can only bend the bone, the mag-

nitude of trauma to the periosteum is much less in comparison

with conditions where application of a static force, in addition

to the bending effect, can also displace the bone towards its pe-

riosteal envelope. In the maxilla, because of the existence of sur-

rounding sutures, the hemimaxilla can be displaced in the direc-
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Fig. 5. Periosteal stimulation increases inflammation, osteoclasts numbers and cortical bone formation. To study the effect of osteoclast on cortical bone formation we 

increased the number of TRAP-positive cells in the periosteum by periosteal stimulation with small needles in the area of the second maxillary molar (A). Change in expression 

of IL-1 β in the soft tissue covering the cortical plate of posterior teeth was measured by RT- PCR at different time points. Data are expressed as mean ± SD “fold change”

in expression in comparison with sham. Each value represents the average of five samples. (∗significantly different from static group at the same time point, P < 0.05) (B). 

Immunohistochemistry for TRAP was performed in paraffin section of both “static” and “static + stim” groups to identify TRAP-positive cells in the periosteum of maxillary 

alveolar bone . Graph shows mean numbers of TRAP-positive cells at different time points, in the area between the mesial border of the mesial roots of the first molars and 

distal border of the distal roots of the second molars. Each value represents the mean ± SD of five animals (∗significantly different from static group at the same time point, 

P < 0.05) (C). The effect of periosteal stimulation on bone formation was compared by applying static forces and stimulating periosteum in one side of the maxilla. Micro-CT 

image of coronal sections of maxilla in the area of second molars shows asymmetrical bone formation 56 days after stimulation (D). Representative fluorescent microscopy 

images of coronal section of maxilla of Sham, Static, and Static + Stim at the area of second molars at day 56 show significant increase in fluorescence in response to 

periosteal stimulation. (E). Bone labeling was performed by Calcein Green on days 0, 28, and 54. RT-PCR, reverse transcriptase-polymerase chain reaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tion of force. This movement follows the pattern of the open-

ing of the suture as we have previously demonstrated [ 25 , 26 ]. In

the current experiments, the inflammatory markers peaked at the

time this movement was maximum. This observation suggests that

the periosteum is traumatized by the displacement of the alveolar

bone. 

Here, we demonstrated that static forces applied to the corti-

cal bone can stimulate osteoclasts in the periosteum through an

inflammatory reaction. The reaction of the periosteum in these

experiments was similar to the reaction of the periodontal liga-

ment during orthodontic tooth movement when static orthodon-

tic forces stimulate osteoclast recruitments and activity all around

the roots of the moving tooth [ 29 ]. Similar to what we ob-

served in our tooth movement model, the presence of these

cells in the periosteum could be inhibited by anti-inflammatory

drugs. 

To further investigate the role of trauma to the periosteum,

caused by maxillary displacement, in the appearance of osteoclasts
we investigated if this phenomenon was related to the teeth mov-

ing. Because the static transverse forces in our model were ap-

plied through the teeth to the alveolar bone it has been assumed

that movement of the tooth toward the buccal cortical plate will

push the tooth out of the alveolar bone and cause resorption of

the buccal cortical plate [ 30 , 31 ]. However, our observations reject

this hypothesis because osteoclast appearance occurred much ear-

lier than tooth movement and even occurred in the area of the

maxilla where there were no teeth (data not shown). Furthermore,

in none of our samples did the teeth reach to buccal cortical plate

in 28 days. 

Next, we evaluated if, after static force application, osteoclast

activation, and bone resorption, the cortical bone would be re-

stored. As expected, osteoblasts were indeed, activated after a delay

and created a new buccal cortical plate. This new cortical plate, in

comparison with the original position of the buccal cortical plate,

showed a lateral drift and an increase in size, with no loss of corti-

cal bone in its horizontal or vertical dimensions. This phenomenon



M. Alikhani et al / Journal of the World Federation of Orthodontists 13 (2024) 293–302 301 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

is similar to bone formation observed during chronic pathologies

such as cysts and tumors [ 20–22 ]. 

Two different bone movements should be identified in these

studies. First, the displacement of the cortical plate laterally be-

cause of movement of the hemimaxilla in the same direction of

the static force which occurs after the opening of the sutures. This

is accompanied by an increase in the width of the palate observed

in a cross-section of alveolar bone and palate [ 25 , 26 ]. This move-

ment is not considered cortical drifting. Second, is the drift of the

cortical bone laterally that can be observed in the fluorescent mi-

croscopy images. This cortical drifting was not observed in the first

month after application of static forces, but was visible in the sec-

ond month, which argues that bone formation on the cortical plate

is a delayed phenomenon. This observation has two new important

clinical applications. First, the buccal cortical plate can go through

significant drifting and is not a fixed boundary of the jaws as previ-

ously believed. Second, the formation of a new buccal cortical plate

is a delayed reaction, and perhaps the clinical radiographic evalua-

tion of this bone should not be completed right after the applica-

tion of static forces but, especially in humans, should be evaluated

months after the application of the force. It is logical to assume

that if the formation of cortical bone is a delayed reaction, then

the area should not be disturbed surgically during this phase of

modeling. 

To further demonstrate that bone formation in the periosteum

was related to osteoclast activity, we increased the number of os-

teoclasts at the surface of bone by direct trauma to the periosteum.

This is important because while we show that static forces pro-

duced by displacement of bone can traumatize the periosteum and

stimulate osteoclast activity, we did not explain how bone forma-

tion in response to the static forces occurred. 

Previous studies demonstrated that osteoclasts, by secreting dif-

ferent factors such as TGF β1, can recruit the osteoblasts to the

bone surface and increase bone formation [ 32–38 ]. Furthermore,

our findings are in agreement with studies that demonstrated that

the adaptation of cortical bone to mechanical stimulation origi-

nates from periosteum [ 33 , 39–41 ]. 

However, in previous studies, the mechanical stimulation was

dynamic, while in our studies, we focused mostly on static forces,

which had not been studied before. 

Our study can explain previous observations that show that the

periosteum plays a significant role in the growth of the cortical

bone [ 42–45 ]. Forces produced by growth are partly static forces

because of increases in the mass of soft tissues, changes in the

rest position of muscles, or many other examples, and partly dy-

namic forces because of an increase in the magnitude of forces of

muscles during function. In this study we did not investigate the

effect of dynamic forces on the periosteum but, we demonstrated

that the static forces, as long as they are applied slowly, can have

an osteogenic effect on cortical bone, a mechanism that is perhaps

used during growth of bone, regardless whether it is physiological

or pathological growth. It is interesting to mention that a similar

mechanism has been observed during endochondral growth, where

the periosteum and perichondrium interact with cartilage and af-

fect cartilage growth [ 46 , 47 ]. 

Cortical drifting has been reported during the growth of the

skeleton when different patterns of osteoclast and osteoblast activ-

ity have been reported on different surfaces of cortical bone [ 48 ].

Because muscles and soft tissue are connected to bone through

sharpy fibers [ 49 ] crossing the periosteum to the bone, one cannot

help but think that an increase in size and function of soft tissue,

perhaps by increasing the magnitude of static and dynamic forces

on the surface of the bone, increase insult on the periosteum and

therefore stimulate bone formation. This is very important clini-
cally, as it provides evidence supporting the hypothesis that growth

of cortical bone depends on the growth of soft tissues [ 50–52 ].

More studies in this area are necessary to further understand this

important phenomenon. 

Due to the limited length of our study we were not able to in-

vestigate the long-term changes in the shape of the alveolar bone,

but we believe that the changes in morphology of bone occurring

during application of static forces and periosteum remodeling may

be maintained afterward by normal function of muscles and jaw

activity. In presence of normal function, the bone restores its orig-

inal shape as has been observed during fracture healing of long

bones [ 53 ]. In absence of supporting function, there is no need for

the body to maintain the new bone. Therefore, we hypothesize that

periosteal stimulation and cortical bone formation may result in

stable new bone formation when accompanied by proper change

in function. At this moment we do not have enough data to sup-

port this view. 

Understanding the mechanism of periosteal stimulation during

application of static forces also can explain the mechanism of bone

formation during distraction osteogenesis where periosteum is ex-

posed to relatively static forces [ 54 ]. 

Our research demonstrates how both dynamic and static forces

by influencing different targets can reshape the cortical form [ 2 ].

Cortical bone is the main factor in sculpturing the general form

of our skeleton. Therefore, different disciplines of science, when

studying the form of the skeleton should pay attention not only

to dynamic forces and their direct effect on bone, but should also

consider static forces that indirectly affect the cortical bone and

therefore our form. 

5. Conclusion 

In conclusion, while osteocytes and periosteum osteoclasts can

play a significant role in recognizing dynamic mechanical stimula-

tion directly and initiate adaptation of the skeleton, inflammation-

based activation of osteoclasts plays a significant role in the re-

sponse of cortical bone to static forces. In both cases, periosteum

contains all the required progenitor cells to allow these mechan-

ical bone adaptions. This study demonstrates that cortical plate of

the alveolar bone can be remodeled in adult rats in response to the

static forces. Static forces induce a transient inflammatory reaction

in the periosteum, followed by activation of osteoclasts indepen-

dent of the magnitude of tooth movement. Bone formation in re-

sponse to static forces is a delayed phenomenon during which os-

teoblasts restore the cortical bone, resulting in lateral movement of

the cortical plate in space, referred to as cortical drifting. Further-

more, localized periosteal stimulation can enhance cortical drifting

during static force application. 

There are two main aspects to the innovations discussed in

this article. First, we propose a new mechanism for how bones

respond to static force, and their mechanism of adaptation, sug-

gesting a role for cortical drifting during growth and the creation

of our final skeletal form. Second, this study demonstrates for the

first time how periosteal stimulation (using small needles) ampli-

fies the bone formation at the surface of the cortical bone and can

be used to promote cortical drifting and reshaping of the cortical

bone, which can have a significant impact in clinical orthodontics

and dentofacial orthopedics. 
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