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Mechanism of Cortical Bone Adaptation to Static Forces

Abstract

The mechanism of cortical bone adaptation to static forces is not well understood. This is 
an important process since static forces are applied to cortical bone in response to growth 
of soft tissues or any pathologic changes in the size or position of soft tissues. In addition, 
static forces are applied during Orthodontic and Orthopedic corrections.
Materials & Methods: 375 adult Sprague-Dawley rats were divided into four groups: 
1) control group that did not receive any appliance or force, 2) static force group that 
received 50 cN static force applied to the hemimaxilla, 3) static force plus stimulation 
group that received static force plus periosteal stimulation, 4) sham group that received 
the same appliance as the static force group without any force application or periosteal 
stimulation. In addition to static force, some animals were exposed to anti-inflammatory 
medication. Samples were collected at 0, 1, 3, 7, 14, 28 and 56 days, and evaluated by 
micro-computed tomography, fluorescence microscopy, immunohistochemistry, and gene 
and protein analyses. 
Results: The application of static forces to the hemimaxilla induced the release of inflam-
matory markers in the periosteum followed by osteoclast activation. This activation was 
independent of the increase in the convexity of the bone or the magnitude of tooth move-
ment, but followed the pattern of skeletal displacement. Bone formation on the surface of 
cortical plate occurred a later stage and resulted in relocation of the cortical boundary of 
the maxilla, cortical drifting. 
Conclusion: This study demonstrates that cortical bone adaptation to static forces 
originates from the periosteum and not the bone itself, and it is an inflammatory-based 
phenomenon that can be manipulated by the clinician. 
Innovation: Our findings are novel and, for the first time, support a new theory for 
cortical adaptation to static forces. This work is critical for understanding the effect of 
static physiologic or pathological forces on cortical bone, such as those resulting from 
growth or chronically expanding cysts and tumors. In addition, these results support an 
innovative clinical approach to promote cortical drifting through periosteal stimulation. 
Being able to control cortical drift can have a significantly impact in clinical orthodontic 
and dentofacial orthopedics by allowing corrections of severe deformities without need 
for maxillofacial surgery.
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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 
ability [1, 2]. Similarly, cortical bone demonstrates sensitivity to 
dynamic 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 
sensitivity to static forces [2, 4, 8, 9], which can explain why 
lack of activity can cause trabecular bone loss even when the 
static force of gravity is present [10]. Likewise, the application 
of static orthodontic forces to implants does not stimulate 
cortical bone response around the implant [11]. 

Previously, we and others have demonstrated that the 
mechanism 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 
[12-17] or by direct recognition of this mechanical stimulation 
by the cells themselves [2, 18]. Signals produced by static forces 
are 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 [19, 20]. 

While static forces are not osteogenic, in many clinical 
scenarios, the application of static forces by a growing pathology 
could stimulate bone formation. For example, an increase in 
the size of a chronically growing cyst or tumor can cause bone 
formation [21-23]. Considering these pathologies grow very 
slowly, the force produced by these growing structures can 
be considered mostly static. While some experimental models 
show that static forces may modify the shape of the cortical 
bone [24, 25], those observations suggest that the target of static 
forces is not the bone itself. 

Here, we investigate the response of the cortical bone of the 
jaws to a static force over a period of 56 days. Particularly, we 
studied the role of the periosteum on cortical bone adaptation 
to static forces and how we can harness periosteum response 
to stimulate cortical bone changes.

Materials and Methods

Animal Study

375 adult Spraque-Dawley rats (average body weight 360g, 
120 days of age) were maintained following USA guidelines 
for laboratory animal housing. All animals were housed in 
polycarbonate cages in a 12-hour light/dark environment at 
the constant temperature of 23℃, and fed a standard pellet 
diet (Stepfield, Witham, Essex, UK) with tap water ad libitum. 
Animals were randomly divided into different groups and 
treated either with static force (different directions), static force 

plus periosteal stimulation (bilateral or unilateral), static force 
and anti-inflammatory medication, control (no appliance), or 
sham (appliance installed with no activation). 

In some animals, the anti-inflammatory drug Diclofenac 
(5mg/kg) was injected intramuscularly (IM) 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 
or Calcein green on day 0, and Xylenol Orange (90mg/kg) on 
days, 26 and 54. Animals were euthanized by CO2 narcosis on 
Days 0, 1, 3, 7, 14, 28, and 56.

Application of static force

On Day 0, animals were anesthetized with an intraperitoneal 
injection of Ketamine and Xylazine (0.09mL/ 100g). Anesthesia 
was verified by lack of response to toe-pinch. The static force 
was delivered by a calibrated custom-designed expanding 
spring that applied a 100 cN force to the molars. This force 
was selected based on previous studies demonstrating that 
100cN induces cellular activity in maxillary sutures [26]. This 
force is not considered excessive, when compared with regular 
vertical chewing forces of the rats that, on average, are around 
54-76 N [27]. 

Expanding springs were fabricated from 0.016” stainless steel 
wires (3M Unitek, Monrovia, CA, USA), bent into a single helix 
placed mesial to first molars while the arms engage around 
maxillary molars. (Figure 1A). 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 gage (Figure 1B). The application of static forces was 
carried out for 56 Days, as noted above. 

Animals and the integrity of the springs were monitored 
daily under inhalation anesthesia (isoflurane–nitrous oxide). 
If springs were dislodged, they were reinstalled at that time.

Periosteal Stimulation

Stimulation of the periosteum was accomplished with a 
custom designed appliance with two rows of 4 needles (Figure 
1C). The stimulation was done in an area extending from the 
distal of first molar to the mesial of third molar (Figure 1D), 
bilaterally or unilaterally at day 0 and day 28.

Micro CT 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 followed with storage in 70% ethanol.  The samples were 
scanned in a Scanco MicroCT (μCT40, Scanco Medical AG, 
Bassersdorf, Switzerland). The skulls were scanned at an energy 
of 70 kV and intensity of 114 mA, with 300 ms integration 
time, resulting in a 16-mm isotropic voxel size. Results were 
analyzed utilizing μCT V6.0 software on the HP open platform 
(OpenVMS Alpha Version 1.3-1 session manager). Frontal 
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Figure 1: Schematic of model for application of static forces and periosteal stimulation. Calibrated springs used to produce static forces on the rat maxilla were 
fabricated from 0.016” stainless steel wires (3M Unitek, Monrovia, CA, USA) and secured to teeth by flowable resin. Photograph of spring installed in the rat maxilla 
(A). The springs were calibrated using a digital force gage to produce 100cN force when expanded from 4 to 6 mm (B). Periosteum stimulation was performed using 
8 needles attached to a handle (C).  The device was used to produce small perforations in the periosteum. Perforations were applied in the area of buccal cortical plate 
of second molars (D). (M1 = first molar, M2 = second molar, M3= third molar).

sections of the scanned maxilla were compared at the area of 
mesial roots of second molars.

The width of palate (distance between the palatal walls at 
the level of intersection between palate and alveolar bone 
wall) was measured in the micro CT images at the level of 
the mid-coronal plane of the maxillary second molar. The 
magnitude of unilateral tooth movement was calculated by 
subtracting palate width from the inter-dental width (distance 
between height of contour of second molars) and dividing the 
difference by two. Two examiners completed all quantifications.

Histology, Immunohistochemistry, and Fluorescence 
Microscopy

Maxillae were demineralized in 14% ethylenediaminetetraacetic 
acid (EDTA) for 3-4 weeks at 4°C, and dehydrated in ethanol 
gradients and xylene prior to embedding in paraffin. Sample 
embedded in paraffin was cut into 5 μm occlusal sections, 
using Leica Biosystems RM2265 Fully Automated Rotary 
Microtome.  Five consecutive sections were used for TRAP 
staining. 

For identification of osteoclasts, sections were immunostained 
using Vectastin ABC kit (Vectastin ABC kit, Vector 
Labroratories, Burlingame, CA, USA) with an antibody for 
tartrate-resistant acid phosphatase (TRAPcP-5b; Zymed 
antibodies; Invitrogen, Carlsbad, CA, USA), a marker of 
osteoclasts. As 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, 
UK) and analyzed at 20x 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 (Figure 2A). They were quantified as the mean of three 
measurements per section in the middle third of the occlusal 
section of maxillary alveolar bone in a fixed frame (3.5 mm 
x 0.5mm). Five animals were used for each group and two 
examiners completed all histological quantifications.

A B
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Figure 2: Static forces increase the number of osteoclasts in periosteum. In response to application of 100cN static forces osteoclasts number and activity increased 
significantly in the periosteum of the buccal surface of alveolar bone. Immunohistochemistry for TRAP was performed in paraffin sections to identify active osteoclasts in 
the area shown in this image (A). Light microphotographs show TRAP-positive osteoclasts in the surface of cortical bone at different time points osteoclasts are stained 
as dark red cells (arrowheads in B, magnification 20X). Mean numbers of osteoclasts at different time points (B), were defined as TRAP-positive cells on the surface of 
cortical bone of maxillary alveolar bone between the mesial border of the mesial roots of the first molars and distal border of the distal roots of the second molars as 
shown in the dashed box in A. Each value represents the mean ± SD of five animals (C). *Static group significantly different from sham, p<0.05.
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For fluorescence microscopy, fixed specimens 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 [28]. Samples were sectioned 
at 5-μm thickness on a RM 2265 Leica microtome (Leica 
Biosystems, Buffalo Grove, IL, USA), viewed and photographed 
(Leica DMRX/E Universal Microscopy, Turboscan software, 
Cambridge, UK).

RNA Analysis 

For total RNA extraction, 5 animals from each group were 
sacrificed at different time points by CO2 narcosis at 24 hours, 
and the soft tissue surrounding the buccal surface of alveolar 
bone including periosteum was dissected and frozen in liquid 
nitrogen. After RNA extraction, Real-time PCR for bone 
formation and bone resorption 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 Research, Waltham, MA). An mRNA pool for 
each group was tested three times. Relative levels of mRNA 
were calculated and normalized to the level of GAPDH and 
acidic ribosomal protein mRNA.

Protein Analysis

Levels of inflammatory markers were measured by enzyme-
linked immunosorbent assay (ELISA). The soft tissue covering 
the buccal cortical plate of alveolar bone was dissected from 5 
animals, frozen in liquid nitrogen, and pulverized. Lysates were 
prepared, and total protein was quantitated using a BCA protein 
assay kit (Pierce, Rockford, IL). Concentration of interleukin 
(IL)-1α (Thermo, Rockford, IL), tumor necrosis factor alpha 
(TNF-α) (Thermo, Rockford, IL), CCL5 (Abnova, Walnut, CA),  
and CCL2 (Abcam, Cambridge, MA), were determined by 
ELISA. Data were analyzed in comparison to standard curves 
specific to each inflammatory marker. 

Sample size calculation and statistical analysis

The sample size was calculated based on the results of our 
previous animal studies, assuming an estimated 50% difference 
in the expression of inflammatory markers in periosteum Type 
I error was set at 5% and the power of the statistical test was set 
at 90% (power = 0.9, β=0.1). Based on this calculation, a sample 
size of 4 per group was suggested. We decided to increase the 
sample size to 5 to account for attrition.

After confirming the normal distribution of samples by 
the Shapiro-Wilk test, group comparisons were assessed by 
analysis of variance (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.

RESULTS

Osteoclasts appear in periosteum in response to static 
forces 

The health status and body weight of the rats were evaluated 
daily, and no significant differences were observed among 
groups. In response to application of transverse static forces, 
osteoclasts appeared in the buccal periosteum (Figure 2A). The 
number of osteoclasts increased overtime from day 1 to day 
28, with a peak on day 14 (Figure 2B). The number of TRAP 
positive osteoclasts was measured in the surface of cortical 
bone at different time points in an area defined along the roots 
of first and second molars (Figure 2A).  The increase in the 
number of osteoclasts in the static force group at day one was 
not statistically significant in comparison with sham group 
(p>0.05) (Figure 2C).  However, the increase in osteoclast 
numbers was statistically significant for all other time points, 
when compared to sham group (p<0.01). By day 28 a trend 
towards a decrease in the number of osteoclasts was observed 
(p<0.05) (Figure 2C).

Osteoclasts 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 
(Figure 3A). Palatal width increased significantly on day 3,7, 14 
and 28, with the peak increase on day 14, which in comparison 
with sham group was statistically significant (p<0.01) (Figure 
3B). The appearance of osteoclasts in the periosteum followed 
the pattern of increase in palatal width (compare Figure 2C 
with Figure 3B).

However, the appearance of osteoclast in the periosteum 
occurred ahead of tooth movement (compare Figure 2C 
with Figure 3C) and it was not related to magnitude of tooth 
movement. The magnitude of unilateral tooth movement in 
the experimental group in comparison with control group was 
statistically significant only on day 14 and 28 (p< 001) (Figure 
3C). No significant amount of tooth movement was observed 
on day 1,3 and 7 and in none of the time points did the tooth 
movement reach the cortical plate (Figure 3D). In addition, the 
appearance of osteoclast in the periosteum was not limited to 
the area close to the teeth and could be observed further away, 
mesial to the molars area (Figure 3E). 

Activation of osteoclast in periosteum was not due to 
increase in convexity of alveolar bone

To test if activation of osteoclasts in the periosteum is an 
attempt by alveolar bone to decrease the convexity induced 
by static forces, the direction of force was reversed (lingual 
direction). Application forces in both the buccal direction 
(increasing the convexity of alveolar bone) and lingual 
direction (decreasing the convexity of the alveolar bone) were 
able to activate osteoclasts in the periosteum (Figure 4A and 
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Figure 3: Increase in osteoclasts in 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 blue 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 Materials & Methods section at different time points (C). Data expressed as the mean ± SD of distances in mm. Each number represents the average of 5 
samples. * Static group significantly different from sham, p<0.05. Histological section of periosteum in the area of second molar at day 7 shows osteoclasts activation 
in the periosteum ahead of tooth movement and before tooth reach the surface of cortical bone (D). Trap staining of the hemimaxilla in non-tooth bearing area midway 
between posterior teeth and anterior teeth demonstrates osteoclasts activation in periosteum and bone, in response to transverse forces applied to posterior teeth. 
Black arrows illustrate the direction of force (E). 

A

B C
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B). In addition, appearance of osteoclasts was not limited to 
periosteum but also observed in the endosteum (Figure 4C). 
Similar to periosteum, osteoclast appeared not only in the 
compression side but also in the tension side of periodontal 
ligament (PDL) (Figure 4B and C) suggesting activation of 
osteoclasts is not dependent on the bending of the bone nor the 
type of force (tension versus compression).

Figure 4: Activation of osteoclasts is independent of changes in convexity 
of the cortical bone. 100 cN static force was applied perpendicular to 
hemimaxilla expanding the palate (increasing the convexity in buccal cortical 
plate), or constricting the palate (decreasing the convexity of buccal cortical 
plate). Histological sections were taken in area of buccal cortical plate of second 
molar. TRAP staining was performed on 14 days sections to identify osteoclasts.  
Application of static forces toward the cortical plate and periosteum (A) or in 
opposite direction (B), both stimulate osteoclasts activation in the periosteum. 
Black arrows show the direction of the force. Application of 100cN static force 
to posterior teeth stimulate TRAP-positive cells not only in periosteum but also 
in endosteum (C). Section includes bone in the area of second molar extending 
from suture to lingual cortical plate. TRAP staining shows day 14 of the static 
group. Osteoclasts activation was observed in suture, endosteum of palate and 
in the tension side of PDL.

Activation of osteoclasts is an inflammatory-based 
phenomenon.

The activation of osteoclasts in the periosteum occurred 
independently of the increase in convexity of the bone and was 
not related to tooth movement. We hypothesize that the change 
in alveolar bone position during buccal or lingual displacement 

in response to static forces, can traumatize the periosteum and 
therefore, the appearance of osteoclasts in the periosteum is 
a trauma-based phenomenon. To investigate this hypothesis, 
we studied the expression of inflammatory cytokines (IL-1β, 
TNFα) and chemockines (CCL-2 and CCL-5) in the soft tissue 
covering the buccal cortical plate 28 days after application of 
static forces (Figure 5A). This soft tissue included the buccal 
periosteum. Inflammatory markers were present in soft tissue 
at all time points during static force application and their 
expression was significantly higher in comparison with sham 
group (p<0.05). Levels of each cytokine and chemokine peaked 
twice in the periosteum, once on Day 1 and again on Day 14.  
This expression gradually decreased until day 28. 

To demonstrate that inflammation is the signal stimulating 
osteoclasts activity in the periosteum, animals were exposed to 
similar static forces in presence or absence of anti-inflammatory 
medication. In the presence of anti-inflammatory medication, 
no osteoclast activity was observed in periosteum at day 7 
(Figure 5B) even though the alveolar bone was exposed 
to static forces. To further demonstrate that trauma plays a 
significant role in osteoclast activation in the periosteum, 
a force was applied in the sagittal direction, parallel to the 
alveolar cortical plate and to the periosteum, to reduce the 
traumatizing effect on the periosteum. No osteoclast activity 
was observed in the periosteum even at day 14. However, the 
PDL around the moving tooth showed significant osteoclastic 
activity (Figure 5C).

Cortical bone resorption is followed by cortical bone 
formation

To investigate if osteoclast activity at the surface of cortical 
bone will cause the destruction of alveolar bone, micro-CT 
scans were completed at day 28 and 56. While at day 28, a 
significant decrease in bone density of buccal plate of alveolar 
bone was observed in comparison with sham group, at days 56 
the buccal cortical plate was restored (Figure 6A). 

Gene expression studies confirmed that osteoblastic activity 
followed the osteoclastic activity. Indeed, gene expression of 
early (TGF-β, ALP and Collagen) and late osteogenic markers 
(Osteopontin and Osteocalcin) was observed in the periosteum 
(Figure 6B) with peak expression at day 14 or 28 respectively.

Evaluation of the pattern of bone formation in the buccal 
cortical plate demonstrates that bone formation occurred along 
the length of the buccal cortical plate but was  higher in the 
area of the alveolar bone crest. Biomechanical analysis took 
into consideration the shorter distance between point of force 
application and the center of resistance of the molars (shorter 
roots), and the spring design (Figure 6C). Due to the higher 
couple to force ratio that defines the type of tooth movement 
observed, the stress was evenly distributed at the cortical bone 
and the covering periosteum, however, the alveolar crest still 
received higher moments (Figure 6C). 

A
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Figure 5: Static forces increase inflammatory markers in periosteum. Mean protein concentration of IL-1α, TNF-β, CCL2, CCL5 in soft tissue (including periosteum) 
covering the buccal cortical plate was evaluated at different time points in periosteum by ELISA (A). Data expressed as the mean ± SD of concentration in picograms 
per 100 mg of tissue. Each number represents the average of 5 samples. * Static group 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 plus anti-inflammatory medication after 7 days of application of 
static forces (B). TRAP staining of the first molar area after application of 100cN force in sagittal direction for 14 days (black arrow) (C). 

A
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Figure 6: Static forces activate osteoblasts in periosteum resulting in bone formation. 3D micro CT reconstructed 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 
TGFβ1,collagen 1, ALP, Osteopontin and Osteocalcin 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 to control. Each value represents the average of 5 samples. * Significantly different from control 
group, p<0.05 (B). Schematic showing the biomechanical analysis of the force applied to the crown of the maxillary molars (C). In response to this static force (F= force), 
a moment will appear in the system (M = F x d, where M = moment, and d = distance between force application and center of resistance of the tooth) that produces a 
high stress area in the alveolar crest of the buccal cortical plate where the higher magnitude of bone formation was observed (C).

A
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Periosteal stimulation increases inflammation and the 
number of osteoclasts 

Based on our biomechanical assessment showing high stress 
area at the buccal alveolar crest (Figure 6C), the robust bone 
formation in this area could be the direct response to higher 
moments that can result in higher activation of osteoclasts due 
to increased trauma to periosteum and cortical plate in this 
area. 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 
osteoclast in the area by controlled trauma to the periosteum, 
would stimulate further cortical bone formation. 

In the next series of experiments, we induced inflammation 
in the periosteum by perforating attached gingiva/soft tissue 
covering the buccal cortical plate with small needles. First, we 
investigated if perforating the attached gingiva did increase 
the inflammatory reaction in periosteum. In response to this 
stimulation, the expression of different inflammatory markers 
increased in periosteum as show for CCL2 and IL-1β (Figure 
7A). This increase was significantly higher in the group that 
received static force and stimulation (Static + Stim) at 1 day 
and 3 in comparison with the Static group (p<0.05), while the 
difference at other time points was not statistically significant 
(p>0.05) (Figure 7A). Second, we measure the expression of 
osteoclasts markers at different time points. Osteoclasts marker 
RANK, RANKL and Ctsk were significantly higher on day 
1 to14 for the group that received static force and stimulation 
(p<0.05) (Figure 7B). Third, 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 comparison with the group that 
received static forces alone, on days 1, 3,7 and 14 (p< 0.05) 
(Figure 7C and D). 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.

Inflammation through osteoclast activation stimulate 
cortical drifting

To further evaluate the role of osteoclasts in regulating 
osteoblasts activity, we studied the magnitude of bone 
formation when osteoclast activity was boosted by stimulation 
of periosteum by minor trauma. We compared micro CT data 
from static force plus stimulation group with the sham group 
and with the group that only received static force. Micro CT 
images shows significant bone formation on the buccal cortical 
plate of experimental group animals (Figure 8A) 56 days after 
periosteal stimulation. Similarly, fluorescent microscopy of 
these experimental animals at day 56, demonstrates a clear 
increase in bone formation, that appeared as relocation of the 
cortical bone laterally or cortical drift (Figure 8B). To make 
sure this bone formation is a local effect, in another series of 
experiments, animals were exposed to static forces, and we 
stimulated the periosteum only on one side of the maxilla.  

Micro CT studies of these animals after 56 days demonstrate 
significant bone formation in the side that received stimulation 
(Figure 8C) which was confirmed by fluorescent microscopy 
(Figure 8D).

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 and 
endosteum, or both? 

It has been shown that the application of bending forces to 
long bones can initiate the modeling machinery in the cortical 
plate.  For example, the application of static bending forces that 
increase the convexity of the bone on one side and concavity on 
other side, was accompanied with the activation of osteoclasts 
on the surface of cortical bone on the convex side [29].  This 
phenomenon has been attributed to the direct recognition of the 
bending forces by the bone cells and initiation of the modeling 
machinery with activation of osteoclasts on the convex surface 
and activation of osteoblasts in concave side to resist bending 
[30]. Based on this proposed bone modeling process osteoblast 
and osteoclasts are activated separately in different surfaces, 
trying to reestablish the original shape of the bone. 

In our experimental model, the static transverse forces that 
are applied perpendicular to alveolar bone have a tendency to 
increase the convexity of the alveolar bone especially of buccal 
cortical plate and the concavity of the lingual cortical plate.   
Similar to observations in long bones, the osteoclast appeared 
on the cortical buccal plate.  However, when we changed the 
direction of force 180 degree, which supposedly should increase 
the convexity of the lingual cortical plate and not buccal 
cortical plate, osteoclasts still appeared on the  buccal cortical 
plate, in addition to the  lingual cortical plate. In both cases, 
the appearance of osteoclasts was a generalized phenomenon 
and both periosteum and endosteum were involved. This was 
surprising since the appearance of osteoclast was not dependent 
on changes in convexity of the alveolar bone, casting doubts 
on how the force was recognized by bone cells. 

Further evaluation of the periosteum in the buccal cortical 
plate showed an increase of inflammatory markers in the 
periosteum, coinciding with the movement of the alveolar bone 
towards its periosteal envelope. It should be emphasized that 
the application of a static force to hemimaxilla is significantly 
different from the application of static forces to long bones. 
If the force can only bend the bone, the magnitude 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 periosteal envelop. 
In the maxilla, due to the existence of surrounding sutures, 
the hemimaxilla can be displace in the direction of force. This 
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Figure 7. Periosteal Stimulation Increases inflammation and the number of TRAP-positive cells.  To study the effect of TRAP-positive cells on 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. Change in expression 
of CCL2, IL-1α, RANK, RANKL and Cathepsin K (Ctsk) 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 to control. Each value represents the average of 5 samples. *Significantly different from 
static group at the same time point, p<0.05) (A and 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. Representative light microphotographs show TRAP-positive osteoclasts in surface of cortical 
bone at 3 and 7 days (C). 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 control, p<0.05 (D).
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Figure 8: Cortical bone formation was dependent on osteoclast activation in the periosteum.  Osteoclasts activity was increased by bilateral application of periosteal 
stimulation in the area of the second molars and the effect on bone formation was compared by microCT images of coronal sections of maxilla in the area of second 
molars at day 56. Sections of Sham, Static and Static + Stim are shown 56 days after stimulation (A). Fluorescent microscopy images of coronal section of maxilla of 
Sham, Static, or Static + Stim at the area of second molars at day 56 are shown (B). Bone labeling was performed by Calcein green on day 0, 28 and 54. Micro CT images 
of mid-coronal section of maxilla at the area of second molars in animals that received static force in the maxilla and stimulation only in one side show asymmetrical 
bone formation (C). Fluorescent microscopy images of mid-coronal section of maxilla of animals that received static and unilateral periosteal stimulation in the area of 
second molars at day 56 (D). Bone labeling was performed by Calcein on days 0 (Green), and Xylenol Orange at day 26 and 54 (Orange).  White arrows mark the change 
in the width of the cortical bone over the second molar area.

movement follows the pattern of the opening of the suture as 
we have previously demonstrated [26, 31]. The outcome of this 
movement is the increase in the width of the palate. 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.

 In this article, we refer to the TRAP positive cells that 
appeared in periosteum as osteoclasts since traditionally they 
are considered mostly bone resorbing cells. However, many 
have referred to these cells as osteo-macrophages, a subgroup 
of macrophages that reside in the periosteum and originate from 
a myeloid lineage. These can be mono-nuclear and play a more 
complex role in the periosteum homeostasis [32-36]. These 

cells also have the ability to directly sense the mechanical 
stimulation however, this mechanism is perhaps more relevant 
in response to dynamic forces [37, 38].  

Here, we demonstrated that static forces applied to the 
cortical bone can stimulate osteoclasts in the periosteum 
through an inf lammatory reaction. The reaction of the 
periosteum in these experiments was similar to the reaction of 
the periodontal ligament during orthodontic tooth movement 
when static orthodontic forces stimulate osteoclasts recruitment 
and activity all around the roots of the moving tooth [39]. 
Similar to what we observed 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, 
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caused by maxillary displacement, in the appearance of 
osteoclasts we changed the direction of force from perpendicular 
to parallel to the periosteum, and noticed that there was no 
significant stimulation of osteoclasts in the periosteum. This 
lack of response could be due to lack of movement of the bone 
towards or away from periosteum. 

Since the static transverse forces in our model were applied 
through the teeth to the alveolar bone, we investigated if this 
phenomenon was related to the teeth moving. It has been 
assumed that movement of the tooth toward buccal cortical 
plate, will push the tooth out of alveolar bone and cause 
resorption of the buccal cortical plate [40, 41]. However, 
our observations reject this hypothesis because osteoclasts 
appearance occurred much earlier than tooth movement and 
even occurred in the area of the maxilla where there were no 
teeth. Furthermore, in none of our samples did the teeth reached 
to buccal cortical plate in 28 days. 

Next, we evaluated if the cortical bone would be restored 
after static force application, osteoclast activation, and bone 
resorption. 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 cortical bone in its horizontal or vertical 
dimensions. This phenomenon is similar to bone formation 
observed during chronic pathologies such as cysts and tumors 
[21-23].

Two different bone movements should be identified in these 
studies. One, is the displacement of the cortical plate laterally 
due to movement of the hemi-maxilla in the same direction 
of the static force which occurs after 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. This 
movement is not considered cortical drifting. Second, is the 
drift of the cortical bone laterally that can be observed in the 
fluorescent microscopy images. This cortical drifting was not 
observed in the first month after application of static forces, 
but was visible on second 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 fix boundary of the jaws as previously believed. 
Second, the formation of a new buccal cortical plate is a delayed 
reaction, and perhaps the clinical radiographic evaluation of 
this bone should not be completed right after application of 
static forces but, especially in humans, should be evaluated 
months after 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 modelling. 

Evaluation of the microCT and fluorescent microscopy 
images in the frontal view, shows that bone formation was 
distributed almost evenly along the buccal surface of cortical 
bone, with slightly more activity around the alveolar bone 

crest. This can be explained by the mechanical design and the 
shorter root of molars in the rat that allowed an even force 
distribution on the alveolar bone, with concentration of stresses 
on the alveolar bone crest due to slight tilting of the teeth. 
Therefore, additional trauma and activation of osteoclasts on 
the alveolar bone crest may explain the further bone formation 
that is observed in this area. 

To further demonstrate that bone formation in the periosteum 
was related to osteoclasts activity, we increased the number 
of osteoclasts at the surface of bone by direct trauma to the 
periosteum. This is important since while we show that static 
forces produced by displacement of bone can traumatize the 
periosteum and stimulate osteoclast activity, we did not explain 
how bone formation in response to the static forces occurred.

 Previous studies demonstrated that osteoclasts can recruit 
the osteoblasts to the bone surface and increase bone formation 
by secreting different factors such as TGFβ1 [32, 42-47]. 
Furthermore, our findings are in agreement with studies that 
showed that the adaptation of cortical bone to mechanical 
stimulation originates from periosteum [42, 48-50]. 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 suggest 
that periosteum plays a significant role in the growth of the 
cortical bone [51-54].  Forces produced by growth are partly 
static forces due to increases in the mass of soft tissues, changes 
in the rest position of muscles, or many other examples, and 
partly dynamic forces due to increase in magnitude of forces of 
muscles during function. In this study we did not investigate the 
effect of dynamic forces on 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 perhaps 
is used during growth of bone, regardless if it is physiological 
or pathological growth. It is interesting to mention that a similar 
mechanism has been observed during endochondral bone 
growth, where periosteum and perichondrium interact with 
cartilage and affect the cartilage growth [55, 56].

Cortical drifting has been reported during growth of the 
skeleton, while different patterns of osteoclast and osteoblast 
activity has been described on different surfaces of cortical 
bone [57]. Since muscles and soft tissue are connected to bone 
through sharpy fibers [58] crossing the periosteum to the bone, 
one cannot help but to 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 clinically, as it provides evidence supporting the 
hypothesis that growth of cortical bone depends on the growth 
of soft tissues [59-61]. More studies in this area are necessary 
to further understand this important phenomenon.

 While due to the limited length of our study we were not 
able to investigate the long term changes in the shape of the 
alveolar bone, we believe that the changes in morphology 
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of bone occurring during application of static forces and 
periosteum remodeling, should be maintained afterwards by 
normal function of muscles and jaw activity. In presence of 
normal function, the bone restores its original shape  as has 
been observed during fracture healing of long bones [62]. 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 
is stable new bone formation, when accompanied with proper 
change in function. At this moment we do not have enough 
data to support 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 exposed to relatively static forces [63].

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 to not only to dynamic forces and their direct effect 
on bone, but should consider static forces that indirectly affect 
the cortical bone and therefore our form.  

Conclusion

In conclusion, while osteocytes and periosteum osteoclasts/
macrophages can play a significant role in recognizing 
dynamic mechanical stimulation directly and initiate 
mechanical adaptation of the skeleton, inflammation based 
activation of osteoclasts/macrophages play a significant role 
in the response of cortical bone to static forces. In both cases, 
periosteum contains all the required progenitor cells to allow 
these mechanical 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 and later of osteoblasts that restore 
the cortical bone. The following observations have significant 
clinical importance:

1. Activation of osteoclasts occurred independent of 
magnitude of tooth movement.

2. Resorption of cortical bone and rebuilding of its surface 
resulted in lateral movement of the cortical bone in space, 
referred to as cortical drifting.

3. Bone formation is a delayed phenomenon. In humans, 
perhaps this phenomenon may occur even later. Clinicians 
should recognize this phenomena and refrain from disturbing 
the process with any procedures that can affect the periosteum.

4. Periosteal stimulation can be used to induce cortical 
drifting and reshaping the alveolar cortical plate

Innovation

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, 
suggesting 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) amplifies the bone formation at the surface of the 
cortical bone and can be used to promote cortical drifting and 
reshaping of the cortical bone. Being able to control cortical 
drift can have a significantly impact in clinical orthodontic 
and dentofacial orthopedics by allowing corrections of severe 
deformities without need for maxillofacial surgery.
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