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Structured Abstract

Objective – To investigate the initial mechanical environment (ME)

changes in root surface, periodontal ligament (PDL), and alveolar bone

due to two treatment strategies, low or high moment-to-force ratio (M/F).

Setting and Sample Population – Indiana University-Purdue University

Indianapolis. Eighteen patients who underwent maxillary bilateral canine

retraction.

Material and method – Finite element models of the maxillary canines

from the patients were built based on their cone beam computed tomog-

raphy scans. For each patient, the canine on one side had a specially

designed T-loop spring with the M/F higher than the other side. Four

stress invariants (1st principal/dilatational/3rd principal/von Mises stress)

in the tissues were calculated. The stresses were compared with the

bone mineral density (BMD) changes reported previously for linking the

ME change to bone modeling/remodeling activities. The correlation was

tested by the mixed-model ANOVA.

Results – The alveolar bone in the direction of tooth movement is primarily

in tension, while the PDL is in compression; the stresses in the opposite

direction have a reversed pattern. The M/F primarily affects the stress in

root. Three stress invariants (1st principal/3rd principal/dilatational stress)

in the tooth movement direction have moderate correlations with BMD loss.

Conclusions – The stress invariants may be used to characterize what the

osteocytes sense when ME changes. Their distributions in the tissues are

significantly different, meaning the cells experience different stimuli. The

higher bone activities along the direction of tooth movement may be related

to the initial volumetric increase and decrease in the alveolar bone.
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Introduction

Orthodontic tooth movement is both pathologic

and physiologic in response to orthodontic load

(1). When an orthodontic load is applied to a

tooth, the periodontal ligament (PDL) is com-

pressed in front of the root and stretched on the

back, which results in mechanical environment

(ME) changes in the alveolar bone. The change

of ME in terms of stress and strain triggers the

biological reaction. Osteoclasts are recruited and

absorb the bone in front of the tooth in the

moving direction (2, 3). Osteoblasts are recruited

on the opposite side to form new bone (2). This

modeling and remodeling process results in

tooth translocation and is reflected by the bone

mineral density (BMD) change.

A mechanical stimulus is one of the determi-

nation factors to the number and activity of os-

teoclasts and osteoblasts, and other factors, such

as hormones and cytokines, are also influential

and patient dependent (4–6). The osteocyte is

commonly believed to be a source of soluble

factors targeting cells on bone surface and dis-

tant organs (7). It is embedded within the calci-

fied bone matrix, and likely to be responsible for

sensing the mechanical stimuli and regulating

bone formation and resorption (8). Mechanically

activated osteocytes have the function to modu-

late the recruitment, differentiation, and activity

of osteoblasts and osteoclasts (6, 9–11).

The questions remain as how the cells are trig-

gered; whether the mechanotransduction pro-

cess is initiated in bone or PDL; and whether the

resulting bone modeling/remodeling character-

ized by the BMD changes are predominantly

determined by the initial stress due to orthodon-

tic load. The answers to the questions help

understand the root cause of the tooth move-

ment, which require study of ME changes due to

orthodontic treatment.

While orthodontists try to control the tooth

movement and root resorption, it will be benefi-

cial to understand how biological tissues

respond to the ME changes. Heavy force causes

more root resorption (12, 13). Compressive stress

in PDL is reported to be related to the root

resorption in an animal study (14). Clinical stud-

ies had shown the correlation between move-

ment direction and BMD loss (15, 16). However,

to understand the root cause, it is important to

understand how the cells sense the ME changes

in different tissues.

The objectives of this study were to study the

initial stress in the root surface, PDL, and alveo-

lar bone to help understand the kind of stimuli

the cell may experience within these tissues and

the effects of initial M/F on the ME changes. As

one example, the correlation between the stress

and the BMD in terms of Hounsfield Unit (HU)

change in the surrounding alveolar bone is eval-

uated to understand the possible stimuli causing

the HU reduction.

Material and methods

Eighteen patients (seven males and 11 females)

who underwent maxillary bilateral canine retrac-

tion as a part their orthodontic treatments were

involved in this study. The average age was

19 � 9 years old. The study was approved by the

Indiana University Institutional Review Board.

For each patient, the centers of resistance of

the two maxillary canines were calculated using

finite element (FE) method (17). The canine on

one side was under translation (TR) treatment

and the other side was under controlled tipping

(CT), which were assigned randomly and accom-

plished by patient-specific custom-designed seg-

mental T-loops. The T-loop delivered

approximately 125 cN of closing force with

desired M/F for TR or CT (17). The M/F for TR

was higher than for CT.

The cone beam computed tomography (CBCT)

scans were taken before and after canine retrac-

tion for each patient. The average time for

canine retraction was 4.9 months which varied

depending on the size of the initial space,

patients’ appliance on appointment, and inter-

patient variations. The canines displaced on

average 2.1 � 1.5 mm (18).

The FE model consisted of the crown, root,

PDL, and alveolar bone. The alveolar bone had

both cancellous bone and a thin layer of cortical

bone (19). The PDL was modeled as a fiber-rein-
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forced structure (20). The fibers resisted tensile

forces only.

The geometry of a canine was obtained from

each patient’s CBCT images. MIMICS (Materia-

lise, Leuven, Belgium), image processing soft-

ware, and Pro-E (PTC Inc., Needham, MA, USA),

computer-aided design software, were used to

create the FE model. The thickness of human

PDL is reported to be around 0.1–0.3 mm

(0.2 mm in average) (21). Due to a lower CBCT

resolution (0.25 mm voxel size), the PDL layer

was not clearly shown in the images. Thus, the

root was identified first. The PDL and cortical

bone were grown from the surface of the root,

see Fig. 1a. The thickness of the PDL and corti-

cal bone was 0.2 mm (22). A bracket, on which

the force and moment were applied, was built

and attached to the crown, see Fig. 1b. The PDL

was modeled as fiber-reinforced matrix, see

Fig. 1c. Two nodes link elements were created to

connect the nodes on the root and cortical bone

surfaces to simulate the fibers (23). Ten-node

tetrahedral element was used to model the bone

and tooth, see Fig. 1d.

A convergence test was performed to deter-

mine the minimum element size. Each FE model

included approximately 200 000 nodes and

150 000 elements. The material properties

reported in literature were assigned (22, 24, 25).

Table 1 summarizes the material properties used

in the study.

The bottom, mesial, and distal sides of the

bone shown in Fig. 1d were fixed. The orthodon-

tic load measured experimentally from the

patient was applied to the bracket (17).

The 1st principal, the 3rd principal, von Mises,

and dilatational stresses in root, PDL, and alveo-

lar bone were calculated. The root surface, PDL,

and cortical bone were represented by three

shells. These shells were divided into three verti-

cal levels each with 36 circumferential divisions.

Along the canine’s long axis, the root from the

apex to cervical enamel junction was equally

divided into three levels, the apical, middle, and

coronal. In the occlusal plane, the shells were

divided into 36 divisions circumferentially

around the tooth (D1–D36). From the occlusal

view, the divisions were labeled counterclock-

wise for the left canine and clockwise for the

right canine with the division in the direction of

movement being labeled as D1. The divisions

D19 on both canines were opposite to the direc-

tion of movement. The divisions D2–D18 were

located on the buccal side, whereas D20–D36 on

the lingual side. The average values of the four

stresses of each division in each level were com-

puted from the FE model. These are the changes

in the stresses due to the initial orthodontic

A B

C D

Fig. 1. (A) Schematic diagram of the FE model, (B) Tooth–
PDL–bone–bracket model, (C) PDL fiber model, and (D)

mesh and boundary/loading conditions. FE, finite element;

PDL, periodontal ligament.

Table 1. Material properties assignment

Young’s

modulus

Poisson’s

ratio References

Root 18 GPa 0.3 (25)

Cortical bone 13 GPa 0.3 (24)

Cancellous bone 1 GPa 0.3 (24)

PDL 0.5 MPa 0.45 (22)

Fibers in PDL 10 MPa 0.35 (22)

Bracket 200 GPa 0.3

PDL, periodontal ligament.
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load. The divisions were made and labeled the

same way as were reported in the BMD study

(16). This would allow us to compare the stress

to the BMD changes. Mixed-model ANOVA was

applied to test the correlation between stress

and HU change. Correlation coefficient, l,

defined in Table 2 was used to represent the

correlations between stress and HU change dis-

tribution.

Results

Stress distribution shows the locations of the

high and low stresses. Figure 2a, b, c show the

dilatational stress distributions in the alveolar

bone, PDL, and root surface. The stresses in root

were much higher than in the alveolar bone and

PDL and were uneven. The stress patterns in

the PDL and alveolar bone were significantly

different.

The stress distributions of the four types of

stress invariants in the 3 by 36 root surface divi-

sions are shown in Fig. 3. The stress distribution

was clearly affected by the initial M/F. The

major difference occurred at the coronal level.

The magnitude of the stress was also very sensi-

tive to the M/F. The M/F close to that for trans-

Table 2. Interpretations of correlation coefficients

Correlation coefficient range

|l| < 0.5 Weak correlation

0.5 < |l| < 0.8 Moderate correlation

|l| > 0.8 Strong correlation

A

C

B

Fig. 2. Dilatational stress distri-

bution in root surface (a), PDL

(b), and alveolar bone (c), show-

ing the high stress regions. PDL,

periodontal ligament.
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lation resulted in more even stress distribution,

with lower stress magnitude and less shear effect

characterized by lower von Mises stress. The

stress difference between CT and TR side in root

was statistically significant.

The stress distributions of the four types of

stresses in the PDL divisions are shown in Fig. 4.

The stress distributions in PDL corresponding to

the tipping and translation strategies were simi-

lar, meaning they were less affected by the initial

M/F. The stress distributions of the 1st, 3rd prin-

cipal stress and the dilatational stress were simi-

lar. The magnitudes were much lower due to

PDL’s low Young’s Modulus. The stresses were

more compressive in the tooth’s direction of

movement and tension in the opposite direction.

The stress difference between CT and TR side in

PDL was not statistically significant overall, but

was statistically significant in the direction of

movement and the opposite direction.

The stress distribution of the four types of

stresses in the alveolar bone divisions are shown

in Fig. 5. The stress distributions and magni-

tudes were similar corresponding to the two

treatment strategies, meaning less affected by

the M/F. However, the stresses in the alveolar

bone showed opposite pattern comparing with

these in PDL. The stresses were more tensile on

the PDL’s compression side and were more

compressive in PDL’s tension side. The stresses

difference between CT and TR side in alveolar

bone was not statistically significant.

A

B

C

D

Fig. 3. Stress invariant distributions at the root surfaces in the 3 by 36 root surface divisions corresponding to two treatment

strategies, tipping and translation, 1st principal stress (a), dilatational stress (b), 3rd principal stress (c), and von Mises stress (d).
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Discussion

Only the initial M/Fs were well-controlled. The

M/F of a segmental T-loop increased signifi-

cantly as the canines moved distally so that

none of the CT or TR side experienced a con-

stant M/F for translation (17). Therefore, the CT

or TR referred here corresponded to the treat-

ment intentions (such as CT or translation) only.

Reduction of the M/F increases tipping. Thus,

the M/F for CT was lower than TR. Theoretically,

an evenly distributed stress occurs if the M/F for

translation is applied; as the M/F decreases, the

canine tips more distally, which results in

uneven stress distributions.

Four stress invariants, 1st principal stress, 3rd

principal stress, dilatational stress, and von

Mises stress were reported due to their distinct

physical characteristics. The 1st principal stress

represents the maximum tensile stress at a point

or element in a principal direction (26). The 3rd

principal stress shows the maximum compres-

sive stress at a point or element in another prin-

cipal direction. The dilatational stress

characterizes volume change with expansion if

positive or ‘squeezing’ if negative. Thus, change

of this invariant will force the fluid in the ele-

ment to flow either in or out. The von Mises

stress represents element distortion with no vol-

umetric change. The invariant characterizes

shear effect, but will not cause fluid to flow.

These are the stress invariants that are unique to

the point or element, thus are the preferred

parameters for our study. The physical effect

A

B

C

D

Fig. 4. Stress invariant distributions in the 3 by 36 PDL divisions corresponding to two treatment strategies, tipping and transla-

tion, 1st principal stress (a), dilatational stress (b), 3rd principal stress (c), and von Mises stress (d). PDL, periodontal ligament.
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may need to be analyzed based on multiple in-

variants. A high 1st principal stress and low 3rd

principal stress in an element result in more

severe stretching than the case where both 1st

and 3rd stresses are at the similar level. How-

ever, the dilatational stress and von Mises repre-

sent volume change and distortion, respectively,

which can be used to evaluate their impact on

cells directly.

The load on the bracket is transmitted to the

alveolar bone through the root and PDL. Our

results showed that the stresses in the root were

affected the most from the differential M/F, not

in the alveolar bone. CT and TR strategies cre-

ated distinct stress magnitude and distribution

patterns, see Fig. 3. The PDL is much softer than

the root and the bone. When it was loaded, the

1st principal/dilatational/3rd principal stresses

were affected the most, see Fig. 4, squeezing the

element on the compression side and expanding

the element on the tension side. The stresses

then were transmitted to the alveolar bone in a

form of more evenly distributed and relatively

lower pressure, which resulted in lower stresses

in the bone, see Fig. 5. Because of the PDL’s

buffering effect, the effects of CT and TR strate-

gies diminished, resulting in a similar stress dis-

tribution in the alveolar bone.

While the PDL was compressed in front of the

moving tooth, the pressure on the cortical shell

stretched the bone tangentially. On the other

hand, the alveolar bone in the opposite direction

was pulled by the PDL fibers, causing the

bone to be compressed in the circumferential

A

B

C

D

Fig. 5. Stress invariant distributions in the 3 by 36 bone divisions corresponding to two treatment strategies, tipping and transla-

tion 1st principal stress (a), dilatational stress (b), 3rd principal stress (c), and von Mises stress (d).
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direction. Consequently, 1st principal/dilata-

tional/3rd principal stress in PDL and alveolar

bone showed reversed patterns. Traditionally, a

tooth movement has been described as having a

compression and a tension sides. The statement

will need to be more specific because it is true

only in PDL, not in the alveolar bone.

Investigation of the ME change and its effects

on cells helps with understanding the mecha-

nism of mechanotransduction. It is commonly

accepted that the bone modeling and remodel-

ing is initially triggered by mechanical load

through a mechanotransduction path although

the path has not been fully agreed upon. The

level of bone activities can be characterized by

the change of BMD. Strong bone turnover results

in a lower BMD. Thus, it is helpful to see

whether the initial ME change in terms of each

of the stress invariants is related to the BMD

reduction, which may indicate whether certain

ME change triggers the bone activities. In this

discussion, the BMD were expressed in terms of

HU as was reported previously (16).

The four stress invariants changes in the alveo-

lar bone were compared with the HU changes,

as seen in Fig. 6. The overall correlations of the

stresses with HU changes are generally weak.

When data from all directions are combined,

none of the correlations were >|0.5|. For specific

directions, Division 35-3 for CT side showed

moderate correlations (l = 0.53–0.61) between

three stress invariants (1st principal/dilatational/

3rd principal stress) and HU change in the alve-

olar bone, meaning the stress and HU change

were modest correlated if the comparisons were

along the direction of tooth movement. The

stresses in other directions were less changed

and were weakly correlated to the HU changes.

The level of correlation indicates that the initial

stress may not be the only stimulus that deter-

mines the HU changes. Patient-specific biologi-

cal responses may also be major factors.

To better understand the relationship, the dila-

tational stress at the coronal level was compared

with the corresponding BMD changes, see Fig. 6.

The results showed that the high dilatational

stress area in the bone in the direction of tooth

movement had high HU reduction, indicating

high remodeling. This stress indicates volume

expansion, meaning less pressure on the osteo-

cytes. The area corresponds to bone resorption;

thus, the pressure reduction may be related to

osteoclast recruitment. The low dilatational

stress in the bone in the opposite direction also

had high HU reduction, indicating high remod-

eling. The stress indicate volume reduction,

meaning squeezing the cells. The area corre-

sponds to bone deposition, thus increasing pres-

sure on the cells may be related to osteoblast

recruitment. This explanation is in agreement

with the traditional orthopedic view that bone is

generated under compression and resorbed

under tension (27–29). It also supports reports

from other studies (6, 9–11) that the osteocyte

senses the mechanical stimuli and releases sig-

naling molecules to regulate osteoblasts and os-

teoclasts. The potential mechanisms are due to

unloading of osteocyte for producing more oste-

oclasts (30) and loading or increasing strain-dri-

ven fluid flow for producing more osteoblasts

(31).

How osteocytes sense the load as the me-

chanosensing cells has been studied. Substrate

strain, fluid shear stress, and the loading-induced

hydraulic pressure are potential mechanical

stimulus for osteocytes (8, 32). This study has

provided evidence that the area that has high

volumetric change has more HU reduction,

meaning more modeling/remodeling activities.

The change affects both strain and extracellular

fluid flow, which provides the needed stimuli.

It had been reported previously that no signifi-

cant difference of BMD change patterns had

Fig. 6. Comparison of stresses and Hounsfield Unit (HU)

change in the 36 alveolar bone divisions at the coronal level.

High dilatational stress area in the bone in the direction of

tooth movement and low in the opposite direction had high

HU reduction, indicating high remodeling.
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been detected in the surrounding alveolar bone

under the two treatment strategies (16). This is

in agreement with our stress analysis. Due to the

buffering effect, the stress in bone was mini-

mally affected by the M/F, which may be the

reason that BMD change was not related to M/F

as well.

Conclusions

The stress invariants can be used to characterize

how the osteocytes are affected when ME

changes.

The stress invariants’ distributions in bone,

PDL, and root are significantly different, mean-

ing the cells in the tissues experience different

stimuli.

The stress invariants in the alveolar bone are

not significantly affected by different M/F.

The higher bone modeling/remodeling activi-

ties along the direction of tooth movement may

be related to the initial volumetric increase and

decrease in the alveolar bone.

Clinical relevance

This study supports that osteocyte is responsible

for regulating bone modeling/remodeling and

reveals the effects of different T-loop designs on

the ME changes in the root, PDL, and the alveo-

lar bone. If the osteocyte is responsible to regu-

late bone modeling/remodeling activities,

changing M/F would have limited effects on

osteocyte stimulation.
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