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Structured Abstract

Objectives – To test the hypothesis that periodontal ligament (PDL)

stress relationships that yield resistance numbers representing load pro-

portions between different teeth depend on alignment load type.

Materials and Methods – Finite element models of all teeth, except the

third molars, were produced. Four different types of loads were applied,

and the third principal stresses of different teeth in standardized areas of

most compression were calculated. Based on these results, resistance

numbers, representing the load proportions for each tooth derived from

PDL stress, were determined.

Results – The third principal stress values for typical alignment loads in

the areas of most stress were very different for different load types for

each tooth. Differences in resistance numbers between teeth also varied

with different loads.

Conclusion – Resistance numbers, that is, load proportion numbers

between teeth to achieve similar stress at the compressive PDL zone,

depend on the type of applied load.

Key words: anchorage; finite element analysis; orthodontics; periodontal

ligament; stress

Introduction

The clinical perception of resistance to tooth movement directly

relates to the difference in relative speed of tooth movement

between teeth that are supporting a force system. There is cur-

rently no literature available on the 3D estimation of possible

resistance numbers during alignment that is based on scientific

engineering methodology.

Here, we hypothesize that the resistance to movement associ-

ated with a tooth, based on their basic surrounding anatomy,

position in the arch, and the generated periodontal ligament
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(PDL) stresses, depend on the type of load

applied. In this article, we focus on primitive

loads that an orthodontic round alignment arch-

wire routinely generates, that is, certain simple

forces and couples.

The speed of tooth movement is the result

of the interaction of intertwined basic scientific

variables. Perhaps the most decisive is PDL

stress because it is the initiating stimulus (1–

3). Orthodontic tooth movement and the asso-

ciated bone modeling can initiate only if PDL

stress (active or residual) derived from a load

exists. It has been shown that in a compressive

environment the number of resorbing osteo-

clasts is, at least initially, proportional to the

3rd principal stress in the PDL, that is, the

most compressive stress or most negative

stress in the case of a compressive mechanical

environment (3–5). It is a natural concept to

orthodontists that, typically, larger teeth have

more PDL and root support than smaller teeth,

and hence, when the same load is applied the

stress magnitudes in the PDL are smaller for

larger teeth than for smaller teeth. Conse-

quently, the resistance to tooth movement of

larger teeth is larger compared to smaller

teeth. With everything else being equal, within

a certain stress threshold below that for necro-

sis, smaller stresses will tend to cause less tis-

sue alterations and attract less osteoclasts so

that tooth movement is slowed relative to lar-

ger stresses (4). Biological variables also affect

resistance to tooth movement and act at the

response level. These variables include differ-

ences between sites in bone turnover, quantity,

or quality, as well as in the quantity or quality

of the access of osteoclasts to the bone (1, 5–

8). Additional variables that could theoretically

affect the resistance to tooth movement are

differences in the inflammatory responses due

to local factors, such as differences in vascular-

ity, presence of diseased tissue, or abnormal

entities (9).

Recognizing the limitations that follow from

the previous paragraph, we examine only PDL

stresses to establish the resistance numbers.

These may also serve as a load proportion factor

between teeth to achieve similar levels of stress

in areas where the most PDL compression

exists.

Materials and methods
Finite element models

Using a computer-aided design program (Simple-

ware, Exeter, UK), a surface (STL) model of a

human head digitally constructed from a cone

beam computed tomography scan (Fig. 1) was

scaled so that the dimensions of the teeth approxi-

mately matched average anatomical values. Then,

the model was separated into the 14 different

tooth structures (from central incisor to first

molar) derived from the maxilla and the mandible.

Subsequently, a PDL mask was digitally con-

structed to fill the space between the bone and the

root. Finally, a mask model of each dentoalveolar

site was meshed to generate from 348556 to

531357 10-noded tetrahedral elements (element

type: SOLID92) as exemplified in Fig. 2. The

resulting models were inputted into a finite ele-

ment analysis program (ANSYS APDL, Cherry City,

PA, USA). The material properties of the bone and

tooth were typical and established at 12 and

20 GPa, respectively (2–5, 10). In this study, the

PDL material properties were assumed to be linear

at 0.05 MPa because only small loads that deter-

mine strains <7.5% were applied to all teeth and

under this limit the PDL behaves linearly (10).

Moreover, at higher loads, it is likely the resistance

numbers can vary slightly according to the magni-

tude of loads, because M:F relationships for spe-

cific tooth displacements also do (3, 11).

Fig. 1. Surface model of the human head used for fabrica-

tion of the finite element models of the teeth. This model

was digitally transformed into a solid model.
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Finite element analysis

Zero displacement was assigned to all nodes at

the base of the maxilla and to all the lateral

alveolar bone segment walls except the distal of

the second molars. The mandibular central inci-

sor was used to determine the target loads used

to compare the stress fields within linear PDL

material properties (<7.5% strain). Based on the

analysis of this tooth, loads of 8 cN for vertical

(extrusive/intrusive) and horizontal forces

(labial/buccal or lingual/palatal) were applied to

the approximate bracket position (centered on

the labial/buccal side of the crown). In separate

scenarios, 50 cN mm couples were applied to

rotate the tooth (descriptions match the right

hand rule). Figure 3 illustrates the loads

applied, which are the most typical basic loads

acting on teeth during alignment with a round

wire.

Other studies have demonstrated that principal

stress fields are variable along the root for differ-

ent types of loads (3, 12). Because compressive

stresses in the PDL lead to bone resorption as

the initial limiting factor for tooth movement,

we decided to adopt the following criteria when

comparing predicted PDL stresses (Fig. 4):

a. The 3rd principal stress field (the algebraically

minimum stress, or the most compressive

stress in a compressive environment) was

analyzed to yield the average stress in the zone

of interest, determined as described below.

b. Each tooth root was divided in three equal

areas vertically, and the region with the most

compression within the 3rd principal stress

field was chosen for analysis (Fig. 4).

c. Each tooth root was divided in four equal

areas occlusally, and again the region with

the most compression was intersected with

the area described in ‘b’ to yield the area of

analysis for each tooth root.

d. The 3rd principal stresses acting on the nodes

of the PDL on the final intersecting regions

were recorded and averaged to yield a stress

number.

e. Each stress value was divided by the stress

value of the lower central incisor, to yield a

final resistance number for the specific tooth

expressed relative to that of the lower central

incisor.

Results

The stress results for load pairs in the same

direction acting at the bracket (for instance

labial or lingual/palatal forces and a labial or lin-

gual/palatal moment vector) were symmetrical,

and hence, only one of them is presented in

Tables 1–5. The calculated resistance numbers

in all load scenarios studied showed no consis-

tent patterns of increase in resistance across

different load types as the surface areas of the

teeth increased (Tables 1–5). For example, the

Fig. 2. Example of an assembled

finite element model of a first

maxillary molar (top) with the

individual views of the tooth, PDL

and bone models (bottom). PDL,

Periodontal ligament.
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couple applied that generated rotation of the

tooth around the tooth’s vertical axis (Fig. 3b)

showed differences in resistance to this rotation

between some tooth types; however, the change

in resistance did not vary simply according to

root surface area (Table 2). The forces generated

tipping-like PDL stress patterns where areas of

stress concentration and the most compression

in most scenarios studied were located near the

alveolar crest.

Discussion

The current results demonstrated that the rela-

tionships between PDL stresses and the tooth

resistance numbers vary depending on the type

of load. These results suggest that it is a simplifi-

cation to assume that only the projected surface

area of the root is important to determine the

PDL stresses. For instance, the presence of root

curvature differences in wideness and the diver-

gence and convergence of the roots in multiroot-

ed teeth can also contribute, that is, local root

morphology is also important to determine load

proportions between teeth. The results for the

maxillary molars (Table 2) suggest that widely

divergent roots will require higher loads (causing

rotation about the vertical axis of the root) to

achieve similar levels of stress, even if the sur-

face area of the root is similar to other less

divergent tooth roots. The reason is that the

loads in the PDL that resist the application of

the moment will be reduced in divergent roots

that have a similar surface as convergent roots.

The same concept applies to the analysis of root

wideness.

Another example of how a general estimation

of tooth surface area can be problematic to esti-

mate resistance to tooth movement is differ-

ences in root shape. If the area limiting tooth

movement is within the alveolar crest, the

morphology of the root in that specific area will

be more important than others when establish-

A B

C D

Fig. 3. Types of alignment loads applied to the finite element

models illustrated relative to left maxillary first molar: (A)

buccally oriented force parallel to the occlusal plane at the

bracket level; (B) moment vector viewed occlusally, resulting

from a couple applied about the vertical axis, which is per-

pendicular to occlusal plane; (C) moment vector viewed buc-

cally, resulting from a couple applied about the buccal-

palatal axis, which is parallel to occlusal plane; (D) occlusally

oriented (extrusive) force perpendicular to the occlusal plane

at the bracket level.

Fig. 4. Example of determination

of the area of interest for calcula-

tion of the average 3rd principal

stress (S3) and the corresponding

results.
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ing the PDL stress in the area critical for

initiation of tooth movement. That is, the stress

fields and resistance numbers of roots of differ-

ent shape and similar surface area can be

different.

Although there are other variables important

to determine the resistance to tooth movement

of teeth within the same patient (such as bone

quantity, vascularity, and quality), quantitative

data on how these affect each tooth are unavail-

able. The results of the current study only con-

sider PDL stresses. The number of active

osteoclasts recruited, access of the osteoclasts to

the bone and how much bone needs to be mod-

eled for the tooth to move, will most likely also

affect the true resistance to tooth movement. To

analyze each biological variable separately, the

stress needs to be controlled and the resistance

numbers provided can assist the design of a

study to do so.

Table 1. Results for approximate average 3rd principal stress (S3) affecting the region of interest, and the relative tooth resis-
tance for a buccally (labially) oriented force, as seen in Fig. 3a

41 42 43 44 45 46 47 11 12 13 14 15 16 17

S3 (kPa) 3.7 3.8 2.2 2.1 2.3 1.6 1.7 1.7 3.2 2 2.1 2.3 1.3 1.1

Resistance number 1 1 1.7 1.7 1.6 2.3 2 2.2 1.1 1.9 1.8 1.6 2.8 3.4

Table 2. Results for approximate average 3rd principal stress (S3) affecting the region of interest, and the relative tooth resis-
tance for moment vector resulting from a couple applied about the vertical axis, which is perpendicular to occlusal plane, as
seen in Fig. 3b

41 42 43 44 45 46 47 11 12 13 14 15 16 17

S3 (kPa) 2.3 2.3 2.2 2.1 2 0.9 0.9 1.2 2.3 2 1.7 2.1 0.8 0.6

Resistance number 1 1 1 1.1 1.2 2.6 2.6 1.9 1 1.2 1.4 1.1 2.9 3.8

Table 3. Results for approximate average 3rd principal stress (S3) affecting the region of interest, and the relative tooth resis-
tance for a moment vector resulting from a couple applied about the buccal-palatal axis, which is parallel to occlusal plane,
as seen in Fig. 3c

41 42 43 44 45 46 47 11 12 13 14 15 16 17

S3 (kPa) 1.8 1.8 1.2 1.8 1.2 1 1.1 1 1.4 0.9 1.1 1 0.8 0.9

Resistance number 1 1 1.5 1 1.5 1.8 1.6 1.8 1.3 2 1.6 1.8 2.3 2

Table 4. Results for approximate average 3rd principal stress (S3) affecting the region of interest, and the relative tooth resis-
tance for an extrusive force at the bracket, as seen in Fig. 3d

41 42 43 44 45 46 47 11 12 13 14 15 16 17

S3 (kPa) 1.6 1.6 1.3 1.2 0.9 0.4 0.6 1.3 1.5 1 1.2 0.9 0.5 0.7

Resistance number 1 1 1.2 1.3 1.8 4.0 2.7 1.2 1.1 1.6 1.3 1.8 3.2 2.3

Table 5. Average relative tooth resistance results for all load scenarios combined

41 42 43 44 45 46 47 41 42 43 44 45 46 47

Resistance number 1 1 1.4 1.3 1.5 2.7 2.2 1.8 1.1 1.7 1.5 1.6 2.8 2.9
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The most important application of these num-

bers is to establish ideal proportions for loads on

different teeth, so that the result is equalization

of stresses in the PDL area where most bone

modeling is occurring (near the area of most

compression). That is, by applying the ideal pro-

portions, tooth movement could be equally effi-

cient for different teeth from the perspective of

PDL stresses. For instance, if an orthodontist

is comfortable applying a moment of

2000 cN 9 mm to rotate a first maxillary molar

around its vertical axis, the equivalence for a

lower central incisor would be approximately

1/3, or 690 cN mm. Another interesting applica-

tion, albeit limited due to lack of consideration

of bone features in these numbers, is to estimate

the potential value of adding a tooth to an

anchorage unit. For instance, a mathematical

comparison of the resistance numbers suggests

that adding a second molar can increase the

buccal segment (maxillary second premolar and

first molar) anchorage during alignment by

approximately 50%. Another limitation of the

current study was the utilization of linear PDL

material properties for the models, due to the

large number of teeth tested. We expect small

differences in load proportions in teeth with

more realistic, nonlinear PDL material proper-

ties. These may not be clinically important; how-

ever, this problem will be examined in a

separate study with a limited number of teeth,

because it is likely that load proportions could

also vary with load magnitude.

Previous studies have shown that in rats and

mice the necrotic threshold for compressive

stress in the PDL is approximately between 8

and 10 kPa (3, 4). Although these studies are

limited to rodents, the material properties of the

human and rat PDL as well as the basic compo-

sition of the cellular structures are similar.

Hence, once the effects of different types of

stresses and different PDL material properties on

PDL necrotic threshold values are better under-

stood in rats, perhaps approximate intervals for

optimal load values for ideal PDL response can

be better estimated, and their biological

response evaluated in human studies.

Typically, suggestions for optimal load values

and tooth proportions published in books and

literature from the beginning of the century have

been based on estimations of root surface area

and blood pressure. These estimations have sci-

entific limitations compared to state of the art

finite element methodology and actual histologic

or tomographic analysis because they do not

take into account different stress fields for differ-

ent movements, and effects of root morphology

in resistance loads and stress concentration. For

instance, human values for blood pressure

within the PDL and the different types of blood

vessels that exist in it vary widely.

In the light of current findings, it is interesting

to point out that the traditional design of fixed

orthodontic appliances (brackets and archwires),

within the model of the original Angle appliance,

is still largely based on convenience and the

anatomy of the crown, not the roots. Based on

the numbers determined here and typical inter-

bracket distances, no currently available ortho-

dontic appliance, as a simple combination of

archwire and bracket, can achieve the ideal load

proportions between teeth during alignment.

The loads acting on each tooth during alignment

will depend on their malposition, and the stiff-

ness of the archwire in that specific location.

The stiffness of the archwire depends on the in-

terbracket distances and material properties of

the archwire. Orthodontists have typically lim-

ited the initial archwire dimensions and material

properties to obtain lower forces in smaller teeth

with small interbracket distances (such as lower

incisors), and treatment efficiency may be some-

what reduced with this strategy because larger

wires need to be used later to obtain better

movement efficiency on posterior teeth. Certain

nickel–titanium alloys with variable material

properties currently exist on the market, but the

variation in stiffness of the archwire does not

consider the widely variable interbracket dis-

tances between each tooth, and thus, can result

in unpredictable load relationships that do not

match the ones presented in this study or the

ones promised by manufacturers. The numbers

published here could serve as references for the
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rational mechanical design for orthodontic align-

ment appliances that at least approximate opti-

mal load proportions between the teeth.

Conclusions

Resistance numbers, that is, load proportion

numbers between teeth to achieve similar stress

at the compressive PDL zone, depend on the

type of applied load. Differences between the

resistance numbers in different teeth also vary

with load type.

Clinical relevance

The orthodontic load proportions for different

load types determined in this article can assist

the clinician in planning how to vary loads

between teeth, to better estimate anchorage

needs and side effects for different types of

movement. Moreover, it can facilitate design of

orthodontic appliances to improve orthodontic

treatment efficiency during alignment.
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