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Initial stress produced in the periodontal membrane by
orthodontic loads in the presence of varying loss of
alveolar bone: a three-dimensional finite element analysis
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Department of Orthodontics, Shiraz University of Medical Sciences, Iran

summMARY The aim of this study was to investigate the stress components (S, and S,) that
appear in the periodontal membrane (PDM), when subjected to transverse and vertical
loads equal to 1 N. A further aim was to quantify the alteration in stress that occurs as
alveolar bone is reduced in height by 1, 2.5, 5, 6.5, and 8 mm, respectively.

Six three-dimensional (3D) finite element models (FEM) of a human maxillary central
incisor were designed. The models were of the same configuration except for the alveolar
bone height. Special attention was paid to changes of the stress components produced at
the cervical, apical, and sub-apical levels.

In the absence of alveolar bone loss, a tipping force of 1 N produced stresses, which
reached 0.072 N/mm? at the cervical margin, up to 0.0395 N/mm? at the apex and up to
0.026 N/mm? sub-apically. In the presence of 8 mm of alveolar bone loss, the findings were
-0.288, 0.472, and 0.722 N/mm?, respectively. Without bone loss, an intruding force of the
same magnitude produced stresses of -0.0043, —-0.0263, and 0.115 N/mm?, respectively, for
the same areas and sampling points. In the presence of 8 mm of alveolar bone loss the
findings were -0.019, -0.043, and 0.185 N/mm? for intrusive movement.

The results showed that alveolar bone loss caused increased stress production under the
same load compared with healthy bone support (without alveolar bone resorption).
Tipping movements resulted in an increased level of stress at the cervical margin of the
PDM in all sampling points and at all stages of alveolar bone loss. These increased stress
components were found to be at the sub-apical and apical levels for intrusive movement,

Introduction the human supporting tissues 1s not practical
(Oppenheim, 1911; Reitan, 1960, 1964: Fortin,
Several studies have tried to model the reactions 1971).
of a tooth and its supporting tissues when loaded 3. Mathematical models representing the in vivo
with an orthodontic force. However, each sitwation: in these models, the shape, form,
method of study has shortcomings: and function of the concerned process are
represented in a form that is compatible with
l. Photo-elastic stress analysis: this method mathematical equations (Hay, 1939; Steyn
needs a well-equipped laboratory and models etal., 1978).
that should be prepared and used in a specific 4. Laser holography: this procedure needs
instrument (Caputo er al., 1974; Aird et al., expensive instruments, although it shows the
1988; Standlee and Caputo, 1988). stress al the surface of the body under study
2. Animal studies: these deal with living tissue (Burstone and Pryputniewicz, 1980).
and its responses, but it is not possible to 5. Finite element analysis: this is a numencal

correlate all the results with human tissue. In form of analysis that allows stresses and
other words, true morphological reflection of displacements to be identified. It involves
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discretization of the continuum (dividing the
structure of interest) into a number of
elements (Desai and Abel, 1972; Reddy,
1993). Discretization is a theoretical sub-
division of the structure while it remains its
continuity. The problem is solved for each
element and then harmonized to reach an
answer representative of the entire system.
This method has proved effective in many
dental fields, such as simulation of tooth
movement and optimization of orthodontic
mechanics (Farah et al., 1973; Farah and
Craig, 1974; Yettram et al., 1977; Tanne et al.,
1988, 1991; Wilson et al., 1990; Andersen et al.,
1991; McGuinness et al., 1991, 1992; Hart
et al., 1992; Koolstra and Van Eijden, 1992;
Cobo et al., 1993; Tanne and Matsubara, 1996;
Puente et al., 1996; Geramy, 2000a,b.c).

The implications of a reduction of alveolar
bone have been assessed from the point of view
of change in the centre of resistance (Geramy,
2000a). Although 0.017 mm/year of bone
resorption can be considered quite normal (Corn
and Mark, 1989), increased resorption can be

detected in the patients referred for orthodontic *

treatment.

Melsen (1991) suggested applying a mild
intrusive force in the treatment of adult patients
with reduced bone height. On the other hand,
there are authors who believe there is an
increased risk of root resorption in adult patients
when large orthodontic forces are applied to
produce continuous bodily (Thilander, 1985) and
intrusive movement (Thilander, 1985; Lu er al.,
1999),

Maxillary (Ketcham, 1929) and mandibular
incisors (Goldson and Henrikson, 1975) have
been shown to be more frequently involved than
other teeth in apical root resorption. These are
two areas of interest in incisor retraction and
intrusion in orthodontic treatment.

Apical root resorption is a phenomenon that
occurs consequent to some orthodontic
treatment. No difference has been found to exist
between fixed orthodontic techniques (Beck and
Harris, 1994) or between sexes (Spurrier et al.,
1990: Beck and Harris, 1994). Without
considering the manner of force application,
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Lu ef al. (1999) demonstrated the higher activity
of resorption in the apical root region than in the
inter-radicular area. The occurrence of apical
root resorption cannot be predicted on the basis
of the morphology of the facial and dento-
alveolar structures (Taithongchai er al., 1996).
Furthermore, although Costopoulos and Nanda
(1996) have shown that it is impossible to
correlate the amount of root resorption with the
degree of intrusion, the significant differences
between a control and intrusion group can be
determined statistically.

Resorption has been reported (Spurrier et al.,
1990) to be less frequent and less severe
in endodontically-treated incisors than in
vital (control) teeth. There is evidence that
orthodontic root resorption is frequently
preceded by hyalinization of the periodontal
membrane (PDM) (Rygh, 1977). Kurol and
Owman-Moll (1998) have shown hyalinized
areas opposite an intact root surface (54 per
cent) or close to an area of root resorption
(45 per cent). Lee (1965), in a study to find the
so-called optimum stress for tooth movement
(force on the root or the surrounding bone-PDM
complex), reported an optimum in the range from
0.0165 to 0,0185 N/mm? (1.65-1.85 gf/mm?) and
stated that the actual stress exerted was likely
to be slightly higher because of consequent
alveolar bone loss. In a recent study, Lee (1996)
reported an increased stress value of 0.0197
N/mm? (1.97 gfi/mm?) to be optimal for tooth
movement.

Stress distribution, hyalinization and root
resorption are interrelated events that result
from force application. The aims of this study
were to quantify stress components produced
consequent to force application during ortho-
dontic treatment, in the presence of a healthy
tooth support and in subjects with a gradual loss
of alveolar bone.

Materials and methods

Six three-dimensional (3D) finite element
models (FEM) of a maxillary central incisor
were designed. Each model consisted of 556-726
nodes and 310-475 elements (Figure 1) based on
Ash’s dental anatomy (Ash, 1984) with minor
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modifications to obtain the best shape. A 3D

brick isoparametric octahedral element was
chosen to construct the models. Each model
contained a tooth, its PDM, spongy. and cortical
bone. Each section was given 14 external nodes

to enable appropriate modelling (Figure 2). The
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Figure 2 Cross-section of the maodel at 10.5 mm. Incisal to

the apex. showing the relationship of the involved tissues

and the sampling points

root was split into seven levels of varying vertical
heights, 1 mm at the cervical, 1.5 mm at the mid-
root area, and 2.5 mm for other levels (Figure 1).
The use of a mesh with different element sizes
provides results that are more accurate where
needed and minimizes node numbers in the
regions importance. According to
Coolidge (1937) the PDM is of varying thickness
I'he use of these varying

i1l |;"-~.

in vivo (Table 1).
thicknesses makes the models more precise and
realistic. The only difference between the models
used in this investigation was the height of the
alveolar bone, which was assumed to be equal to
13 (normal alveolar bone height). 12, 10.5, 8, 6.5,
and 5 mm, respectively.

Table 1 Geometry of the PDM widths in the 3D
model according to Coolidge (1937), with different
PDM thickness at various locations

Distance from the Distal Lingual Mesial Labial
alveolar crest (mm)  {mm) (mm) (mm}) (mm)
13.0 0.25 .25 022 .25
10,5 1= 0.2 0,20 .27
=10 0.15 (1,20 017 (.20
f.5 .14 (18 (.16 0.18
wh i .15 0.20 0.17 (.20
2.5 0.18 0.22 (.20 0.22
0 0.19 (.24 0.1 .24
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The applied force at all stages of this study was
1 N (98.1 gf). In this way, comparison of the
results with other studies was possible (Tanne
and Sakuda, 1983; Williams and Edmundson,
1984; McGuinness et al., 1991). The point of
application of the force was the centre of
the crown mesiodistally, i.e. 5.5 mm apical to the
incisal edge, 16 mm from the model base. The
boundary condition is important in FEM and
reflects the real situation of the displacements
produced at each node. It is defined by
restraining or releasing some nodes from
movement or rotation according to the nature of
the 3D model, its shape, its function, or any other
consideration that makes it similar to the real
condition. Brick elements may experience
displacements along the X, ¥, and Z planes,
which can be limited by defining restraints and
constraints. The boundary condition of these
models is defined so that all the movements at
the base of the model are restrained. This
manner of restraining prevents the model from
any rigid body motion, while the load is acting.
The analyses were performed on a Pentium Il
personal computer by Super sap Version 7.1
(Algor Interactive Systems, Inc., Pittsburgh,
USA). The material properties were derived
from other investigations (Table 2). In this study,
Poisson’s ratio of the PDM was assumed to be
0.49, which gives an incompressible nature to it
and explains its biological characteristics rather
accurately (Table 2).

The direction of applied force was as follows:
linguo-labially to tip the tooth labially (F = 1 N)
and inciso-gingivally for intrusive movement
(F =1 N) and a couple to neutralize the tipping
tendency of the applied force.

The lack of any distance from the longitudinal
tooth axis in the case of linguo-labial force
application avoided any tendency for rotation.

Five different points positioned on the
periphery of the root (A, B, C, D, and E) were
selected (Figure 2).

Among the criteria used to evaluate the
structure under loading to judge the stress at
certain points, the so-called maximum (S,) and
minimum (S;) principal stresses were used.
These stresses occur in the plane of zero shear
stress, perpendicular to each other but not
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necessarily coincident with the X, ¥, and Z-axes.
The results were evaluated for PDM, because
tooth movement is essentially a PDM-based
phenomenon.

Results

Tipping movement

Normal alveolar bone height. In the case of
linguo-labially directed forces, the increased
level of stress was at the cervical margin of the
PDM at all sampling points, —0.072 N/mm? for A;
—0.062 N/mm? for B; 0.0016 N/mm? for C; 0.052
N/mm? for D; and 0.055 N/mm? for E (Table 3).
Moving from the cervical or the apical region
towards the centre of rotation decreased the
stress level (Figure 3). There was a change of the
sign in stress (compressive versus tensile), and an
increase of stress in sampling points A, B, D, and
E. However, point C did not follow the same
pattern. This can be explained by the direction
of tooth movement and its location. Stress
signs were the same at the apical and sub-apical
level.

The maximum stress at the sub-apical level
was approximately 37.5 per cent of the cervical
stress. In the presence of tipping loads, point C
showed the lowest amount of stress of all the
sampling points at the cervical margin (Table 3).
Alveolar bone loss. The highest stress values
(S, and 8,) were found at the cervical level
(Table 3). Maximum principal stress (S,)
increased gradually with an increase of alveolar
bone resorption (Figure 3). Assessment of the
stress values revealed that the least values of
S, and §; at the cervical level were at point C,
the absolute values increasing towards points
A and E (Figure 4). The same pattern held
for S..

Careful assessment of Table 3 revealed two
main results:

1. There was a change of the stress sign along the
root surface in all sampling points except for
e

2. Stresses produced at the apical and the sub-
apical level were of the same sign.
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INITIAL STRESS PRODUCED IN THE PDM

«51BL"=0mm +S3BL=0mm  xS1BL=1mm
nS3BL=1mm 4AS1BL=25mm © S3B.L.=25mm
vS1,BL=B5mm ¢S53B.L=65mm

Root levels

Figure 3 Alteration of S, and S, in tipping movement due
to alveolar bone loss. The S, and S, patterns for each
alveolar bone loss is almost the same. Increase of the
cervical stress at each phase of the study is obvious.

4 B.L.=8 mm.Cervical
o B.L.=8 mm.Apical
o B.L.=8 mm.Sub-apical

o B.L.=0 mm.Cervical
% B.L.=0 mm.Apical
¢ B.L.=0 mm.Sub-apical

S1 (N/mmy)

Sampling points

Figure 4 Variation of S, in tipping movement at different
sampling points with diverse degrees of alveolar bone loss.
The difference between the stresses produced at the
sampling points is minimal at the normal alveolar bone
height. The more alveolar bone loss occurred, the greater
the difference between sampling point stresses. There is a
change of the stress sign along the root surface.

Pure intrusion

Normal alveolar bone height. The highest level of
stress was found at the sub-apical level, with
the next highest at the apical level (Table 4). In
the case of S, the values were 0.115 N/mm?* at
point A of the sub-apical level, -0.026 N/mm*
at the same sampling point of the apical level,
and -0.0043 N/mm? at the cervical level. There
was no change in stress sign (tensile versus
compressive) along the root surface (Figure 5).
The PDM underwent tensile stress along the root
surface and the sub-apical level experienced
compression.
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Alveolar bone loss. Assessment of the whole
findings (Table 4) revealed the highest stresses at
the sub-apical level (Figure 5). The principal
stress components (S, and S,) at the apical and
sub-apical levels show that stresses at these two
levels were of a differing nature (tensile versus
compressive). Comparison of principal stress
components (S, and S,), at sampling points A to
E, revealed that point C had the lowest stress
level (Figure 6). The sub-apical level exhibited
the highest values of S, and S, relative to other
areas. There was an increase of S, with alveolar
bone loss (Figure 6). The same pattern holds
for S,.

Discussion

It should be noted that in a numerical method
such as FEM, the results relate directly to the
input data. Consequently, discrepancies in the
accepted values for the physical properties of
the supporting tissues can alter the results.
Variation in the values reported for the physical
properties of the tissues in different studies has
been carefully examined by McGuinness et al.
(1992) and Tanne et al. (1998).

Tanne et al. (1987), in a 3D FEM study,
reported a cervical margin stress of 0.012 N/mm?
(1.2 gf/mm?) when a lingually directed tipping
force of 1 N was applied to the centre of a
mandibular premolar model. This value is almost
the same as that reported by Tanne and Sakuda
(1983), i.e. that a stress of 0.01 N/mm? occurs at
the cervical level in response to a 1 N force,
applied mesiodistally on the labial surface of a
tooth. McGuinness et al. (1991) reported a stress
value of 0.132 N/mm? at the cervical margin for a
mesiodistally-directed tipping force of 1 N applied
to the centre of the tooth, while the stress value
at the apex was 0.002 N/mm?. McGuinness et al.
(1992) studied the maximum principal cervical
stress (S,) and reported a value of 0.072 N/mm?,
while that at the apex was 0.0038 N/mm?.

The rotational tendency accompanying a
tipping movement and the manner of its
elimination has not been discussed. The result
of this study for S, at sampling point A was
0.072 N/mm? at the cervical, 0.0395 N/mm? at the
apical, and 0.0268 N/mm? at the sub-apical levels.
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Figure 5 Alteration of S, and S, with diverse degrees of
alveolar bone loss when loaded by an intrusive force. There
was no significant change in the stress state due (o alveolar
bone loss. (On the contrary, a tipping movement was
influenced significantly by alveolar bone loss.)

4 B.L.=8 mm.Cervical
o B.L.=8 mm.Apical
o B.L.=8 mm.Sub-apical

% B.L.=0 mm.Cervical *
¢ B.L.=0 mm.Apical
< B.L.=0 mm.Sub-apical

0.2
_ 02
£
E 0.1
2 o
w
e — e
0.1 fe——— 0 ————
A B 3 D £

Sampling points

Figure 6 Variation of §, produced by an intrusive
movement at different sampling points with diverse degrees
of alveolar bone loss. The stress produced at the sub-apical
level was significantly influenced by alveolar bone loss.
There were minimum changes in the stresses produced at
the apical and cervical levels.

The values obtained in this study are higher than
those of Tanne and Sakuda (1983), Tanne er al.
(1991), McGuinness et al. (1992), and Puente
et al. (1996). The result for the apical stress at
point A in the normal situation (0.039 N/mm?) is
well below the value of 0.05 N/mm? (5 gf/mm?)
obtained by Cobo et al. (1993).

Alveolar bone loss causes an increase in the
stress values at all sampling points. The
maximum principal stress at the apical level, in
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the presence of a tipping movement and 8 mm
of alveolar bone loss, was —0.288 N/mm?, which
is almost in agreement with the value obtained
by Cobo er al. (1993), ie. 0364 N/mm’
(36.36 gf/mm?). The stress sign differs due to a
different force direction. Assuming a linear
relationship between the applied force and the
resulting stress, and the maximum Stress
suggested by Lee (1965, 1996), the optimum-
tipping force would be approximately 0.36 N
(36 gf).

The application of higher levels of force would
result in somewhat higher stresses than sug-
gested, which means anticipating a hyalinization
area at the cervical level. An important
consideration is the stress produced at the sub-
apical level, the thin level under the apical part
of the apex, which is just as important as other
parts of the PDM. The finding of a tipping
movement in the normal situation (first column
Table 3) indicates that almost 37.5 per cent of
the stress (S,) at the cervical level will be
produced on the labial side of the sub-apical
level. Sub-apical stress (S,) increases up to
2.5x at point A, 3.1 in the mesiolabial direction
(point B), and up to 43x at point C relative to
cervical stress in the presence of 8 mm alveolar
bone loss. The stress increment ratios for 8, in
subsequent steps of alveolar bone loss are shown
in Table 5.

The highest ratio of stress increase, due to
reduced alveolar support, occurs in the sub-
apical level. The comparison of the ratio of sub-
apical to cervical area stress (first and last
columns Table 3) shows that the ratio varies
from 1:0.375 for normal alveolar bone height to
approximately 2:1 for 8 mm of alveolar bone loss.
The stress occurring in the cervical level at point
A during intrusive tooth movement in the model
without alveolar bone loss was —0.0043 N/mm?
which is in agreement with the value of
0.0046 N/mm? reported by Wilson er al. (1994)
for the same conditions. However, the values for
apical stress reported by Wilson er al. (1994) differ
from the findings of this study. Their model
showed the highest stresses at the cervical level,
but in the present study the highest stress level
(S,) was exhibited at the apical and the sub-
apical levels. The current findings (Table 4)
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Table 5 Increase in stress for points A and C with different degrees of bone loss when a tipping movement
is induced. The increases are expressed as a ratio relative to the stress present before bone loss has occurred.

Sampling point Bone loss = 0 mm

Bone loss = 2.5 mm Bone loss = 8 mm

Sl SJ S'I 53 Sl 53
Cervical A 1 1 1.41 1.42 4 4.21
C 1 1 1.44 13 0.25 57
Apical A 1 1 2 2 12.1 1E7
C 1 1 1.7 3.18 9.7 273
Sub-apical A 1 1 2.29 2.36 26.7 28.77
C 1 1 394 1.41 44.12 9.56

indicate that the stress (S,) produced at the
sub-apical level is about 26 times that at the
cervical level. The comparable ratio for apical
stress (S,) is about 6. In spite of the production of
the highest stresses at the sub-apical level, the
highest ratio of the stress increment with
decreasing alveolar bone height is at the cervical
level, which is up to 4.5x more than normal at
sampling point A (Table 6). This finding is
approximately double that for the same point at
the apical and sub-apical levels. The differences
between the present results and those of other
authors seem to be due to the following:

1. Different physical properties are used.

2. Different simplification assumptions are
adopted in modelling,

3. Original teeth used for modelling have normal
variation in dimensions and configurations.

The application of a force of 1 N in all phases of
this investigation made the study and results

" comparable to others (Tanne et al., 1987;

McGuinness et al., 1991, 1992). The applied force
used to produce intrusive movement was scaled
down to 10 per cent (0.1 N) of its original
magnitude to reach a real intrusive force that
was applicable clinically. A linear type of static
analysis makes it easy to convert the results. In
this way, the findings were within the range
proposed by Lee (1965, 1996). The suitability of
the assumption of linear elastic behaviour of the
PDM is, however, still open to discussion.
Although accumulated data suggest that the
PDM behaves visco-elastically, application of the
forces used in this study would cause only a small
amount of initial tooth movement. It was, there-
fore, considered reasonable to assume a linear-
elastic behaviour for all the materials involved.

Table 6 Increase in stress for points A and C with different degrees of bone loss when an intrusive movement
is induced. The increases are expressed as a ratio relative to the stress present before bone loss has occurred.

Sampling points Bone loss =0 mm Bone loss = 2.5 mm Bone loss = 8 mm
5, S, S, S, S, S,
Cervical A 1 1 1.25 1.26 4.42 298
c 1 1 0.31 0.72 3.69 2.86
Apical A 1 1 Approximately 1.13 Approximately 1.6
C 1 1
Sub-apical A 1 1 Approximately 1.14 Approximately 1.6
C 1 1
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Conclusions

1. When tipping movements occur in the model,
the highest level of stress is found at the
cervical level.

2. Alveolar bone resorption caused an increase
in the maximum principal stress (S,) and
minimum principal stress (S,), relative to that
found with a normal bone height, of up to
4.19 times at point A of the cervical level, up to
26.6 times at the apical level at point C, and up
to 44.1 times at the sub-apical level at point C.

3. Sub-apical stress components (S, and S,) were
evaluated as an aspect of stress distribution.

4. The findings in relation to tipping movements
indicate that a force equal to 36 gf produces
stresses within the limits suggested by Lee
(1965). It is obvious that application of higher
forces will result in higher stresses, which may
cause hyalinization and other side-effects.

5. Application of a light force causes a small
amount of initial tooth movement; therefore,
it is considered reasonable to assume a linear-
elastic behaviour for the materials involved.

6. An intrusive movement causes a stress con-
centration at the sub-apical and apical levels.
(Normal variation of the root configuration
may affect this.)

7. Alveolar bone resorption of 8 mm results in
an increase of stress (S,) when the tooth is
subjected to a vertical load. The increased
ratios are 4.5 times at the cervical level (S, at
sampling point A) and up to 1.6 times at the
apical and sub-apical levels.

8. Scaling the findings for intrusive movement
down to 10 per cent (i.e. reaching the stress
produced by a force of only 0.1 N), which is
an acceptable intrusive force clinically, no
stresses (S, and S,) were found higher than
the optimum levels proposed by Lee (1965,
1996).
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