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Introduction

The mechanical load applied to the alveolar bone through
orthodontic devices initiates a cascade of biological
events that ultimately leads to orthodontic tooth move-
ment. In the area towards which the tooth is being
moved, bone resorption occurs in both a direct and an
indirect way (Reitan, 1967). Several hypotheses have
been put forward in order to describe the first event that
might initiate bone resorption in the direction of the
force (Epker and Frost, 1965; Bien, 1966; Zengo et al.,
1973; Heller and Nanda, 1979; Davidovitch et al., 1980,
1988; Sandy et al., 1993; Tuncay et al., 1994; Reitan and
Rygh, 1994; Weinbaum et al., 1994; Marotti, 1996;
Melsen, 2001).

Recent concepts connecting bone mechanics and
bone biology not only relate bone remodelling to the
adaptation of the internal structure to load, but also 
to the need to remove fatigue damage (Lee et al., 
2002). Microdamage in bone was first described by 
Frost (1960) and is the epiphenomenon of fatigue,
creep, or other accumulative mechanical processes that

permanently alter the microstructure (Martin, 2003).
Microdamage is increased by fatigue loading at physio-
logical strains and is associated with the activation of
remodelling and osteocyte apoptosis (Verborgt et al.,
2000; Noble, 2003). Remodelling activated by, and 
in close proximity to, microdamage is described by 
some authors as ‘targeted’ remodelling as opposed to
‘random’ remodelling that could serve other functions,
such as calcium homeostasis (Burr, 2002; Parfitt, 2002).
Martin (2003) described four types of microdamage: (1)
microcracks, commonly found in cortical bone, which
extend approximately 100 µm and are frequently
limited by osteonal cement lines; (2) diffuse damage,
more commonly found in sectioned trabeculae, appears 
as patches of more intensely stained mineralized 
matrix that have apparently been disrupted by locally
intense deformations; (3) when small cracks appear in
trabeculae as localized networks they are described as
cross-hatching cracks; (4) microfractures are described
when trabecular structures are completely fractured.
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SUMMARY Microcracks and microdamage have been associated with bone remodelling. The aim of this
study was to investigate the role of microcracks as a trigger for alveolar bone remodelling after the
application of an orthodontic load.

In 25 3-month-old male Danish land-race pigs, the lower right first molar was moved buccally with 
a force of 130 cN. The contralateral molar was not treated and was used as an internal control. After 1,
2, 4, 7 and 15 days of treatment, the regions containing the right and left molars were excised and 
en bloc stained in basic fuchsin. The presence of microcracks on the buccal and lingual sides of both
treated and untreated teeth was detected and expressed as crack density (number/mm2).

The buccal treated side showed significantly more cracks than the buccal untreated side at day 1. This
difference was significantly larger than that observed at days 2, 7 and 15. The same side showed
significantly more microcracks than the lingual treated side at day 1, and this difference was larger
compared with that observed at days 4 and 15.

The presence of more microcracks on the treated side than on the untreated side suggests a role for
microcracks in the initiation of bone remodelling after orthodontic loading. The increased presence of
microcracks on the side towards which the tooth was moved, and where bone resorption is usually
observed, suggests that microcracks could represent the first damage induced by orthodontic force that
has to be repaired by bone remodelling.

Finally, the strain levels in the alveolar bone during the orthodontic load transfer in the experiment
were examined by finite element (FE) analysis. Although this showed that the strains were very low
(10–100 µstrain), it should be noted that occlusal loading was not taken into account. In addition, high-
resolution microtomography of the alveolar bone/periodontal ligament (PDL) interface revealed that the
actual surface of the alveolar bone was very rough, predisposing it to high local stress/strain peaks.



The principal mechanisms of matrix failure, according
to Boyce et al. (1998), are strongly dependent on local
strain. In regions subjected to tensile strains, the bone
has diffuse microdamage, whereas in compressive strain
regions the tissue develops linear microcracks.

Jaw bones are subjected to cyclic load, as chewing is
rhythmic in nature (Gerstner, 1998; Gerstner and
Cianfarani, 1998). During a 24-hour observation period,
most high-amplitude bursts of the masseter muscle
appear mainly during mealtimes, whereas a sub-
stantially larger number of low-amplitude bursts of the
masseter muscle are distributed throughout the whole
day (Miyamoto et al., 1999). It is thus hypothesized 
that bone in the jaws is subjected to fatigue loading 
and microdamage could occur. The application of an
orthodontic load may represent a further mechanical
perturbation that causes damage to accumulate in
alveolar bone.

The aim of this study was to investigate the role of
microcracks as a trigger for alveolar bone remodelling
after the application of an orthodontic load.

Materials and methods

Animal study

In 25 3-month-old male Danish land-race pigs, the lower
right first molar was moved buccally with a force of
approximately 130 cN. The research protocol was
approved by the Danish Board for Animal Research
(Dyreforsøgstilsynet). The biomechanical set-up con-
sisted of a statically determined system where the force
was applied by means of a custom-made cantilever
made of a TMA 0.017 × 0.025 inch wire (Figure 1). The
contralateral molar was not treated and was used as 
an internal control, according to a split-mouth study
design. The appliances were applied under general
anaesthesia. Pre-medication was performed with an
intramuscular injection of midazolam (1 ml/10 kg body
weight) and azaperon (1 ml/10 kg body weight).
Ortracheal intubation was set up after an intravenous
injection of etomidate [25 per cent of body weight (kg)
in ml]. Anaesthesia was maintained by inhalation of a
mixture of CO2, O2, NO2 and isoflurane (1–2.5 per
cent), supplemented by an intravenous administration
of fentanyl (1–2.5 µg/kg). After fitting the appliance, 
the animals were housed in individual sties and fed 
a standard diet for pigs (Die Plus FI, Axelborg,
Copenhagen, Denmark). The animals were divided into
five groups, according to treatment duration: groups 1,
2, 3, 4 and 5 were treated for 1, 2, 4, 7 and 15 days,
respectively. At the end of treatment, the animals were
killed by an intracardiac injection of an overdose of
pentobarbital.

At sacrifice, the entire mandible was excised and
fixed in 75 per cent alcohol. From each mandible the

region of interest around the lower first molar was
further excised, to a size of approximately 2.5 × 2 × 1 cm.
The samples were en bloc stained in basic fuchsin to
label microdamage (Lee et al., 1998). This method has
been used for compact bone and a few adjustments had
to be made in order to take into consideration the
presence of soft tissue, represented by the periodontal
ligament (PDL). Therefore, the final staining protocol
was as follows: 0.5 per cent basic fuchsin in 80 per cent
ethanol (2 × 45 minutes); 0.5 per cent basic fuchsin in 
90 per cent ethanol (2 × 45 minutes); 0.5 per cent basic
fuchsin in 99 per cent ethanol (2 × 45 minutes); 
99 per cent ethanol (1 hour); washed in distilled water 
(2 × 24 hours), and finally air dried. Consecutive coronal
sections of 100 µm were cut parallel to the mesial root
of the molar with an Exact-saw (Exact Medical Instru-
ments Inc., Oklahoma City, Oklahoma, USA) using a
cutting–grinding technique. The coronal halves of the
alveolar bone surrounding the roots on the buccal and
lingual sides of both the treated and untreated sides
were analysed for each animal. For each tooth, two
consecutive sections were analysed at ×20 magnification.
To visualize microdamage, sections were analysed under
transmitted light and both green (λ = 546 nm) and
ultraviolet (λ = 365 nm) epifluorescence (Lee et al.,
1998). To define the minimum crack length, 15 osteocyte
lacunae were randomly selected and the mean osteocyte
lacunar length was measured (mean = 26.6 ± 4.1 µm).
The minimum crack length was thus defined as being at
least twice the length of an average osteocyte lacuna.
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Figure 1 The orthodontic appliance consisted of a cantilever 
spring made of TMA 0.017 × 0.025 inch wire with single-point 
force application.



Measurements were performed on images captured on
computer by a 3-CCD colour video camera (KY-F55B,
JVC, Yokohama, Japan) mounted on the microscope
and elaborated by dedicated software (Computer
Assisted Stereology Toolbox, Olympus Danmark A/S,
Ballerup, Denmark). The results were tabulated in the
form of numerical crack density (number of cracks
occurring per mm2). The error of the method, based on
double measurements performed on 10 randomly
selected sections by the same investigator (CV), was
estimated according to Dahlberg’s formula:

S = √∑d2/2n

where n is the number of paired measurements and 
d is the difference between the two measurements
(Houston, 1983).

The data obtained for the buccal and lingual sides 
of the treated and untreated sides were compared
within each animal, using paired data statistics. The 
data distribution was analysed by means of a
Kolmerogov–Smirnoff test. When data were not
normally distributed, non-parametric statistics were
used. The Wilcoxon signed-ranks test was applied to
perform paired comparisons between the buccal sides
and between the lingual sides, and to compare the
buccal and lingual sides of both the treated and
untreated sides. In order to test both treatment effect
and duration by keeping paired data, the differences
between the treated and untreated sides and between
the buccal and lingual sides were calculated and used as
dependent variables. The effect of treatment duration
was then tested by means of a Kruskal–Wallis test when
data were not normally distributed or, in the case of
normal distribution, by means of a one-way ANOVA. If
a difference between groups was detected, and in order
to identify which treatment time differed from another, 
a Mann–Whitney test or a Student–Newman–Keuls 
a posteriori range test was performed. All data were
analysed using the statistical software package SPSS for
Windows (SPSS Inc., Chicago, Illinois, USA) and the
level of significance was chosen to be 5 per cent.

Finite element (FE) analysis

To determine the magnitude of the stresses and strains
in the alveolar support structures during orthodontic
load transfer, a FE model was made of a porcine 
lower first molar, according to a technique previously
described (Cattaneo, 2003). Briefly, a bone sample
containing the lower right first molar was harvested
from a mandible of a 50 kg pig and subsequently scanned
with a table-top µCT scanner with a voxel dimension of
37 µm, at an energy level of 70 keV (µCT-40, Scanco
Medical, Bassersdorf, Switzerland). The resulting three-
dimensional (3D) reconstruction was used to generate a

FE model to simulate the in vivo loading of the PDL
bone complex. The model consisted of the tooth, the
tissues forming the periodontium, and the surrounding
alveolar bone, and contained more than 443 970 tetra-
hedral elements and 80 127 nodes.

The material properties of bone were chosen with 
all bone elements with an assigned Young’s modulus of
12 200 MPa and a Poisson’s ratio of 0.3, representing a
homogeneous distribution of bone properties. For the
PDL, the material behaviour was assumed to be non-
linear: in compression the PDL was described with a
Young’s modulus of 0.005 MPa up to 93 per cent strain
level after which a Young’s modulus of 8.5 MPa was
used to simulate pre-contact between the roots and 
the surrounding bone. In tension, Young’s modulus
gradually increased from 0.044 MPa at 0 strain to 
0.44 MPa at about 50 per cent strain, after which a
smaller Young’s modulus of 0.032 MPa was used to
simulate fibre disruption. The initial and final stiffness
were adapted from the values found in the literature
(Vollmer et al., 1999; Poppe et al., 2002). The elements
representing the tooth were assigned a Young’s
modulus of 22 000 MPa and a Poisson’s ratio of 
0.3 (Tanne et al., 1987; Bourauel et al., 1999;
Verdonschot et al., 2001).

The model was loaded simulating the loading regime
from the experiment by applying a force of 130 cN to
the buccal surface of the crown acting in a lingual–
buccal direction (Figure 1).

Microtomography of the alveolar tissues

To obtain an insight into the 3D structure of the porcine
alveolar bone in the vicinity of the PDL, high-resolution
µCT scans were obtained. For this purpose, a sample of
a molar with the surrounding bone from a 3-month-old
male pig was embedded in methylmethacrylate. From
this a 3 × 3 × 7 mm3 block was cut, taking care that it
contained a piece of the root, the entire width of the
PDL, and a piece of the alveolar bone. This block was
then scanned with a synchrotron radiation-based
microtomography system at the BW2-beamline of the
DORIS-ring at the German Institute for Synchrotron
Radiation (DESY, Hamburg, Germany). Scanning 
was performed at an energy level of 24 keV and with 
a spatial resolution of 3.8 µm. Projections were taken
from 0 to 180 degrees in steps of 0.25 degrees. 
The samples were scanned perpendicular to the long
axis of the root. Single slice reconstructions were
calculated from the raw data (sinograms) using IDL
software (Research Systems Inc., Colorado, USA).
These images were then subsequently stacked to 
create a voxel data set which was read into special
visualization software (VGStudio, Volume Graphics
GmbH, Heidelberg, Germany) to make the 3D
reconstruction images (Dalstra et al., 2003).
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Results

Animal study

The orthodontic device successfully moved the teeth
buccally and this was clinically detectable from day 2
(Figure 2). Three animals (one from the 7-day and two
from the 15-day group) lost the appliance during
treatment, and thus the total sample size decreased 
to 22 animals. The mean force decay was 16, 40, 20, 
46 and 56 cN in the five groups. On morphological
examination, all buccal sides, both loaded and unloaded,
appeared more scalloped than the lingual ones. The
periodontal fibres had a different orientation on the
buccal and lingual sides, being more elongated on the
lingual side (Figure 3). On the buccal, treated side, the
surface of the lamina dura was even more scalloped
than on the contralateral side, giving an overall picture
of a surface undergoing remodelling. On the same 
side, root resorption could be observed. Root resorption
also appeared on the lingual aspect of the treated teeth.

Bone microcracks could be detected on the alveolar
bone facing the PDL (Figure 4). Another frequently
observed morphological characteristic was the presence
of diffuse damage, on both the loaded and unloaded
teeth and on both sides, although on the lingual side 
the orientation of this damage clearly mirrored the
orientation of the periodontal fibres (Figure 5).
However, as the ‘length’ of this type of damage was
shorter than the range used for the definition of cracks
in this article, it was not measured. Double measure-
ments revealed a value of 1.0 mm–2 as the error of the
method for crack density. This value was smaller than
the standard deviation in either of the two sets of double
measurements (4.2 and 3.6 mm–2), thus confirming the
validity of the method.

Statistical analysis of the mean crack density
revealed that the buccal treated side had significantly
more cracks than the buccal untreated side at day 1
(Table 1). This difference was significantly larger than
that observed at days 2, 7 and 15 (Figure 6). The buccal
treated side showed significantly more microcracks than
the lingual treated side at day 1 (Table 1), and this
difference was larger than that observed at day 15.

FE analysis

FE analysis revealed that the displacement of the molar
was such that the molar rotated around a parasagittal
axis running approximately through the two apices of the
mesial and distal root, corresponding to a controlled
buccal tipping. In addition to this tipping, some distal
rotation occurred. The combination of these two displace-
ment components and the non-linear PDL generated a
complex stress/strain distribution in the alveolar bone.
Although from the buccal tipping alone, tensile stresses
and strains would be expected in the lingual cervical
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Figure 2 Orthodontic tooth movement after 15 days of treatment.

Figure 3 A 100 µm section under transmitted light microscopy 
of treated (T) and untreated (U) molars after 15 days of force
application. Note the enlarged periodontal space on the buccal 
(B) compared with the lingual (L) side on the treated molar. 
The orientation of the periodontal fibres differs on the buccal 
and lingual sides. Bar = 1 mm.



region of the alveolar bone, the distal rotation also
caused tensile stresses and strains in the distal half of the
buccal cervical region. Looking at the equivalent strain
(strain density), the highest strains occurred in the
cervical region (~50 µstrain); in the apical region the
strains were well below 10 µstrain (Figure 7).

Microtomography of the alveolar support structures

The high-resolution µCT scan and the following 
3D reconstruction enabled a thorough description of
the structure of the alveolar bone close to the PDL. 
As shown in Figure 8, what is defined as the ‘lamina
dura’ is characterized by an extremely irregular surface
penetrated by the periodontal fibres. The high scanning
resolution allowed identification of the close relation-
ship between the fibres, blood vessels and osteocyte
lacunae. The removal of the hard tissue in the three-
dimensional reconstruction shows the intricate network
of the periodontal fibres into the alveolar bone and how
the latter, as a consequence, has an almost trabecular-
like appearance (Figure 8d, e).

Discussion

The present research demonstrates the presence of
microcracks and microdamage in porcine alveolar bone.
This is consistent with the observation that micro-
damage is increased due to fatigue cyclic loading 
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Figure 4 A single microcrack (arrow) in the alveolar bone under
green (A) and ultraviolet (B) epifluorescence and transmitted light 
(C) close to a resorption lacuna (RL) on the buccal treated side at
day 1. Bar = 50 µm.

Figure 5 Diffuse microdamage (arrow) in alveolar bone under transmitted light (top), green (middle) and ultraviolet epifluorescence
(bottom). (A) Buccal untreated side at day 1, (B) Lingual untreated side at day 2, (C) Buccal treated side at day 2. Bar = 50 µm.



(Burr et al., 1985), as mastication or bite function are
considered cyclic activities that take place throughout
daily activities (Gerstner and Cianfarani, 1998;
Miyamoto et al., 1999). Herring et al. (2001) found that
during mastication, muscle contraction in pigs induces
bone strain in the mandible through bite forces. Hence,
the presence of microdamage in the mandibular

alveolar bone of pigs may represent the mechanism by
which bone adapts to an altered mechanical environ-
ment. The PDL acts as the force transducer from the
teeth to the alveolar bone. The presence of soft tissue
between teeth and bone makes this model different
from orthopaedic models, precluding a comparison with
published data (Burr et al., 1985; Lee et al., 2000, 2002). 

The presence of the PDL made the staining process
particularly difficult, as it gave rise to a non-uniform
tissue surface. The microanatomy of porcine alveolar
bone does not allow for a clear-cut classification into
trabecular or cortical bone. As shown in Figure 8, the
lamina dura is not dense as usually expected, as it is
interrupted by insertion of the periodontal fibres and
blood vessels (Figure 8e), both on the buccal and lingual
aspects, which gives the bone surface a trabecular appear-
ance. The alveolar wall thus appears porous, with small
spiculae facing the PDL (Figure 8c). Those trabeculae
mirror the orientation of the periodontal fibres,
especially on the lingual aspect (Figure 8). Within the
100 µm thick sections, insertion of the periodontal fibres
produces an overlapping of bone tissue and soft tissue,
making a new definition of bone microdamage necessary.

As shown in Table 1, the application of a statically
determined orthodontic load resulted in an increase and
a change in the distribution of cracks. The force applied
with the titanium-molybdenum alloy spring made the
delivery of the force relatively constant throughout the
experimental period, with a decay of only one-third of
the initial force level at day 15. The alloy chosen allowed
for the use of a thick wire that could resist the chewing
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Figure 6 A box plot showing the differences between the treated
and untreated sides in crack density (mm–2) on the buccal (white)
and lingual (grey) sides. The differences on the buccal side at 
day 1 were significantly larger than at days 7 and 15, whereas 
on the lingual side they were significantly different only between
days 1 and 7. Bars indicate the statistically significant differences
(P < 0.05).

Table 1 Median and quartile crack density (mm–2) in the five groups in the treated and untreated teeth.

Days of treatment Treated Untreated

Buccal Lingual Buccal Lingual

Median 7.7* 0.0 1.6 0.0
1 (n = 5) Lower quartile 3.9 0.0 0.5 0.0

Upper quartile 13.5 6.6 3.2 1.3

Median 1.3 1.0 0.9 1.2
2 (n = 5) Lower quartile 0.0 0.00 0.35 0.0

Upper quartile 6.3 1.2 2.8 5.9

Median 2.2 1.2 0.6 1.1
4 (n = 5) Lower quartile 0.6 0.2 0.2 0.3

Upper quartile 6.1 5.4 1.4 1.7

Median 1.5 0.0 3.7 1.3
7 (n = 4) Lower quartile 0.0 0.0 0.5 0.5

Upper quartile 4.2 0.4 5.6 2.2

Median 1.6 3.4 0.0 1.1
15 (n = 3) Lower quartile 1.2 1.0 0.0 0.4

Upper quartile 2.0 4.4 1.8 2.1

*Significantly different from the lingual treated side and from the buccal and lingual untreated sides (P < 0.05) at day 1.



force of the animals. The failure of the appliance in
three animals was thus not due to fracture of the
cantilever, but to the poor retention of the bands due 
to the morphology of the porcine molars. The force
delivered could be considered intermittent, as the
constant force of the cantilever is modulated by the
intermittent force delivered by the bite function, acting
on both the treated and untreated alveolar processes, as
pigs have bilateral occlusion and muscle contraction
during mastication (Herring et al., 2001). A possible
variation in bite force between animals would not influ-
ence the results of this study, as a split-mouth design was
used and the paired data analysed. The use of paired
data analysis further enabled a statistical evaluation of
the data with a small number of animals per group.

The observation of more scalloped surfaces on the
buccal than on the lingual side on both the loaded and
unloaded teeth could be explained by modelling of the
pig’s mandible due to growth.

The presence of more cracks buccally on the treated
side than on the untreated side might indicate that the
orthodontic load induced the formation of more micro-
damage than that produced by physiological loading
alone. Although the presence of bone resorption was
not quantified, microcracks (but not diffuse damage)
were observed in connection with scalloped surfaces
(Figure 4). This is consistent with previous observations
of the activation of remodelling in the proximity of
microdamage (Burr et al., 1985) and with the targeted
activation of remodelling (Lee et al., 2002; Burr, 2002).

Diffuse damage, both on the treated and untreated
sides, was also observed (Figure 5). Some authors have
related the presence of various types of microdamage to
different types of mechanical load, relating tensile
strains to diffuse microdamage and compressive strain
to linear microcracks (Boyce et al., 1998; Reilly and
Currey, 1999). A different distribution pattern of micro-
damage was also observed according to the mechanical
load. In the direction of the force, where the PDL was
compressed and the alveolar bone bent, more micro-
cracks than diffuse damage were observed. On the other
hand, on the lingual side, where the periodontal fibres
were stretched and the alveolar bone was in tension,
more diffuse damage was observed.

Quantitative analysis of crack density revealed an
extreme variability in crack density distribution of the
different sides, sites and treatment groups (Table 1).
This could reflect the fact that the presence of the 
PDL fibres often made the assessment of the sections
particularly difficult. However, the error of the method
did not reveal any systematic error. The density of
microcracks at day 1 was significantly larger on the
buccal treated side than on all other sides. The crack
density on the treated side then decreased progressively.
The latter finding is particularly clear observing the
upper quartile values (Table 1). In the following days,

BONE MICRODAMAGE AND ORTHODONTIC TOOTH MOVEMENT 465

Figure 7 Finite element model demonstrating the distribution of
the strains in the alveolar bone on the treated side. Note the higher
strain values on the buccal side compared with the lingual side.

Figure 8 A high-resolution µCT scan of the mesial root of the first
lower molar of a pig. Note the trabecular-like surface of the lamina
dura (A, B, C). The substraction of hard tissue reveals the fine
network of soft tissue penetrating the alveolar bone (D, E).



however, paired data analysis did not show any signifi-
cant difference. This could be explained by the fact that
the remodelling process that could remove the cracks
had started. Osteoclastic activity usually takes place
after the first 2–3 days of force application (Roberts
et al., 1981). It has to be underlined that, although
cellular activation starts within the first 48 hours after
force application in the case of direct resorption, it is
improbable that this would be mirrored in a decreased
number of cracks, which will need time to disappear.
The presence of cracks is a sign of activation of the
remodelling cycle, which is assumed to occur over 3 days
in humans. At present, no data are available specifically
related to the timing of activation of alveolar bone
remodelling in pigs loaded by orthodontic forces.
Timing varies between species and the availability of
cell types associated with the PDL may cause events to
be speeded up. It has recently been reported that cracks
are removed by becoming filled with calcified matrix,
but no time scale is given (Boyde, 2003). As shown in
Table 1, the variability in crack density between animals
was high. This might contribute to the explanation of
the lack of statistically significant results after day 1, as
an increased crack density on the untreated buccal side
recorded in one animal was observed although no
difference in crack density in the buccal untreated side
between days was found.

The FE model showed, in the direction of the force,
bone strains of a magnitude of approximately 40 µstrain
(Figure 7), which is in the range defined by the
mechanostat theory of Frost, ‘the disuse window’, where
bone resorption due to disuse starts (Frost, 1994). This
is apparently in disagreement with the present results,
where more microcracks were found in the direction of
the force, the so-called ‘compression zone’. However, it
should be noted that the FE model used in this study
takes only orthodontic loading into consideration. The
actual total strains in the alveolar bone will be higher
due to functional loading. Furthermore, in the FE model,
the alveolar wall was assumed to have a continuous
smooth surface. However, as shown in the micro-
tomography 3D reconstruction, the internal wall of the
alveolus is a rather rough surface with tiny spiculae
extending into the PDL (Figure 8). The bone surfaces
that will be exposed to the change in load would thus be
the edge of these spiculae and it is likely that the
concentration of the load over such small surfaces will
lead to the development of microcracks. By including
the non-uniform structure of the alveolar wall in a
further FE analysis based on high-resolution µCT scans,
this hypothesis could be corroborated.

Conclusions

The localization of microcracks on the side towards
which the tooth is moved, where bone resorption is

usually observed, may represent the first damage induced
by the orthodontic loading that has to be repaired.
Regarding damage repair, it has recently been sug-
gested that bone remodelling induced by microcracks
could be an inflammatory repair response (Martin,
2003). The tissue reaction to orthodontic loading is an
inflammatory-like response, as orthodontic tooth move-
ment can be modulated by the use of inflammation
mediators or anti-inflammatory drugs (Yamasaki et al.,
1984; Kehoe et al., 1996). It could therefore be deduced
that the mechanical perturbation induced by the
orthodontic loading would generate microdamage,
thereby producing an inflammatory repair response.
Microcracks could thus play a role in the initiation of
bone remodelling after orthodontic loading. To corro-
borate this hypothesis, quantification of resorption sites
would be needed. As microcracks have been associated
with osteocyte apoptosis (Verborgt et al., 2000; Noble,
2003) and apoptosis has been observed in rats during
experimental tooth movement (Hamaya et al., 2002),
analysis of the osteocytes in the same areas could be the
next step in supporting this preliminary hypothesis.
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