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Objectives — To study the alveolar support structures using
synchrotron radiation (SR)-based microtomography with
particular focus on the alveolar surface.

Design — High-resolution microtomography of jaw segments of
various species and subsequent three-dimensional (3D)
reconstruction.

Setting and Sample Population — Microtomography was
performed at the DORIS-ring of the synchrotron facility of
HASYLAB/DESY in Hamburg, Germany. The samples
consisted of human, simian and porcine jaw segments.
Results — \With SR being monochromatic, no beam-hardening
artifacts could occur and the grey values in the scans were
therefore directly related to the local tissue densities. Apart from
the mineralized tissues, the beam energy was low enough to
allow for the visualization of soft tissues like the fibers of the
periodontal ligament (PDL) and blood vessels. 3D
reconstructions of the alveolar bone showed that it can be rough
and sharply edged. Furthermore, an intricate network of marrow
cavities and blood vessels penetrates its surface. Differences in
the local grey value distribution in the alveolar bone pointed to
remodeling activity in the close vicinity of the PDL.

Conclusion — The assumption that the alveolar bone surface is
smooth and continuous is not correct. This means that even
small orthodontic loads can already give rise to high local
stresses and strains in the bone and thus initiate remodeling
processes.
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Introduction

In recent years, new radiographic imaging techniques
have become available to the orthodontic community
(1). Dental tomography, which was initially the exclu-
sive playground of implantology and maxillofacial
surgery, has gradually found its way to orthodontics
and promises to have a great potential for diagnosis (2),
examination (3) and treatment planning (4). Microto-
mography is another imaging modality which has re-
cently been discovered for the orthodontic field. Verna
and coworkers used microtomography to determine
the type of tooth movement in a rat model (5,6), while
the same group used 3D reconstructions of micro-CT
scans to support their experimental findings of micro-
cracks in porcine alveolar bone following orthodontic
treatment (7). Microtomography has also been used to
study bone reactions around implants used as ortho-
dontic anchorage (8,9). Finally, it is also being used as a
means to provide accurate geometrical data as input
for finite element models of teeth and their supporting
tissues (10,11).

In contrast to dental tomography, microtomography
cannot be used on patients. Due to the limited size of the
samples (the first medical microtomography systems
were developed to examine trabecular bone biopsies),
only excised samples of dental tissue can be scanned.
However, as the samples due to their small size can come
very close to the detector, the resolution for microto-
mography is typically in the range from 10 to 30 um.
Using synchrotron radiation (SR) as the X-ray source,
this resolution can be brought even further down to the
1 ym range and below (12). Another advantage of using
SR is its high brilliance. Even after monochromatizing
the incident white beam there is enough intensity left to
penetrate the sample. Radiation from a conventional X-
ray source causes beam hardening, which means that
the radiation from the low energy part of the spectrum
becomes relatively more absorbed in the tissue then the
radiation from high energy part. This makes that the grey
values in the reconstructed images do not necessarily
reflect the actual local attenuation coefficients of the
tissue, which is usually expressed by the inner part of
large slabs of tissue tending to become darker than it
actually should be. As the incident beam is monochro-
matic for a synchrotron X-ray source the beam harden-
ing effect does not occur, which means that the grey
values are a direct reflection of the local attenuation
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coefficient, and thereby of the local density. The overall
feature of SR-based microtomography is the excellent
image quality of the 3D reconstructions though. Seeing
meso- and microscopical anatomical features in three
dimensions provides insights in their shape and func-
tionality, which cannot be obtained from conventional
2D histology.

Having first used SR-based microtomography to
study the osteonal organization in cortical bone, the
authors have shown that it is possible to visualize and
quantify the non-mineralized structures in bone like
the network of haversian canals and the osteocyte
lacunae (13). Consequently, a question came up whe-
ther something similar could be done for teeth and
their alveolar support tissues, like the periodontal
ligament (PDL). From an orthodontic point of view, this
could perhaps provide answers as to why at present
there seems to be a trend in clinical practice towards
the use of lower forces necessary to move teeth (14). In
order to fully comprehend the mechanics of the load
transfer from teeth to the surrounding alveolar tissues
during orthodontic treatment, it is important to know
both shape and size of the tissues involved, as well as
their material properties. It is common practice to
estimate the pressure exerted onto the alveolar bone
due to an orthodontic loading regime by dividing the
applied force by an average value of the surface area of
the alveolus of the considered tooth. The fact that in
doing so, one inherently assumes the alveolus to be
smooth and continuous is often forgotten though. The
validity of this assumption is therefore scrutinized in
this study, by performing ultrahigh-resolution micro-
CT scans of the alveolar support tissues. In a broader
sense, it was the aim of this study to examine whether
SR-based microtomography can provide new insights
into our present understanding of the structure and
function of alveolar support tissues.

Materials and method

Various samples of the root/PDL/alveolar bone complex
from human, simian and porcine origin were available
for this study. The human sample was a segment of the
mandible with the canine, two pre-molars and the first
molar from a 19-year-old male donor obtained at aut-
opsy. Five simian samples consisted of maxillary and
mandibular segments, all containing a part of the canine,



a dental implant in the premolar region and the first
molar from 6 to 7-year-old macaca fascicularis monkeys.
The implants had been orthodontically loaded using
either the canine or the first molar as anchorage to study
the load transfer and tissue reaction of the surrounding
bone (15). The porcine sample consisted of a single
mandibular molar with the surrounding bone from a 3-
month-old Danish landrace pig. This sample originated
from an animal, which had been part of a study in which
the presence of microcracks in the alveolar bone after
orthodontic treatment was examined (7).

Before the scanning procedure, all samples had been
fixated in 70% alcohol after excision. Subsequently, they
were dehydrated in 96 and 99% alcohol and finally in an
equal solution of 99% alcohol and acetone for 4 days
each, after which they were embedded in methylmeta-
crylate. For this purpose, the human and simian samples
had had the upper part of the crowns removed to keep
the volume to be embedded to a minimum. It should be
noted here that this particular specimen preparation
procedure was performed to be able to cut histological
slices of the samples after the microtomography scan-
ning would have been finished and as such was not a
prerequisite for the scanning itself.

The samples were scanned with a SR-based micro-
tomograph operating in absorption mode (12). The
experiments were conducted at the wiggler beamlines
BW2 and W2 of the DORIS IlI-ring at HASYLAB/DESY
in Hamburg, Germany. The two beamlines differ from
one another with regard to the photon energy range
(BW2: 8-24 keV; W2: 20-60 keV), beam size (BW2:
10 x 3.5 mm?; W2: 15 x 4 mm?) and best obtainable
spatial resolution (BW2: 2 ym; W2: 3 um). A double
crystal Si(111) monochromator was used to mono-
chromatize the incident white beam. After entering the
X-ray detector, the monochromatic beam was conver-
ted by a fluorescent screen (CdWO,, 500 um thick) into
visible light, which was then projected on the CCD
camera (Apogee KX2, Kodak KAF 1600, 1536 x 1024
pixels, pixel length 9 ym Apogee Instruments Inc.,
Roseville, CA, USA) (Fig. 1).

The porcine sample was scanned at beamline BW2 at
a photon energy of 24 keV and a pixel size of 3.8 ym.
The sample holder rotated from 0 to 180° in steps of
0.25°, whereby the rotation centre was located in the
middle of the CCD readout area. Being significantly
larger, the human and simian samples were scanned at
beamline W2, which allows for higher photon energies.
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Fig. 1. Schematic overview of the scanning set-up.

The human sample was scanned there at a photon
energy of 45 keV; the simian samples even slightly
higher at 50 keV, due to the presence of the dental
implant. For the human and simian samples, the pixel
size was 16.4 ym. As the width of these samples
exceeded the readout area of the CCD camera by al-
most a factor 2, the sample holder in these cases had to
rotate from —180 to 180° in steps of 0.25° to acquire the
full image, this time with the rotation centre located to
the side of the CCD readout area. The two by 180°
shifted projection images were finally digitally com-
bined into a complete projection image of almost the
double CCD width.

The single-slice reconstructions were calculated from
the raw data (sinograms) with a filtered back-projection
algorithm using IDL software (Research Systems Inc.,
Boulder, CO, USA). These images were then subse-
quently stacked to create a three-dimensional (3D)
voxel data set. Due to the limited size of the beam, the
long samples had to be scanned at different, slightly
overlapping heights. Afterwards the data sets of the
individual heights were then merged to create the data
sets of the entire samples using special 3D visualization
software (VG Studio, Volume Graphics GmbH, Heidel-
berg, Germany).

Results
Human sample

Transverse sections through the mandible revealed that
the alveolar bone proper was quite thin. Especially, in
the apical region the lamina dura was not much thicker
than the PDL (Fig. 2). Perforations of the socket ap-
peared to be most frequent in the cervical region. The
circumferential organization of the haversian network
in the outer wall of the mandible was clearly visible
(Fig. 3).
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Fig. 2. View through the 3D reconstruction of the entire segment of a
human mandible with three transverse single-slice images. Note the
decreasing density of the alveolar bone going from cervical to apical
level of the roots.

The longitudinal cuts through the 3D reconstruction
showed how the sockets appeared to be only sparsely
suspended by a few trabeculae. In the mesiodistal as-
pect, it could clearly be observed that this degree of
support decreased steadily from cervical towards apical
level. Moreover, in the buccolingual aspect the support
of the alveolar bone proper was inhomogeneous due to
the immediate presence of the buccal mandibular
cortex (Fig. 4).

Simian samples

The alveolar tissues in the simian samples had been
exposed to severe biological interference due to the

Fig. 3. Five views of the buccal quarter of the second premolar with
its surrounding bone. Distal view on the left; lingual view in the
middle and mesial view on the right with the respective quarter views
in between.
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Fig. 4. Mesiodistal (left) and buccolingual (right) views of the alveolus
of the canine. Note the uneven thickness of the alveolar bone proper
and the sparse trabecular support.

placement of the dental implant and its subsequent
exposure to the orthodontic loading regime. As a result
ample evidence of the tissue reactions was encoun-
tered: new bone formation occurred in the bucco-api-
cal and bifurcation regions of the alveolus of the
premolar (Fig. 5) and areas of severe root resorption
were observed on the canine (Figs 5 and 6).

Fig. 5. Buccolingual view through the 3D reconstruction of the seg-
ment of one of the simian maxilla at the level of the first premolar
(left). False-coloring is used to visualize the non-mineralized tissues
and structures, like the root canals, PDL and bone marrow (right).
Note the areas of new bone formation around the apex of the buccal
root and at the bifurcation.

Fig. 6. Close-up view of the extensive amount of root resorption

taking place on the distal surface of the large root of the canine.



Porcine sample

Due to the higher resolution, the amount of detail in
the porcine sample was much larger than for the hu-
man and simian samples. The alveolar bone surface
was very rough and although the trabecular bone was
very dense, no lamina dura was evident (Fig. 7). On the
side of the root, the interface between dentine and
cementum was clearly visible due to the higher porosity
and slightly lower degree of mineralization of the latter.
By using false-coloring features within the non-min-
eralized phase could be enhanced. By digitally remov-
ing the mineralized tissues, an image could be formed
of the marrow space, blood vessels and the PDL
(Fig. 8). On the root/PDL interface the Sharpey’s fibers
could be seen to extend radially from the PDL into the
cementum layer. The PDL/bone interface had a more
open character where a myriad of blood vessels crossed
between bone marrow and PDL. Inside the PDL itself,
the radial orientation of the ligament fibers could also
be distinguished.

Discussion

Different examples of the tooth/PDL/alveolar bone
complex from various species (human, simian and
porcine) have been scanned using ultrahigh-resolution
SR-based microtomography. The material was collec-
ted piecewise from other studies at the Department of
Orthodontics, University of Aarhus, Denmark. For the
actual selection of this material a balance had to be
struck between having a broad range of samples to
visualize and examine different anatomical features of
the alveolar support tissues on the one hand, and the
limited amount of beam time to perform the scannings

Fig. 7. The mineralized tissues in 3D reconstructions of the entire
porcine sample (left) and of a longitudinal section through the
alveolus (right). Note the absence of a clear lamina dura.
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Fig. 8. 3D reconstruction of the mineralized and soft tissues in a
section of the porcine sample. Note the use of false-coloring to en-
hance the low-density structures; green for the bone marrow and the
fibers of the PDL; red for the blood vessels and interstitial tissue.

at the SR facility on the other. As such this study ex-
plores the use of SR-based microtomography as a new
imaging method in the dental/orthodontic field. Due to
the small sample size, no individual variations could be
taken into account.

The SR-based microtomography images of the jaw
segments presented in this study give rise to a new
appraisal of the structure and architecture of the
alveolar support tissues. The combination of ultrahigh
resolution and the monochromatic radiation yield an
image quality, which cannot be rivaled with conven-
tional microtomography (8). The picture of the anat-
omy of the alveolar support tissues that most dentists
have in their mind is based on conventional histologi-
cal slices and/or anatomical drawings. It can, however,
be difficult to mentally extrapolate these 2D images to
the third dimension.

Being confronted with the delicate shape of alveolar
sockets in the human segment and their sparse trabe-
cular support makes one suddenly realize that not
much loading of the teeth would be necessary to start
deforming the alveolar bone noticeably. In the ortho-
dontic field, there is an on-going tendency towards the
use of smaller loads to move teeth. There is experi-
mental and clinical evidence that teeth can already be
moved with forces as low as 10 cN (16-18). Looking at
the bony surfaces of the alveoli in the various samples,
it is not exactly smooth and continuous. Unlike the
outer surface of the root, the surface of the alveolar
bone is rough and uneven. An extreme case is
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presented by the porcine alveolus, where radially ori-
entated bony spiculae point toward the root. This is not
the case for the human and simian samples, yet these
display various degrees of porosity of the lamina dura.
This means that the internal stresses in the alveolar
bone due to orthodontic loading are not just deter-
mined by dividing the orthodontic load by the cross-
sectional surface area of the alveolus. As the actual
cross-sectional surface area is reduced due to this
porosity, the real stress levels will consequently be
higher. This means that even small orthodontic loads
could already give rise to high local stresses and strains
in the bone and thus initiate remodeling processes.

The inhomogeneous and asymmetric nature of the
alveolus and its bony support has also consequences
for the exact location of the center of resistance (CR) of
the tooth. In the past, holographic analyses have re-
vealed discrepancies between experimental and the-
oretical locations of the CR along the longitudinal axis
of the root (19), which can be attributed to this non-
uniform alveolar support. However, the asymmetric
alveolar support in the buccolingual direction with the
thick outer cortex on the buccal side directly next to the
PDL and the considerably looser trabecular support on
the lingual side must also lead to a deviation from the
longitudinal axis of the root in this aspect. The exact
location, which apart from the anatomical geometry is
also dependent on the non-linear material behavior of
the PDL, can be determined using highly detailed finite
element models based on the microtomography data
(20).

Using false-coloring to visualize the non-mineralized
tissues has revealed that the PDL cannot be considered
as an isolated organ. The intricate network of blood
vessels cutting through the lamina dura and thus
forming connections between the PDL and the bone
marrow surrounding the socket is evidence for a close
biological and mechanical interaction between these
two tissues. Although it is still unknown, whether or-
thodontically induced bone remodeling is initiated by
mechanical stimuli inside the PDL or the alveolar bone
(21), the anatomical infrastructure is present for an
exchange of these stimuli between PDL and alveolar
bone.

The monochromatic radiation used for SR-based
microtomography makes that the grey values in the
reconstructed images are directly related to the local
degree of mineralization (13, 22-24). For the samples
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presented in this study, this not only meant that dif-
ferent mineralized tissues with various degrees of
mineralization (bone, dentine, cementum and enamel)
could be visually identified, but that areas of bone
formation, where the new bone is still less mineralized,
could be visualized as well. In the cortical walls of the
human and simian samples, this could be observed as
slightly darker osteons, while the simian and porcine
samples also presented new bone formation in the
form of less mineralized and more porous bone in the
close vicinity of the PDL. In the simian samples, this
probably occurred as the affected tooth (first pre-mo-
lar) was pushed against by the orthodontically loaded
canine, while in the porcine sample the bone formation
was rather part of the physiological growth of the ani-
mal as this particular tooth had not been subject to
orthodontic loading.

Conclusions

(1) Microtomography of alveolar support tissues pro-
vides new insights in and appreciation of their 3D
structure and architecture.

(2) The delicate network of alveolar bone supporting
the teeth can explain the rationale for the current
tendency towards the use of lower forces in ortho-
dontic treatment.

(3) The support of the alveolar bone is non-uniform,
which means that it can be anticipated that func-
tional and/or orthodontic load transfer from the
teeth to the surrounding bone is non-uniform too.

(4) The location of the center of resistance of a tooth
can only be determined approximately; its exact
position is influenced by the non-uniform load
transfer.
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