Journal of ANato my

J. Anat. (2010) 217, pp126-134 doi: 10.1111/j.1469-7580.2010.01250.x

Three-dimensional morphometry of strained bovine
periodontal ligament using synchrotron
radiation-based tomography

Marzio Bergomi,' Joél Cugnoni,’ H. W. Anselm Wiskott,? Philipp Schneider,® Marco Stampanoni,*
John Botsis' and Urs C. Belser®

'Laboratoire de mécanique appliquée et d’analyse de fiabilité, Ecole polytechnique fédérale de Lausanne (EPFL), Lausanne,
Switzerland

2Laboratory of Biomaterials, Faculty of Medicine, University of Geneva, Geneva, Switzerland

3Institute for Biomechanics, ETH Zurich, Ziirich, Switzerland

4Swiss Light Source, Paul Scherrer Institut (PSl), Villigen, Switzerland

>Division of Fixed Prosthodontics, Faculty of Medicine, University of Geneva, Geneva, Switzerland

Abstract

The periodontal ligament (PDL) is a highly vascularized soft connective tissue. Previous studies suggest that the
viscous component of the mechanical response may be explained by the deformation-induced collapse and
expansion of internal voids (i.e. chiefly blood vessels) interacting with liquids (i.e. blood and interstitial fluids)
flowing through the pores. In the present work we propose a methodology by means of which the morphology
of the PDL vascular plexus can be monitored at different levels of compressive and tensile strains. To this end,
4-mm-diameter cylindrical specimens, comprising layers of bone, PDL and dentin covered by cementum, were
strained at stretch ratios ranging from 1 =10.6 to A= 1.4 and scanned using synchrotron radiation-based com-
puter tomography. It was concluded that: (1) the PDL vascular network is layered in two distinct planes of
blood vessels (BVs): an inner layer (close to the tooth), in which the BVs run in apico-coronal direction, and an
outer layer (close to the alveolar bone), in which the BVs distribution is more diffuse; (2) during tension and
compression, the porosity tissue is kept fairly constant; (3) mechanical straining induces important changes in
BV diameters, possibly modifying the permeability of the PDL and thus contributing to the viscous component
of the viscoelastic response observed under compressive forces.

Key words three-dimensional vascular network; morphology; periodontal ligament; synchrotron radiation-based
tomography.

menting tooth mobility or by causing the teeth to drift
within the supporting bone (Hohlt & Roberts, 1994).

The tissue structure is complex and comprises both a solid
and a liquid compartment sandwiched between two hard

Introduction

The present study is part of a research line addressing the
mechanical response of the periodontal ligament (PDL). This

specialized connective tissue interfaces the roots of the
teeth with the supporting bone of the jaw (Ramfjord &
Ash, 1979). Its primary function is to stabilize the teeth in
their sockets and to serve as shock absorber during mastica-
tion. On a more subtle level, the PDL generates the eruptive
forces of the teeth, provides afferent input during function
(Beertsen et al. 1997) and reacts to external loads by aug-
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surfaces (tooth and bone). Compared to other ligaments,
the PDL is highly vascularized - the blood vessels (BV) occu-
pying 4-47% of the tissue volume (Blaushild et al. 1992;
Sims et al. 1996). Biomechanically this translates into a con-
ceptual framework consisting of a biphasic medium made
of a porous matrix (fibers and ground substance) and a fluid
filling the pores, that is, the blood vessels and interstitial
voids (Bergomi et al. 2009b, 2010). In a few studies, this tis-
sue was indeed visualized and modeled as a mixture of solid
and fluid phases (van Driel et al. 2000; Natali et al. 2002).
Formerly published models of the mechanical behavior of
soft tissues within poroelastic frameworks, such as interver-
tebral disks (Argoubi & Shirazi-Adl, 1996; Williams et al.
2007) or cartilage (Mansour & Mow, 1976; Mow et al.
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1980), suggested that the tissue permeability was a function
of the applied strain — a contention which might be justi-
fied when considering the collapse of the porous network
upon mechanical loading.

Most studies on the three-dimensional morphology of
the PDL vascular network were based on the corrosion cast
technique using equine (Staszyk & Gasse, 2005; Masset et al.
2006a,b), rat (Tsukada et al. 2000) or canine (Matsuo &
Takahashi, 2002) tissue samples. The plexus was first ‘frozen’
by injecting self-polymerizing resin into the BVs. Then the
soft tissue compartment was digested, leaving the vascular
network down to single capillaries clearly visible. This tech-
nique provided high quality scanning electron microscopy
images but, evidently, did not allow a monitoring of the BV
network under functional loading.

The objective of the present study, therefore, was to
investigate the micro-structural changes of the PDL under
mechanical loading. More specifically, the aim was to
develop an experimental methodology aimed at assessing
the changes in BV volume and morphology during exter-
nally applied load.

Materials and methods

Principle of experiment

Five PDL samples (hereafter referred to as ‘S1 to S5') were
scanned with high-resolution synchrotron radiation-based
tomography. Projection images were obtained by X-ray absorp-
tion techniques. To investigate the changes in PDL morphology
during deformation, each sample was imaged at nine different
states of strain [one control (no strain), four states of increasing
compression and four of increasing tension]. The reconstructed
images were then segmented to assess the respective volumes
of the different tissue components.

Specimen preparation

Cylindrical specimens were extracted from bovine mandibular
first molars. To this effect, previously described procedures were
followed (Bergomi et al. 2009a). Briefly, blocks including first
molar teeth and their surrounding bone were isolated from the
mandibles of 3-6-year-old, freshly slaughtered bovines. The clin-
ical crowns were sectioned and the orientation of the roots
inside the bone was determined by inserting 0.5 mm steel wires
into the pulp canals. Then a 4 mm (inner diameter) diamond-
coated trephine drill aimed at the wires was used to extract
cylindrical samples comprising layers of bone, PDL and dentin
covered by cementum. For each block, specimens were obtained
from 12 possible locations (distal ‘d’, mesial ‘m’, lingual ‘I' or
buccal ‘b’ aspect of the distal ‘d’ or mesial ‘m’ root, and at the
coronal ‘I' or apical ‘' vertical levels). Only samples whose PDL
layer was oriented perpendicular to the long axis of the cylinder
were deemed acceptable and stored in hermetic vials at —21 °C.
All cutting procedures were conducted under profuse irrigation
with saline (9 g L™ NaCl). During transfer to the tomographic
microscope facilities, the vials were placed in a container refrig-
erated to —5°C. Several specimens were analyzed with the
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device. Due to a variety of causes (gripping failure, X-ray beam
instability, faulty stretching), only five specimens were usable
for analysis.

The specifics of each sample, that is, its origin (animal A, ani-
mal B), side of the jaw (left, right), the mesiodistal and buccolin-
gual location and the level (coronal, apical) of the extraction
site are listed in Table 1 and indicated in the diagram illustrat-
ing a transverse section of the mesial and distal roots of the
bovine first molar.

On the day of testing, the specimens were thawed to room
temperature and their mineralized ends (cementum-dentin and
bone) were secured to stainless steel holders (Fig. 1) with dental
composite cement (Panavia F2.0, Kuraray, Japan). When the
cement was fully polymerized (after 3 min), the specimens were
mounted in a custom-made tensile-compressive testing device
and placed on the rotary table of the tomographic microscope.
The PDL tissue was kept moist at all times using an eyedropper
and saline.

Testing device

Three-dimensional images of PDL tissue at different strain levels
were generated using the beamline for tomographic microscopy
and coherent radiology experiments (TOMCAT) at the Swiss
Light Source (SLS), Paul Scherrer Institut, Villigen, Switzerland
(Stampanoni et al. 2007). To strain the samples while loaded in
the TOMCAT, a micro-compressive device (MCD) for dynamic
image-guided failure assessment (DIGFA), originally built at the

Table 1 Locations of extraction sites for the five specimens. Animal
(A or B), side of the jaw (left L or right R), location around the tooth
(distal d, mesial m, lingual / or buccal b aspect of the distal d or
mesial m root) and depth level (coronal | or apical Il). The locations are
also indicated in the diagram.

Specimen Animal Side Location Level Diagram

Mesial
s1 A R db I %
s2 A R mm | mesial root
S3 A R mm 1l Lingual| — — — = -{ — — Buccal
S4 B R db I oi| distal root
S5 B L dl I .

Distal

Base - Upper holder
o

/
W

Lower holder ™ | ]
Specimen _§_——=

.—-"""f

\

Bonding jig

Fig. 1 Bonding of the specimen onto the upper and lower holders.
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Institute for Biomechanics, ETH Zurich, Zurich, Switzerland
(Meier et al. 2008), was adapted for PDL samples. The MCD was
initially designed for compression tests on hard tissues and was
modified for the present study to allow both tensile and com-
pressive tests on soft tissue samples. To this end, dedicated spec-
imen holders were designed (parts 2 and 4 in Fig. 2A) and a
new gripping mechanism was fabricated (part 1 in Fig. 2A).
Both were included in the MCD. After the samples were adhe-
sively fastened to the holders on the bonding jig (Fig. 1), the
inner carbon fiber (CF) reinforced plastic tube (part 3 in Fig. 2A)
was fitted over the specimen-holder assemblage. This CF plastic
tube functioned both as an in situ glide bearing and as a con-
tainer for the isotonic salt solution so that the moisture of the
sample was maintained during the experiment. The clip (part 1
in Fig. 2A) was screw-fastened to the bottom of the load cell,
which was mounted in series with the displacement-controlled
motor of the MCD. The base-specimen assembly (parts 2 to 5 in
Fig. 2A) was affixed to the rotary table of the TOMCAT. The
combined motor assembly, load cell and clip were aligned on
the specimen holder via the outer CF plastic tube (Fig. 2A). Cou-
pling was obtained by lowering the clip onto the upper holder.
The clipping procedure required a compressive force of about
18 N and was controlled by observing the real-time X-ray
images of the clip and holder assemblage and by monitoring
the output readings of the load cell.

Mechanical loading

Zero state

The clipping procedure caused some compression of the PDL tis-
sue. Therefore, prior to starting the experiment, the original
(i.e. the zero state), non-compressed configuration of the speci-
men had to be re-established. For this purpose, a technique
described by Sanctuary et al. (2005) was applied. It consisted in
loading the samples in tension and in compression until a force
of +10 N, respectively —10 N, was registered on the load cell.
The ‘zero state’ was set as the midpoint between the displace-

Cli

)4)

CF tube

Specimen

E Lower holder

Base

Fig. 2 Design (A) and 3D view (B) of the new tension-compression
system fitted into the micro-compressive device (MCD) for dynamic
image-guided failure assessments (DIGFA) (Meier et al. 2008). The clip
is connected to the load cell of the MCD. Coupling is achieved by a
controlled thrust of the clip onto the upper holder.

Fig. 3 The average width (wg) of the PDL space was assessed from
X-ray image projections. (wg) was averaged from five equally
distributed measurements (indicated by dotted lines) of the gap
separating the bone and the tooth surfaces.

ments at +10 N and at —10 N. Then, the mean width (wp) of the
PDL space as assessed from X-ray projections (Fig. 3) was aver-
aged from five equally distributed measurements of the gap
separating the bone and the tooth surfaces.

Load profile
After the zero position was established, the specimens were pre-
conditioned for 40 cycles with tensile-compressive displacement
ramps at an amplitude of 0.25:(wp) and at a frequency of
1.0 Hz. Preconditioning expelled the air bubbles and debris
included during extraction of the specimens (Bergomi et al.
2009b) (for a video recording of the preconditioning process,
view http://Imaf.epfl.ch/attributs/Video/VideoPDL.wmv).

The stretch ratio A(t) was defined as A(t) = %, where d(t)
was taken as the displacement imposed by the MCD. /(t) was
incremented from 1 =0.6 to 2 = 1.4, in steps of 0.1.

Synchrotron radiation-based computed tomography

The TOMCAT synchrotron radiation-based computed tomogra-
phy scans (SRCT) were obtained at 20 keV and a nominal resolu-
tion of 3.7 um. The samples were first compressed to .= 0.6,
and then rotated over 180° in steps of 0.18°. Images were
recorded with an exposure time of 140 ms at each of the 1001
individual steps. After measurement, the stretch ratio was auto-
matically incremented to the next level (i.e. 2 =0.7). Before a
new series of images was taken, the samples were allowed to
relax for 4 min. The automatic procedure was repeated until 1
reached 1.4. The entire process, including all stretching steps,
image acquisition and relaxation, lasted 1 h and 20 min per
specimen. Considering thawing (20 min), cementing (10 min)
and mounting into the testing machine (5 min), each specimen
was tested within 2 h. Reconstructed images (Fig. 4;
2048 x 2048 pixels) were obtained by applying standard filtered
backprojection to the projection images (Fig. 3; 2048 x 813 pix-
els), so that 813 slices were obtained per sample and stretch
ratio level.

Data analysis

The variability in size (diameter) and density (BV surface per PDL
unit area) of PDL blood vessels is quite high and depends on
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Fig. 4 Typical reconstructed slice of PDL tissue. Portions of dentin
(light gray), BV (dark gray) and PDL matrix (gray) are visible. The
image was obtained using SR CT at 20 keV and at a nominal
resolution of 3.7 um.

the animal and the site of specimen extraction (Bosshardt et al.
2008). As a consequence, any differences expressed in terms of
mean BV volumes as computed by averaging the data obtained
from several specimens tested at different levels of straining
would be blurred by large standard deviations. Therefore,
rather than inter-specimen comparisons, the present study was
conducted using intra-specimen analyses (Bergomi et al. 2009b).
Each specimen was subjected to the range of stretch ratios and
the morphology of the vascular network was determined at
each state of deformation. This information was then compared
with the structural arrangements obtained at other stretch
ratios within the same specimen. Pertinent data could thus be
generated from a comparatively small population of samples.

Segmentation

The reconstructed images (Fig. 4) were segmented using the
open source software imksnap (http://www.itksnap.org), which
was customized for semi-automatic analysis. Image post-process-
ing consisted in selecting a volume of interest (VOI), that is, a
box containing bone, PDL and tooth, and in a downscaling of
20% (i.e. resulting in a voxel size of 18.5x18.5x3.7
um = 1266.3 um3). A curvature diffusion filter (number of itera-
tions = 5, time step = 0.0625, conductance = 3) was then applied
to the VOI. Due to the fuzziness of the borderline separating

m Tooth @ Bone A Blood vessels ¥ Matrix
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the external milieu (i.e. the saline solution) from the PDL tissue
(essentially due to reconstruction artifacts), the largest cylinder
that was fully inscribed within the boundaries of the hard tis-
sues was selected for analysis. The final segmentation was gen-
erated using threshold region growing, hand painting and hole
filling techniques. Gray level ranges corresponding to the differ-
ent structures (i.e. bone, tooth, BV and PDL matrix) were deter-
mined on the reconstructed images (Fig.4). As the
segmentation tools (i.e. thresholding and hand painting) were
operator-dependent, it was of importance to evaluate the
method error. To determine the variability introduced by the
process, the procedure was performed four times on one single
state of deformation for all five samples.

Quantitative morphology

For each strain level, porosity was computed as the vascular vol-
ume divided by the total volume of the PDL (i.e. BV plus
matrix). To determine the lengths and diameters of the BVs, 3D
meshes were exported in st format. Measurements were con-
ducted using an open source st viewer (MiniMagics, www.
materialise.com). The length of a blood vessel was taken as the
sum of the linear segments of its axis. Spacing was taken as the
average distance separating the axis of one BV from the axis of
the nearby vessels. Branching was taken as any separations of a
BV in two ‘subvessels’. The angles of the branches were also
measured. Having determined the total length and the total
volume of the PDL tissue, the mean linear density (total BV
length/volume of PDL) and the mean diameter of the vessels
could be computed. Connectivity was defined as the mean dis-
tance between branchings. It was calculated by dividing the
total length of the BV by the number of branchings. The BV
diameters were also measured on the 3D images.

Results

Mean values and standard deviations of the gray level
intensities used to identify each tissue (i.e. bone, tooth,
blood vessels and PDL matrix) are reported in Fig. 5A for
each specimen (S1 to S5). Figure 5B shows a typical three-
dimensional image obtained after segmentation.

The top layer of Fig. 5B is the alveolar bone (green), the
dense layer at the bottom (red) is the cementum-dentin
and the intermediary mesh in blue is the vascular network.
Table 2 lists the means and standard deviations (SD) of the
number of voxels obtained during the segmentation proce-
dure of the BV network. The percent variability (i.e.
SD/mean*100) introduced by the operator does not exceed

P

=Dt

o
Il

A 250

> 200 E g

£ hd

5

€ 150+

2

2 1004 T v
Fig. 5 Gray levels (A) of the different tissues &>f % D
of the five specimens. 3D visualization (B) of O 504
sample S2: green, bone; red, tooth; blue, bv; 0
cyan, matrix (not shown in B). St S2
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Table 2 Variability of the segmentation process due to the use of
operator-dependent tools.

BV (voxels) Variability
Specimen mean = SD (%SD)
S1 5679 + 48 0.84
S2 7559 + 202 2.68
S3 10608 + 187 1.76
sS4 900 = 6 0.66
S5 5416 + 293 5.40

5.4% (for sample S5, which also presented the most com-
plex vascular pattern, see Table 2 and Fig. 6l,J).

Descriptive morphology

Tooth and bone structures
Dentin and cementum (red) were dense, with occasional
soft tissue inclusions. Their boundary with the PDL was

quite smooth. The alveolar bone (green) was porous, often
showing perforations through which blood vessels entered
the PDL. The PDL-bone boundary was ragged, indicating a
high level of bone remodeling.

Vascular plexus of the PDL

When viewed in three dimensions, the vascular network
comprised two distinct layers of blood vessels. To assist in
differentiating the layers, the uniform blue color used in
Fig. 5B was turned into light green or orange (Fig. 6):

e The outer layer (close to the bone side - light green)
was mostly unstructured. The three-dimensional
arrangement of the vessels presented no preferential
orientation. The BV diameters were highly variable,
ranging from capillary-sized to large, reservoir-like struc-
tures.

e The inner layer (close to the tooth - orange) was
arranged in a well-structured pattern, with regularly
spaced, unidirectionally oriented BVs. These BVs were
typically arranged in planes. When compared to the

Fig. 6 Bone-side (A,C,E,G,l) and tooth-side (B,D,F,H,J) views of the vascular network of specimens S1-S5. Whereas no general configuration could
be evidenced for the outer layer (bone-side, in light green), the inner layer (tooth-side, in orange) presented a well-oriented BV network.
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outer layer BVs, their diameters were small to medium
in size.

The two layers were linked by small to medium-sized
blood vessels. These connections were roughly perpendicu-
lar to the tooth surface. Figure 6 shows the bone-side view
(A,C,E,G,l) and the tooth-side view (B,D,F,H,J) of the vascular
network of all five specimens in the unstrained state. This
pattern was observed in four of the five samples (the inner
network of sample S5 was less structured than samples
S1-54).

Quantitative morphology

BV volume and porosity as a function of stretch ratio
Figure 7 shows a 2D segmented transverse section of speci-
men S2 at stretch ratio levels 4 = 0.6 (Fig. 7A), 2 = 1.0 (Fig.
7B) and 1 = 1.4 (Fig. 7Q), respectively. The arrow indicates
the same location of a BV in the three strained states. The
evolution of the wvascular volume (in voxels,
1vx = 1266.3 um3) of the five samples is shown in Fig. 8A.
Changes were more pronounced between the unstrained
(4 = 1.0) and the compressed (/. = 0.6) condition relative to
those observed between the unstrained and the taut
(A= 1.4) state. The evolution of porosity is reported in
Fig. 8B. The inter-specimen differences were high (the speci-
mens presented initial porosities of 15-32% (Fig. 8B, dotted
line). However, within single specimens the porosity
appeared as relatively constant over the selected strain
range.

3D morphometry of strained PDL, M. Bergomi et al. 131

Morphometric parameters of the PDL vascular plexus
The pattern of the inner vascular layer was well structured.
It was thus possible to calculate the lengths and spacings
between vessels, as well as the number and angles of their
branchings. The morphology of the outer vascular layer (i.e.
close to the bone) only just lent itself to the direct measure-
ments of lengths, spacings, number of connections or
angles. Still, an estimate of BV diameters could be obtained
from the 3D images. Linear densities were calculated by
dividing the volume of the BV outer network by the mean
cross-sectional area of the vessels. The values of these
parameters for the two vascular layers are shown in Table 3.
Figure 9 depicts the frequency distributions of BV diameters
of the outer and inner plexus as measured on the 3D
meshes. The mean values listed in Table 3 are shown by
dotted lines.

Discussion

Previous work on bovine PDL demonstrated marked inter-
specimen differences in both morphological and mechani-
cal characteristics (Shibata et al. 2006; Bergomi et al.
2009b). Indeed, the PDL widths, the orientation of collagen
fibers within the tissue, the bone-PDL-tooth boundary pro-
files, the sizes, positions and densities of the blood vessels
notably varied between specimens (Bosshardt et al. 2008),
thus precluding the depiction of an all-encompassing mor-
phological pattern for this tissue. This biovariability is essen-
tially caused by the ongoing remodeling of the bony

Fig. 7 Segmented transversal sections of specimen S2 in the compressed (A, 4 = 0.6), the unstrained (B, 2 = 1.0) and the taut (C, A = 1.4) states.

The arrow points at the same BV in the three configurations.
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Fig. 8 Evolution of BV volume (A) and porosity (B) as a function of stretch ratio for the five samples.
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Table 3 Morphometric description of the two-layered BV plexus. Spacing, connectivity and angle were not defined for the outer layer.

Linear density

Connectivity

Layer (mm mm~3) Diameter (um) Spacing (um) (mm per number) Angle (°)
Inner 9.6 +2.7 60 = 11 248 + 27 1.90 = 0.24 358 +9.3
Outer 12 5.9 126 = 35 - - -
A B 4 :
30
= < 20
=} =}
] Q
O (@)
10

0 T T
00 041 0.2 03 04 05 06 07 08

BV Diameter (mm)

0 T T T T T d
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

BV Diameter (mm)

Fig. 9 Frequency distributions for the outer (A) and inner (B) BV network. Dotted line: arithmetic mean.

structures and the rapid turnover of the soft tissue (van den
Bos & Tonino, 1984). These phenomena also induce impor-
tant disparities in the mechanical behavior of the specimens
(Bergomi et al. 2009a) and hamper a standard normative
interpretation of the data. Consequently, it was of impor-
tance to establish a protocol that permitted an observation
of the changes in PDL microstructure for each sample and
each level of straining. Clearly, classical histological sections
and corrosion cast techniques were not suitable for this pur-
pose. Magnetic resonance imaging (MRI) and computed
tomography (CT) are both suitable for a non-destructive
volumetric reconstruction of bulk specimens and were con-
sidered initially. Preliminary investigations, however, indi-
cated that interpretable information could not be obtained
from MRI techniques. Indeed, views generated using a 14.1
Tesla scanner (Centre d’'Imagerie BioMédicale, CIBM, EPFL,
Lausanne, Switzerland) could not adequately discriminate
between the structural components of the soft tissue. Also,
the maximal resolution of the images (40 ym) was insuffi-
cient. Synchrotron radiation-based tomography, which
allows for high-resolution, high-contrast and fast data
acquisition, thus appeared to be a proper alternative.

Experimental setup

The modified design of the gripping system of the MCD
allowed both tensile and compressive loading of soft tissue
specimens while mounted in the tomographic scanner. Dur-
ing clipping of the samples to the device, a compressive
load of approximately 18 N was applied to the 4 mm diam-
eter specimen, resulting in a stress of approximately
1.4 MPa. Previous studies (Bergomi et al. 2009a) established

that similar compressive stress levels did not induce notable
changes in the mechanical response of the specimens.

The setting of the zero origin via the integrated load cell
was essential whenever correspondence to previously
recorded mechanical data were to be established.

Collagen fibers and BV walls were at risk of damage dur-
ing freezing due to the formation of ice crystals. Crystal for-
mation can be prevented by adding propylene- and
ethylene glycol to the medium. This option might be con-
sidered in future tests.

Owing to the high data throughput provided by the
TOMCAT beamline, scanning time was kept within an
acceptable duration (< 2 h including thawing and cement-
ing of the specimens). Also, the specimens were immersed
in saline solution throughout the testing procedure, thus
ensuring that no or only minor tissue degradation occurred
during the imaging process.

Segmentation

Gray level values for bone and tooth were fairly close to
each other. Nonetheless, semi-automatic segmentation
based on threshold region growing techniques was feasible
because of the physical distance separating both structures.
Discriminating between BVs and PDL matrix was more intri-
cate. These two tissues were in contact with each other and
their range of gray levels at times overlapped. This was
mainly due to artifacts introduced by the algorithm that cal-
culated the reconstructed images. The phenomenon pre-
vailed in the vicinity of the densely mineralized structures as
a slight gray level gradient affecting the pixel intensity of
the adjacent soft tissues. In these zones, threshold region
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growing segmentation was not reliably applicable and
manual masking and painting were used to improve the
segmentation of the BVs and PDL matrix, respectively. How-
ever, the error thus induced by the operator was small.

Tooth and bone features

In line with previously reported data (Bosshardt et al. 2008),
the bovine dentin was densely packed and occasional soft
tissue channels and/or BVs could be found in the cemen-
tum layer. This latter characteristic is species-specific and is
not observed in humans. The tooth interface with the PDL
was fairly even, whereas the osseous wall presented numer-
ous perforations (Matsuo & Takahashi, 2002) through which
BVs connected to the PDL space. Numerous resorption lacu-
nae also housed BVs. The bone surface was jagged and tor-
tuous — a morphology indicative of intense remodeling
processes similar to that observed previously (Bosshardt
et al. 2008).

BV plexus features

Two-layered structures of vascular plexuses have been
described in horses (Staszyk & Gasse, 2005; Masset et al.
2006a,b) and dogs (Matsuo & Takahashi, 2002). A general
orientation of the BVs in the occluso-apical direction was
also demonstrated (Tsukada et al. 2000; Matsuo & Takah-
ashi, 2002; Masset et al 2006a). As shown in Fig. 6, a similar
orientation clearly appeared in the inner BV layer of bovine
PDL only. At the specimen dimensional scale, less informa-
tion can be provided regarding the outer BV layer. Indeed,
at variance with corrosion cast techniques, the technique
applied herein did not permit an observation of the BV
plexus along the entire root length. Still, an occluso-apical
course was observed for the outer layer of BVs in dog
molars (Matsuo & Takahashi, 2002) and horse premolars
and molars (Masset et al. 2006a). A similar orientation may
thus be expected in the case of bovine molars as well.

Blood pressure was not considered during testing. Our
results may thus slightly underestimate the actual BV diam-
eters and volume. Preconditioning (i.e. pumping water in
and out of the vessels) as well as relaxation (i.e. when the
elastic properties of the tissue dominate the final response)
in saline before proceeding with the measurements, should
have minimized this difference.

Within each specimen and for all levels of straining,
porosity was relatively constant. This stability might be
attributed to the high compressibility of the collagen matrix
(Bergomi et al. 2009b). The disparities in porosity between
samples are attributed to natural biovariability and the vari-
ous rates of tissue turnover that develop on different teeth.

Mean diameters and linear densities were larger for the
BVs of the outer layer than for those of the inner layer. As
suggested by Masset et al. (2006a), the wide BVs of the
outer layer might act as shock absorbers, and the capillaries
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of the inner layer supply nutriments to the tissue. During
mechanical loading, however, it was noticed that the vessels
of both layers undergo dimensional changes, thus suggest-
ing that the inner layer may also contribute to the process
of mechanical damping. Due to the small number of speci-
mens analyzed, possible correlations between morphologi-
cal patterns and sites of specimen extraction along the
roots lacked significance and were therefore not pursued.
In light of the important biovariability shown in the present
and in other studies (Bosshardt et al. 2008), meaningful cor-
relations could hardly be expected.

Implications for mechanical behavior

Previous studies on the mechanical behavior of soft tissues,
e.g. intervertebral disks (Argoubi & Shirazi-Adl, 1996; Silva
et al. 2005; Williams et al. 2007), suggested that the viscous
component of their response is induced by modification of
the tissue permeability resulting from pore collapse during
mechanical loading. Indeed, the compression of a porous
and collapsible structure would entail a progressive
decrease of porosity and thus reduce permeability. To
model this phenomenon, a poroelastic framework in which
permeability depends on porosity via an exponential rela-
tionship was proposed (Argoubi & Shirazi-Adl, 1996). The
present work provides experimental data regarding this
relationship: it was found that porosity remained constant
over the measured range of straining, thus suggesting that
permeability is a function of the cross-sectional area of the
BVs, rather than a function of porosity.

Previous studies have demonstrated that the PDL
mechanical behavior was markedly different when acti-
vated in tension or in compression. Whereas the tensile
response was hyperelastic, the PDL responded viscoelastical-
ly under compressive loading (Shibata et al. 2006; Bergomi
et al. 2009b). The pores of the PDL (i.e. the BVs) are inter-
connected and communicate with their environment, i.e.
with the surrounding alveolar bone (Bergomi et al. 2009b),
thus permitting a to-and-fro movement of liquid during
straining. The present results suggest that the magnitude of
fluid flow is largely conditioned by the expansion and
collapse of BVs whenever liquid is forced into or out of the
tissue. It is thus conceivable that the decrease in tissue
permeability during compression induces the viscosity of
the observed behavior. In tension, the BVs expand and
increase the permeability of the tissue, so that the coupling
between the fluid and the solid phase is less pronounced.

Also, recent studies on the mechanical behavior of bovine
PDL under sinusoidal straining demonstrated that the
response of this soft tissue was best interpreted as a result
of the interaction between a highly compressible, porous,
hyperelastic matrix and a fluid phase that flows through
the pores during stretching (fluid intake) and compression
(fluid loss) (Bergomi et al. 2009b, 2010). The present study
indicates that heterogeneity and anisotropy should
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definitely be considered when modeling the response of
such a porous structure. The preferential orientation of the
inner vascular layer, the level of porosity, and the variations
in BV diameter upon straining are parameters to be
included into a model that aims at encompassing both the
tensile and the compressive responses of PDL tissue.

Conclusions

The blood vessel network of the PDL is organized in a two-
layer structure. The inner layer (close to the tooth) presents
an organized structure with small to medium-sized BVs
oriented in apico-coronal direction. The outer layer (close
to the alveolar bone) is less organized, with relatively large
vessels.

Mechanical straining induces important modifications in
the diameters of the blood vessels. It is suggested that these
changes condition the permeability of the periodontal liga-
ment and contribute significantly to its viscoelastic response
under compressive forces.
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