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Abstract

Bone microstructure has usually been assessed by obtaining samples invasively and analyzing them with conventional
histomorphometric methods. Improvements in high-resolution image acquisition systems have enabled non-invasive
assessment of bone morphology and a more precise 3-D evaluation by means of “virtual biopsies”, permitting bone
assessment in regeneration or remodeling processes. Among other applications, this imaging technique can be used
for the ultrastructural analysis of bone and for studies of regeneration techniques, biomechanics in bone physio-
therapy, and periimplant bone healing. This review describes the different applications of high-resolution imaging
techniques in bone biology and the morphometric results obtained with these images in mechanobiology in general

and maxillary bone in particular.
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Introduction

The interaction between mechanical signals and biological
processes in cells and tissue is studied in mechanobiology.
Mechanical load may influence cell proliferation, diffe-
rentiation and metabolism and therefore have a crucial
role in live tissue growth, adaptation, regeneration and
bioengineering. Mechanobiology combines experimental
biological techniques (in vitro and in vivo models) and
computerized techniques (mathematical and computer
models) to create interactions between mechanics and
biology.

Van der Meulen described skeletal mechanobiology as
“the science that studies the mechanical forces that mo-
dulate morphological and structural fitness of skeletal
tissue, i.e., bone, cartilage, ligament and tendon” (1).
Three developments have led to major advances in bone
mechanobiology in recent years: a) computer models of
structures, allowing analysis of the effects of physical
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force on the complex bone geometry; b) molecular biolo-
gy, permitting detection of gene expression and protein
synthesis after applying different mechanical forces, and
¢) novel imaging technology, revealing the micro- and
nanostructural characteristics of tissue (1).

Real high-resolution images can serve as a source of data
for generating Finite Element (FE) computer programs,
providing a more accurate simulation of different bio-
mechanical load situations compared with conventional
FE. The study of bone biomechanics is relevant to bone
physiopathology (e.g., osteoporotic state or fracture risk),
bone-biomaterial interface (e.g., periimplant healing), and
bone regeneration (e.g., distraction histogenesis and frac-
ture healing). Unlike traditional biomechanical methods,
computerized micro-FE models (WFEs) can simulate the
different biomechanical properties of bone (compression,
tension, shearing or fatigue) (2) and do not require the
destruction of samples.
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uFE models can be developed from the image by the voxel
conversion technique, using cubic elements (hexahedrons)
or tetrahedrons. Around 10°-10° cubic elements are usually
required to reconstruct 1 cm? of trabecular bone (3), and
it is considered that the size of each element should not
exceed by >25% the average thickness of a trabecula (4).
The tetrahedron system yields more reliable results in the
FE study, since it represents a closer approximation to
trabecular connections (5). Advances in computers have
enabled construction of uFEs of the proximal area of
human femur that use 100 million elements to study the
distribution of deformations. However, the computer me-
mory required to create LFE of a complete bone remains
excessive (3).

This review describes applications of bone mechanobiolo-
gy studies to both long and maxillary bones and explores
the usefulness of high-resolution images in maxillary
regeneration and osseointegration techniques.

General bone mechanobiology with high-resolution
images

Among studies of biomechanics in bone physiopathology,
Takada et al. (6) used micro-computed tomography (uCT)
and PFE to assess the distribution of stress at the mandi-
bular angle with presence and absence of impacted third
molars. They observed that the retromolar area had verti-
cal trabeculae above the mandibular canal and horizontal
lingual-buccal traveculae below it. In mandibles with
impacted third molar, stress was concentrated around the
root apex of this tooth, spreading to the mandibular base,
whereas stress was distributed along the canal throughout
the mandible in their absence. However, the presence of
impacted third molars at mandibular angle had no effect
on bone microstructure parameters, i.e., bone volume/tis-
sue volume (BV/TV), trabecular number (Tb.N), degree of
anisotropy (DA), or structure model index (SMI).
McNamara et al. (7) developed a solid model from four
trabeculae of rat tibia and femur using pCT and pFE
analysis, allowing them to observe the reaction to loads
on a model with a real morphology, including active
resorption lacunae. This computer model showed that a
stress load of 3000 pe applied on each trabecula had a he-
terogeneous distribution, with deformation measurements
above 4000 pe (upper limit of physiological range) in 230%
of trabeculae. High stress was observed at the base of
resorption lacunae, producing greater osteoclastic activity
than initially estimated for the renewal of old or damaged
bone. It also prevented a homogeneous distribution of
the load throughout the trabeculae, which was achieved
in absence of these lacunae. Stress levels of 144 MPa were
observed in some areas, with a deformation of up to 64300
ue. Given that trabecular (cancellous) bone shows fatigue
failure at 100-140 MPa after 100,000 cycles and even
deformation of 5000-10,000 pe after only 1,000-100,000
cycles (8), trabecular fracture risk would be increased by
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loads on these areas of resorption. It is not known why
resorption of this basic multicellular unit (BMU) stops
at a given point, although it may be when lower stress is
detected or when a layer of new more resistant laminar
bone is encountered.

There are some limitations to the creation of FE-based
models. Tissue stress and deformation depend on the
properties of the material (5). FE studies have established
different elasticities (Young’s modulus) for cortical and tra-
becular bone (9). However, no data have been published on
the biomechanical properties of immature bone (reticular
and parallel fibers) interlaced with laminar bone during
remodeling and regeneration processes (10). Hence, finite
elements present mechanical properties that are close to
real bone conditions, but they have yet to include all of the
data needed to completely simulate bone structure.

The drawback of not being able to distinguish between
different degrees of bone mineralization is being overcome
by means of synchrotron radiation images (11). With an
isotropic voxel resolution of 4um, 3-4 hrs are required to
scan a biopsy of human iliac crest. Because the radiation
1s monochromatic, distinct mineral concentrations in the
bone appear as different gray level intensities, allowing
discrimination between mature bone (darker laminar
areas) and immature bone (lighter areas with reticular/
parallel fibers) (11). This imaging system opens up the
way for uFE studies of different specific concentrations
of mineralized bone.

Because the sample does not need to be destroyed, uCT
imaging is a useful tool to assess bone architecture subject
to static or dynamic loads, examining stress propagation,
the start of structural failure and accumulation of damage.
Miiller et al. (12) developed a compression chamber for
uCT study at the moment a load was applied on trabecular
bone samples. The procedure allowed real-time observatio-
ns of local failure patterns as a function of different loads.
Structural modifications of the trabeculae were observed,
and animation software was used for dynamic observation
of the deformations. In structures with a rod-like pattern
(as in osteoporotic state), an initial flexion was followed
by collapse of the overloaded trabeculae. In plate-like
structures, however, flexion was not observed when the
same amount of load was applied, and the trabeculae
collapsed later (vs. rod-like structures) and spontaneously,
with no previous flexion.

The same research group (13) used synchrotron radiation
pUCT (SRpCT) in a system of dynamic trabecular bone
compression, observing that microcracks started with a
1% deformation rate and spread when this rate reached
2%. All microcracks were quantified by means of a specific
algorithm and were more frequently observed in rod-like
or plate-like trabeculae that had perforations. Despite the
failure produced by these microfractures, ligamentous
structures (organic matrix) maintained the morphology
of the trabecular network. Fractures caused longitudinal
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delamination of trabeculae. This system allowed quanti-
fication of the column and thickness of fissures and the
separation between them. 3-D assessment of microdefects
appears to discredit some 2-D-based classifications. Thus,
a 2-D-evaluated microcrack is seen to be a microfracture in
3-D and diffuse microdamage is identified as a microcrack
in 3-D (Fig. 1).

confined diffuse

|

200 um

Fig. 1. 3-D image by SRuCT (spatial resolution of 7um). The same
microcrack is observed from different angles. The same microcrack
would be classified as a microcrack based on the image on the left but as
diffuse microdamage based on the 3-D image. Published by permission
of Professor Miiller.

pCT images have also been used for the study of periim-
plant bone healing. Very few studies have used uCT or
SRuCT (14). Gabet et al. (15) used 15-um resolution uCT
to observe the healing of implants placed in metaphysis
of osteoporotic rats (i.e., with low-density bone). This
resolution enabled volumetric assessment of Bone Implant
Contact (BIC) by evaluating voxels in contact with the
implant. A significant correlation was observed between
morphometric values and biomechanical parameters, de-
monstrating that morphometry based on high-resolution
images is an adequate tool to assess the biomechanical
properties of the bone-implant interface.

Experimental studies have also been performed with this
type of image to observe biomechanical properties of the
interface between bone and osteoconductor materials (e.g.,
polymers) (16). Different structures can be distinguished
on tomographic images by using computer phase identi-
fication techniques, revealing the morphology, distortion
and matrix surface properties. The connection between na-
tive and newly formed bone can also be observed. Regene-
rated bone within the matrix can be extracted “virtually”,
predicting Young’s modulus for this new bone.
Regenerating bone has also been assessed in a non-invasive
manner on high-resolution images. Rat femurs were used
to study the biomechanics of fracture callus by means
of uCT and pFE after 3-4 weeks healing (17). A Young’s
modulus (E) value of 50 MPa was assigned for soft tissue,
5000 MPa for less mineralized bone, and 15000 MPa for
highly mineralized bone, applying a Poisson coefficient
(v) of 0.3. Unlike conventional tests, this technique offers
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flexion and torsion simulations in various spatial planes,
which is a major advantage in cases of asymmetrical
fracture callus. An improved prediction of callus rigidity
was also obtained with this approach than with other
radiographic methods, e.g., callus area or Bone Mineral
Density (BMD).

Assessment of maxillary bones with high-resolution
images

High resolution imaging techniques are being used to
study the maxillofacial skeleton for various purposes: a)
to examine bone microstructure at different anatomic sites
(18, 19); b) to evaluate the bone-implant interface during
osseointegration (14); ¢) to study bone remodeling around
teeth subject to orthodontic loading (20); d) to assess re-
generating bone (20); and ¢) to evaluate the response of
bone to biomaterials (21).

Because of the anisotropic nature of bone, attempts have
been made to relate data obtained from 2-D images (e.g.,
conventional X-ray or histological images) to data from
high-resolution 3-D images acquired by uCT or micro-
magnetic resonance imaging (WMRI). A grayscale can be
used in a 2-D radiological image to determine the bone
area of a sample. When a 3-D image is used, the BV/TV
ratio is the best variable for establishing bone density.
These two variables were found to be correlated with each
other and with the biomechanical resistance of trabecular
bone in pig mandible (18).

Choel et al. (19) used uMRI for a microstructural study
of the mandible of elderly human corpses. They studied
apparent 2-D parameters (sections of >600um) and found
higher B.Ar/T.Ar, Tb.Th, and DA values in male than in
female samples. They reported the high anisotropy of
mandibular trabecular bone and its orientation perpen-
dicular to the axis of the teeth, when these were present.
The highest degree of anisotropy was in the incisal region,
the area least affected by masticatory load.

A pCT study of human mandibles (22) found higher BV/
TV, Tb.Th and Tb.N values and lower BS/BV, trabeculae
separation (Tb.Sp), and SMI values in alveolar versus
basal bone. Alveolar bone showed wider, plate-like tra-
beculae. The most porous trabecular pattern was in basal
bone below the mandibular canal, which appears to be
subject to lower masticatory loads.

Conventional CT Hounsfield values in human mandibles
were compared with morphometric, densitometric, and
biomechanical values obtained by means of pCT, Dual-
Energy X-ray Absorptiometry (DEXA), and compression
test, aiming to optimize the pre-operative assessment of
bone quality proposed by de Lekholm and Zarb (23). The
convencional method proved valid for mandible samples
with thin cortex but not for those with thick cortex, which
appears to add errors to the image, increasing the trabe-
cular bone density found by photon scattering. Therefore,
quality classifications based on Hounsfied values should
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be applied with caution in the clinical setting, since they
are only valid when there is trabecular bone alone or with
a thin cortex. With the pCT method, a BV/TV range of
11-73% was observed (24).

The trabecular bone of the mandibular condyle was
shown to have an appropriate architecture for supporting
the compression and tension loads generated by TMJ. uCT
and pFE studies revealed a more rigid structure (higher
Young’s modulus) on the transversal (rod-like trabeculae)
versus vertical (plate-like trabeculae) plane that showed
a negative correlation with bone volume. Transversal
trabeculae appeared to compensate for their lack of bone
volume with a higher mineralization because they have a
lower load rate and remodeling index and, consequently,
a higher rigidity. Rigidity ranges obtained for mandibular
trabecular bone were similar to those obtained (5-20 GPa)
with conventional biomechanical or nanoindentation
methods (4).

uCT has also been used to observe alveolar bone architec-
ture in mandible of growing rats after applying different
mastication models. The use of an apparatus to generate
open bite was seen to inhibit vertical growth and increase
the thickness of mandibular cortex, possibly due to the
constant increase in tension in the masseters, but no effects
on trabecular architecture were observed. A group fed with
a soft diet showed a reduction in mineral density, bone
volume, and trabecular thickness (25).

Dental implant osseointegration involves a continuous
remodeling process that depends on the biomechanical
loads applied to the prosthesis-implant-bone complex.
The biomechanical properties of the bone are governed
by both its mineral content and its microarchitecture (26).
Conventional histological images, uCT, and SRuCT have
been compared in the study of the bone-implant inter-
face in mandibular bone. Bernhardt et al. (14) studied
periimplant healing in dog mandibles at one month after
placement of implants with different surface treatments
(anodic oxidation, collagen partially integrated in the
oxide layer, RGD-peptide immobilization, hydroxyapatite
coating, and mineralized collagen coating). There were
no significant differences in bone density values between
conventional histology and SRuCT imaging methods but
the bone area was overestimated by uCT. Beam hardening
errors are increased because of the broad energy spectrum
produced by uCT and the high energy absorption of tita-
nium, leading to observations of an apparent (not real)
increase in absorption around the implant. At present, this
effect can be corrected by an interactive beam hardening
correction approach (27).

Alveolar bone response to orthodontic loading has been
investigated. Verna et al. (28) observed the presence of
microcracks in minipig mandible after applying orthodon-
tic loads to the teeth. SRuCT revealed a more irregular
surface, with more microcracks in the lamina dura of the
area under compression than in that subject to tension.
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A pattern of linear microcracks was observed in the com-
pression area, whereas a diffuse microdamage pattern was
mainly found in the tension area. The periodontal ligament
was thickened in the area to which the load was directed.
The bone binding to the ligament was less mineralized,
indicating its active remodeling due to a mechanical cause.
These images revealed the periodontal vessels and fibers
penetrating the alveolar bone and distinguished its diffe-
rent degrees of mineralization.

Guided tissue regeneration has usually been evaluated
by means of bone histology and histomorphology. This
conventional approach was compared with pCT imaging
in rabbits (21). Morphological variables obtained with the
two techniques showed a highly significant correlation (r?
0.72), with a difference in results of 16%. However, the
UCT technique did not accurately detect osteoid, leading
to an underestimation of bone volume. This type of ima-
ge was also been used to assess periodontal regenerative
therapy with heterologous materials (29), studying human
samples with teeth at 15 um? voxel resolution and 20-hr
scan time.

uCT was used to clinically evaluate bone regeneration in
maxillary sinus after incorporation of alloplastic material
and platelet rich plasma (PRP) (30). A 4-hr scan was requi-
red for a voxel size of 15x15x15 um?®. Different thresholds
were employed to differentiate between graft particles
and regenerated bone. The BV/TV values obtained by
histomorphometry were 30% higher than those obtained
with uCT. There were also differences in Tb.N, Tb.Th, and
Tb.Sp findings between these methods. The same authors
acknowledged some difficulty in determining the threshold
to differentiate alloplastic material particles from newly
formed bone, which was exacerbated by the small number
of samples (n= 3) and the variability among them.

Conclusions

The utilization of images acquired with uCT support
subsequent simulation studies with finite elements or real-
time load application investigations in a more precise way
compared with conventional finite elements.

The new SRuUCT system yields similar resolutions to those
obtained with histological samples. High-resolution ima-
ges enable a more precise assessment in three dimensions,
avoiding laborious sample processing and opening the way
to in vivo morphometric assessments of bone tissue and
the biomaterial-bone interface.
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