Interfacial Stresses Around Micothread and Smooth Implants '

as one of the important causes of implant fail-
ures.10.11 However, a causative relationship between
implant failure and occlusal forces has not been con-
vincingly demonstrated.!? 13 Animal studies provided
conflicting results in this issue. Under extensive occlu-
sal and cyclic loading, marginal bone resorption has
been demonstrated in the absence of peri-implant
tissue inflammation.1%:14.15 However, experimental
studies using different animal models have shown that
occlusal stress does not cause significant peri-implant
bone loss inthe absence of peri-implant infection. 16-17

Although various attempts have been made to as-
sess the effect of occlusal loads on peri-implant bone
loss, the “overloading” has not been well defined in
terms of mechanical stress at the bone-implant inter-
face. Because the progress of the marginal bone loss
occurs as a result of the bone resorption or loss of the
bone~implant contact at the interface (interfacial fail-
ure ), the magnitude and direction of the stress should
be fully investigated to assess potential association
between the overloading and the marginal bone loss.

The objective of this study is to assess the effects of
microthread design and loading angle on the direc-
tion and magnitude of the interfacial, principal
(stresses in the principal planes), and shear stresses
at the bone~implant interface around the implant.
The results were analyzed to understand stress-

transferring mechanisms from different implant

surfaces to the supporting bone, and to test a hypoth-
esis that the microthread structure reduces the risk
of interfacial failures.

MATERIALS AND METHODS

Construction of Three-Dimensional Models

Three-dimensional FE models representing two im-
plants, one with microthreads in the neck region
and the other with a smooth neck, were constructed.
A microthreaded implant8 with 4-mm diameter and
11-mm length was scanned under a microscopel
and imported into image analysis software.f The out-
line of the implant was plotted and converted into x
and y coordinates, which were imported into the FE
software* as keypoints (Fig. 1). For the smooth-neck
implant, which served as control, the outline was cre-
ated by connecting the tops of the microthreads of the
microthread model. The two-dimensional images

were then extruded around their central axis to pro--

duce axisymmetric three-dimensional FE models.
The implants were connected to abutment** and sim-
plified cylindrical crown of 7.5-mm height and 5.5-
mm diameter, which were created using the same
- procedure as for the implant.

A three-dimensional FE model of a mandibular
bone segment was created based on the most com-
mon morphologic model among the nine classifica-
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tion groups for the mandibular premolar region in
our previous study. '8
Average dimensions of the cross-sectional outlines
at the premolar region based on computed tomogra-
phy images of 36 patients of that morphology group
were used to create x and y plots that described the
outline of the external cortical bone surface. The area
made from the outline was divided into a cancellous
core surrounded by a uniform 1.5-mm thick cortical
bone. Each image on the x—y plane was extruded to
the z axis to create a three-dimensional model with
15-mm mesio-distal length. Because of the mesio-
distal symmetry, only the distal half of the model
was constructed. 1920
- The vertical dimension and the maximum bucco-
lingual width of the mandible model at the first premo-
lar region where the implant is being installed were
28.6 and 13.9 mm, respectively. Each implant was
vertically embedded on top of the alveolar ridge.
The central axis of each implant positioned at the
bucco-lingual center. The vertical position was deter-
mined so that the microthread was embedded at the
highest level of the alveolar crest in the distal cervical
bone; this resulted in exposure of a thread at the buc-
cal and lingual ridges.?! :

'Material Properties, Meshing, Boundary, and

Loading Conditions 4

The material properties of cortical and cancellous
bone were modeled as being transversely isotropic
and linearly elastic,?%23 which describes an aniso-
tropic material. The materials of the implant and pro-
sthetic crown were assumed to be isotropic and
linearly elastic with Young moduli and Poisson ratio
of 107 GPa and 0.3 for the implant and of 96 GPa and
0.35 for the prosthetic crown, respectively.

A 20-node tetrahedral element was used for the
mesh. To determine the valid element numbers and
mesh sizes, the convergence test for consistency of
solutions was conducted for each model.?* Two vari-
ables were tested: the maximum third principal stress
and the volume of cortical bone that exhibited com-
pressive strain >4,000 p. The mesh was refined sev-
eral times by reducing the edge size for elements to
increase the numbers of nodes at the bone-implant
interface where the maximum stress and strain ap-
peared. The least number of elements, over which
the variable measures became plateau, was used in
this study.

The symmetric boundary conditions were pre-
scribed at the nodes on the mesial plane of the distal
half of each model. The models were constrained in all

§ AstraTech Microthread 4.0 ST, Astra Tech AB, Méindal, Sweden.
|| BZ-8000, Keyence Corporation, Osaka, Japan.

Y Image J, National Institutes of Health, Bethesda, MD.

# ANSYS11.0, ANSYS, Canonsburg, PA.

** TiDesign 3.0, Astra Tech AB.
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minimum principal stress),
tensile (first or maximum prin-
cipal stress), and shear stress
-and strain generated in the
bone were analyzed.
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RESULTS

For the convergence tests,
seven iterations by mesh re-
finement were calculated for
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each model. The peak com-
pressive stress values and
the bone volume that ex-
hibited a high compressive
strain >4,000 p as a function
of the number of elements
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Figure 1.

The meshed FE model of the implant and the bone (A) and the convergence tests (B and C). Cancellous
bone (green mesh) surmounded by a layer of cortical bone (blue mesh). Light microscopic images of the
microthread morphology in the implant fixture were traced to create the neck part of the three-dimensional FE
model of the implant (A). The convergence test of the microthread and smooth implant neck models of this
study. The maximurm third principal stress at the crestal bone (B) and bone volumes that exhibited the
maximum compressive strain >4,000 w (C) were used as the variable measures. Seven iterations by mesh

refnement were calculated up to | 20,000 elements for each model.

directions at the nodes on the distal bone surface. The
implants were rigidly anchored in the bone models
along the entire interface, and the same type of con-
tact was provided at the prosthesis—abutment in-
terface. A static load in one of the four directions
(vertical [0°], 30°, and 60° oblique from buccal to lin-
gual, and horizontal [90°] angles to the long axis of
eachimplant) was applied to the center of the occlusal
surface of the superstructure. However, the 30° obli-
que load, which corresponded with the direction of
occlusal forces in the premolar region was used
for general discussion. Because the point of load
application is included in the symmetry boundary
conditions, each input load was doubled during com-
putations. The resultant load (200 N) was used
to simulate the average maximum occlusal load
for fixed partial prosthesis supported by implants
in the premolar region.?> The directions and mag-
nitudes of the maximum compressive (third or

Number of Elements (x 10°)

curves of the high strain bone
volumes revealed a well-
developed plateau after the
number of elements was

~40,000. This indicates
that the volume of high
strain is insensitive to fur-
ther refinement of the mesh.
Based on these results, the
element edge size was set
equal to 0.03 mm for the
interface. Accordingly, the fi-
nal microthread model was
composed of 70,060 elements and 13,867 nodes,
and the smooth model was of 63,568 elements and
13,744 nodes.

The compressive, shear, and tensile stress distribu-
tions in the bone under the 30° oblique load are shown
in Figure 2. The location of the maximum stress in the
smooth model was at the top of the crestal cortical
bone attached to the mesio-distal center of the im-
plant, whereas those of the peak compressive and
shear stresses in the microthread model were devi-
ated distally from the mesio-distal center (black ar-
rows in the Fig. 2).

Figure 3 shows the peak compressive stress ap-
peared in the region right under the flank of the first
microthread, which was exposed from the crestal
edge in the disto-lingual region. The maximum stress
values in the microthread and smooth models on the
lingual and buccal crestal bone under all loading an-
gles are shown in Table 1.

60 80 100 120
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Figure 2.

A and B) The compressive, tensile, and shear stress distributions and the compressive strain distributions in
the cervical cortical bone under the 30° oblique load with microthread and smooth models. The distal half
of each symmetric section is viewed from the mesial side, with the focus on the interfacial bone surface. Figures
on the left indicate the viewing angle and the region (red square) in the contour graphics on the right. Blue
arrows indicate the direction of occlusal forces. Each contour graphic was divided into nine parts, with different
colors according to the stress or strain levels, shown in a scale below each figure. Red arrows indicate the location
of the maximum stress that appeared at the mesio-distal center of each implant Black arrows indicate

the location of the maximum stress that deviated from the mesio-distal center of each implant.
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sides of the interface, with
the highest stress located at
the top of the ridge. In the mi-
crothread model, large com-
pressive stresses were shown
mostly under the lower flank
of each microthread and the
directions of the stresses
were perpendicular to the
thread surface, whereas in
the smooth model the di-
rections of the interfacial
compressive stresses were
oblique (with 58.4°) to the in-
terface. Under the oblique or
horizontal loadings, the com-
pressive and tensile stresses
were dominantly distrib-
uted on the lingual and
buccal sides, respectively.
The stresses were again
perpendicular to the lower
surface of each microthread,
whereas in the smooth
model the stress directions
were oblique to the inter-
face with 50.5°, 45.1°,
and 46.8° under the 30°,
60°, and horizontal loading,
respectively.

The peak compressive
and shear stresses on the in-
terface along the lingual wall
and the peak tensile and
shear stresses along the
buccal wall, both at the
mesio-distal center under
the 30° oblique load, are
graphed in Figure 5. All
stresses peak at the top of
the crestal bone. The mi-
crothread model exhibited
decreases of the stresses
with a wavy pattern as down-
ward along the interface,
whereas the stresses in the
smooth model decreased
with a gradual curve. In the
wavy curve of the micro-
thread model, the bottom of
each wave corresponded to

The principal stresses at each node in the cortical ~ the thread root, whereas the prominence of each wave
bone were shown in the form of stress arrows on the  corresponded to the point where the lower flank
bucco-lingual section at the mesio-distal center of  passes to the curved thread crest. The microthread
each implant (Fig. 4). Under the vertical loading, = model indicated lower peak stresses than the smooth
the compressive stress was evenly distributed onboth ~ model along the whole interface, except for the tensile
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Figure 3.

The maximum compressive strain distributions of the microthread and the crestal bone in the disto-lingual
surrounding of the microthread implant. The maximum compressive strain of the bone appeared in the region

Jjust under the first microthread that was exposed from the crestal edge.

stress in the lower flank of the microthreads, which
was higher than that in the smooth model at the same
vertical level.

The peak compressive strains of the bone along the
interface on the lingual and buccal sides are shown
in Table 1.

DISCUSSION

Altering the surface structure of dental implants is an
effective way to preserve the peri-implant marginal
bone.2% Microthread design is considered as a reten-
tive element and macro-roughness! has demon-
strated the beneficial effect of reducing marginal
bone resorption in clinical and animal studies.3:®
The effect of loading angle on the magnitude and
directions of the interfacial stress around the micro-
thread implant was not clear. Although the implant
fixtures are usually installed perpendicularly to the
occlusal plane, implants are susceptible also to obli-
que and horizontal loading. These loads on the im-
plant create two typically shown stress fields in the
crestal bone: the compression and tension fields,
which are located on the opposite sides across the im-
plant and characterized by domination of the principal
compressive and tensile stresses, respectively.
Such stress fields are also created in the periodontal
structures of a natural tooth,2” but are different from
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those of the implant vicinity,
in that the periodontal liga-
ment acts as a cushion
and absorbs tensile and
compressive stresses. In
contrast, the bone-implant
interface is so rigid that the
stress increases on the off-
axis loading and potentially
causes interfacial failures.?®
To comprehensively evaluate
the biomechanical aspects of
microthread design, the mag-
nitude and direction of differ-
ent interfacial stresses along
with high-strain bone vol-
umes under different loading
angles were analyzed in this
study.

On vertical loading,
the microthread implant
showed lower compressive
but higher shear and tensile
stress values compared to
the smooth implant. These
results disagree with a pre-
vious FE study! in which
vertical forces only were ap-
plied and resulted in lower
peak shear stress in the microthread model. This dis-
agreement is probably because of the differences in
the morphology of the alveolar bone and material
properties assigned. However, a marked increase in
the first and third principal and shear stress values
in both models was observed as the loading angle in-
creased in the oblique and horizontal loading cases.
Off-axis loading was found to be more destructive to
the bone-implant interface.?°-31 Interestingly, under
off-axis loading, the microthread implant in this study
generated lower maximum shear but higher com-
pressive stress values.

Also, the direction of the principal stresses at the
microthread interface was consistently perpendicular
to the lower thread flank regardless of the loading di-
rection. In contrast, the direction of the principal
stresses in the smooth model was oblique to the inter-
face and affected by the loading angle. As the loading
angle increased (i.e., larger horizontal component),
interfacial stresses tended to be more oblique to the
interface.

Oblique interfacial stress direction represents a re-
sultant force that can be analyzed into the two basic
force components: the first is perpendicular to the in-
terface and represents the compressive or tensile
stress, and the second is parallel with the interface
and represents the shear stress. According to this
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Table |.
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Maximum Stress and Strain Values in the Compressive and Tensile Halves
of the Crestal Bone Surrounding the Microthread and Smooth Implant Under Vertical,

30°, 60° Oblique, and Horizontal Loading

Compressive Side Tensile Side
Force Compressive  Large Strain
Direction ' Compressive  Tensile Stress Shear Strain Volume Tensile Shear
Model (degree)  Stress (MPa) (MPa) Stress (MPa) (W strain) (mm?3) Stress (MPa) ~ Stress (MPa)
Microthread 0 42.49 87.77 28.95 4,740 | .38E-04 7741 1.6
30 201.9* 142.1 4476 10,990* 0.033431 70.1 21.8
60 259.6 1165 63.7 14,515 0.215624 183.3 522
90 2480 137.3 65.7 14,176 0.21926 248.1 68.94
Smooth 0 87.6 59.6 213 3,898 0 59.1 7.
30 140.8 817 49 8214 0.041591 587 253
60 201.6 954 83.5 14,041 0.244157 145.1 592
90 2063 804 85.7 14,373 0.242616 199.8 78.2

The maximum values were indicated at the mesio-distal center of the implants, except for the maximum compressive and shear stresses and the maximum
compressive strain in the microthread model (asterisks). The large strain volume represents the region of the cortical bone that showed the maximum

compressive strain >4,000 p.

analysis, considerable amount of shear stress is
transmitted across the smooth interface, whereas
for the microthread implant loads are transferred to
compressive stresses (at the compression side) per-
pendicular to the lower flank of each microthread.
These results were confirmed by the stress profiles
along the bone-implant interface (Fig. 5).
Transferring occlusal loads into compressive stress
around the microthread implant can provide a signifi-
cant benefit because bone is most resistant against
the compressive forces.3? Interfacial failure and bone
resorption under different stress types is attributed to
different mechanisms. Accordingly, it may be errone-
ous to emphasize the peak compressive or von Mises
equivalent stresses without considering the risks of
the tensile and the shear stresses at the interface.
The results of this analysis revealed that incorpo-
rating microthreads in the implant neck resulted in
higher peak compressive stress and strain values in
the peri-implant bone structures under off-axis load-
ing. These findings are consistent with those of a pre-
vious two-dimensional FE study in which maximum
von Mises stress was higher in the crestal bone around
microthread implant.8 However, the high stress and
strain magnitude were found to be limited to a small
region localized at the crestal bone around the im-
plant neck. Although the estimation of the maximum
equivalent (von Mises) and the principal stresses
has been frequently used to assess failure risks of
biomaterials and the peri-implant bone tissues, eval-
uating the bone volume that exhibited high stress
or strain and the stress distribution pattern along the
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interface may reflect more realistic quantitative and
qualitative measures for bone resorption risks. More-
over, the results of the convergence tests suggest that
the peak stress that is usually used in previous com-
parisons was highly dependent of the mesh size, and
thus does not ensure validity for quantitative evalua-
tion of the biomechanical risks.

The compressive strain has often been used as
a risk scale on the basis that bone resorption under
compressive forces is attributed to the accumulation
of induced microdamage that exceeds the bone’s
capacity of repair. The volume of the high strain level
>4,000 ., which is regarded as a mechanical stimula-
tion that potentially causes pathologic overloading to
the bone,33 was very small for both microthread and
smooth models, but relatively larger in the case of
the smooth-neck model. This may cancel the pro-
posed advantage of the lower stress and strain values
around the smooth-neck implant, which was reported
in the previous study® and confirmed in this research.

Incomplete coverage of implant microthreads or
macrothreads may result because of the narrow di-
mension of the crestal region and the curved nature
of the alveolar bone. This is considered to be an ac-
ceptable situation as reported in previous clinical
studies with different follow-up periods.?!:34 The
three-dimensional modeling of the implant and the
bone in this study allowed for simulating this situation,
which was not shown in the previous two-dimen-
sional models. In the microthreaded implant, the peak
compressive stress was shifted from the mid line to the
exposed thread region. The location of peak stress in
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this study consists of that
. . shown in a previous FE
Compression study.3% It is now clear that
Side the location of the first thread
relative to the bone surface
affects the stress distribution
in the cervical region; how-
ever, the effect was limited
to this region and did not
seem to have a negative ef-
fect because the volume of
bone that exhibited high
strain (red area in Fig. 2)
was smaller in the micro-
thread model than in the
smooth model (Table 1).
However, in this study, the
modeling of the bone-implant
interface was performed on
the assumption of a perfect
bonding because no detach-
ment was allowed under ten-
sile or shear stresses. This
has been assumed because
of the absence of reliable in-
terfacial tensile and shear
strength data. Regarding the
bone-implant interfacial ten-
sile strength, previous studies
reported a range of 1 to 4
MPa;28 however, in most of
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v because the microthreaded
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Figure 4. bone-implant contact per-

Stress arrow graphics at the cervical level of the cortical bone on the tension and compression sides. The centage B e expected that

direction and magnitude of the principal stress at each element in the crestal bone of the buccal (tension)
and lingual (compression) sides are shown in the bucco-lingual section at the mesio-distal center of each
implant under vertical (0°), 30° oblique, 60° oblique, and horizontal (90°) loadings. Black arrows represent

microthreaded implants will
have larger interfacial tensile

the first principal (tensile) stress; blue arrows indicate the third principal (compressive) stress. Length of strength.
each arrow represents relative magnitude of stress that is projected on the two-dimensional plane. Figures with Furthermore, comparing
black and red squares in the middle indicate the site of the arrow graphics. the results of this study with

the available bone-implant
interfacial shear strength to
predict whether there will be
debonding or sliding of the
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Interfacial stresses on the compression (upper graphs) and tension (lower
graphs) sides under the 30° oblique load. The bone-implant interfacial
compressive (black), shear (blue), and tensile (red) stresses in the cortical
bone along the lingual wall for compressive side of the microthreaded
model (dashed lines) and smooth model (solid lines) under the 30°
oblique load. The shear and tensile stresses were represented as positive
values, whereas the compressive stress was shown as negative values.

implant (i.e., failure of the interface because of shear
stress) may not be applicable. This is actually because
of the simplicity of methods used in this issue. For ex-
ample, most push-out tests did not really measure
the shear strength of the bone-implant interface; in-
stead, they reported a value that although called
“pushout strength,” is a combination of various fixa-
tion principles (friction, mechanical interlock, and
chemical bonding).3%37 Accordingly, the debond-
ing was not allowed in this study under shear stress.

In addition, cyclic fatigue loading should be consid-
ered if a structural model was made to account for
changes in the bone-implant interface with degrada-
tion or failure of osseointegration. An earlier animal
study described a greater bone response revealed
when rabbit tibiae was loaded dynamically than stat-
ically.!4
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Further biologic studies regarding the effects of the
tensile and shear stresses on the interfacial failure are
encouraged to establish a comprehensive under-
standing of the role of occlusal loads in preserving
peri-implant tissues.

The findings of this study demonstrated the effec-
tiveness of the microthread design not only in with-
standing off-axis loading but also supporting the
hypothesis of the effect of threads in transforming
shear stress into a compressive stress. Reducing
shear stress under off-axis loading indicates the
benefit of microthread design especially when a
larger horizontal force component is expected, such
as in the anterior maxillary region38 or when implants
are tilted because of the presence of anatomic
limitations.3°

CONCLUSIONS

Off-axis occlusal loads create compression and ten-
sion fields in the crestal bone, and are typically lo-
cated on the opposite sides across the implant. In
the smooth-surface implant, the direction of the
principal stresses at the bone-implant interface
was found to be oblique to the interface and af-
fected by the loading angle, whereas those were
consistently perpendicular to the lower flank of mi-
crothreads under different loading angles in the mi-
crothread implant, suggesting that the stress at the
microthread interface was insensitive to the loading
angle and indicating larger shear stress at the bone-
implant interface around the smooth implant. Also,
the microthread design was found to be more effec-
tive in reducing shear stress under off-axis loading,
which dominates in the oral cavity. However, higher
peak compressive stress and strain around the mi-
crothread implant were found to be localized in
a smaller bone volume compared to the smooth im-
plant. These results collectively might demon-
strate the biomechanical rationale of microthread
design over smooth surfaces in reducing the risks
of marginal bone loss caused by overloading.
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Abstract. This study investigated the biomechanical effects of crestal bone
osteoplasty and flattening procedures carried out in edentulous knife-edge ridges to
restore bone width before implant placement on the virtually placed implants using
finite element methods. Three-dimensional models representing a knife-edged
alveolar bone with two different crestal cortical bone thicknesses (1.6 mm, thin
group; 3.2 mm, thick group) were created. Gradual crestal bone osteoplasty with
0.5 mm height intervals was simulated. Cylindrical implants with abutments and
crowns were constructed and subjected to oblique loads. Maximum stress was
observed at the cervical region around the implant neck. Different osteoplasty levels
showed different stress values and distributions. Highest compressive stress was
observed in the flat models (60.8 MPa and 98.3 MPa in thick and thin groups,
respectively), lowest values were observed when osteoplasty was limited to the
sharp edge (36.8 MPa and 38.9 MPa in thick and thin groups, respectively). The
results suggested that eliminating the sharp configuration in knife-edge ridges
improved stress and strain outcomes, but flattening the alveolar crest and/or
uncovering the cancellous bone resulted in a marked increase in compressive stress
and strain values in the peri-implant bone that may influence the longevity of
implants placed in these ridges. ’
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Dental implants have been widely used for
prosthetic rehabilitation of partially and
completely edentulous patients. Adequate
available bone dimensions are considered a
prerequisite for successful and predictable
implant . treatment'®>. Following tooth
extraction, continuous bone resorption
usually takes place and results, initially,

in a narrow ridge with a knife-edge form*’.

0901-5027/020200+ 07 $36.00/0

A relatively large percentage of narrow
ridges with knife-edge configuration have
been reported at the edentulous mandib-
ular and maxillary bony crests®’. Treat-
ment for completely removable dentures
may require preprosthetic surgical reduc-
tion of the sharp edges to prevent painful
denture pressure points at the knife-edged
borders. Increasing the horizontal width

of the bone prior to implant placement is
required in these ridges to host the implant
in the alveolar bone properly'®?'. This
can be achieved by osteoplasty, performed
to eliminate and flatten the thin sharp
edge configuration, and/or additional bone
augmentation and surgical procedures
such as onlay bone grafts®, guided bone
regeneration® horizontal distraction® and -

© 2010 International Association of Oral and Maxillofacial Surgcons. Published by Elsevier Ltd. All rights reserved.
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Knife edge and differentlevels of osteoplasty models
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Fig. 1. Basic mandibular bone segments used for the thin and thick cortical bone groups. Simulation of flattening and several levels of osteoplasty
in the middle part of the bone segment are shown in the cross-sectional image. The name of each model refers to the outer bone curvature used.
Cancellous bone was exposed in R4, R5 and Flat models of the thin cortical bone group. The meshed FE model of the thick knife edge bone is

shown on the right.

sagittal osteotomies of the edentulous
ridge”.

When the narrow width is limited to the
alveolar bone crest inridges with adequate
height, osteoplasty or flattening proce-
dures are recommended rather than bone
augmentation procedures . The local
anatomy and geometry of the peri-implant
bone influence the distribution and inten-
sity of the stresses generated in the sur-
rounding bone, because of the mechanical
interlocking relationship between the
implant and the surrounding bone'*'?.
Excessive stresses generated around den-
tal implants are considered to be one of the
main causes of peri-implant bone loss and/
or implant failure®'?,

The effect of crestal bone osteoplasty
and the flattening procedures that pre-
cede implant placement on the biome-
chanical behavior of dental implants has
not been assessed in relation to the stress
and strain generated around the dental
implants that will be placed in these
ridges. The purpose of this study was
to evaluate the biomechanical effect of
surgical reduction and flattening of the
narrow alveolar bone crest on the biome-
chanical behavior of the future implants
using three dimensional (3D) finite ele-
ment analysis (FEA). Several methods
have been used to evaluate the biome-
chanical aspect of dental implants such as
FEA, strain gauges and photo-elastic
models. Of these methods, FEA is con-
sidered the method of choice to calculate
the stresses generated in complex geo-
metries and to evaluate different vari-
ables simultaneously”.

Materials and methods
Model design

A 3D model of an edentulous mandibular
segment with knife-edge configuration
was constructed. A cross-sectional CT
scan for the mandibular first premolar
region was selected with a bucco-lingual
dimension of less than 2 mm at the alveo-
lar crest level, which is considered as the
knife-edge ridge according to PIETRO-
Kovski et al.?'.

The image was plotted and used to
determine x and y coordinates for points
that describe the outline of the external
cortical bone surface. These coordinates
were imported into the FEM software
(ANSYS 9.0, ANSYS Inc., PA, USA) as
keypoints that were connected by smooth
lines/curves using a ‘spline algorithm’.
The area was divided into a cancellous
core surrounded by a layer of.cortical
bone. Two basic bone models (Knife mod-
els) were created with exactly the same
external cortical bone outline, but differ-
ent cortical bone thicknesses at the crestal
region. The first had a uniform layer of
cortical bone 1.6 mm thick (thin group),
and the second had cortical bone thickness
at the crestal region of 3.2 mm (thick
group). The two-dimensional images were
extruded in the z axis to create a 3D bone
model with a mesio-distal length of
20 mm. The alveolar bone models were
approximately 12.25 mm wide bucco-lin-
gually and 28.5 mm heigh infero-super-
iorly.

Flattening and several levels of osteo-
plasty were simulated for the two basic

Knife alveolar bone models by gradually
subtracting the bone in the crestal region
until a flattened surface was obtained in
the Flat models, with 1 mm of bone on the
buccal and distal sides. A vertical distance
of 0.5 mm (measured from the highest
point vertically) was removed each time
to produce the Reduction models: R1, R2,
R3,R4 and R5 (Fig. 1). The reduction was
performed in a curved way to preserve the
bucco-lingual width and was limited to the
central part of the bone segment with a
mesio-distal length of 8 mm, correspond-
ing to the standard implant diameter
(4 mm) and 2 mm on both mesial and
distal sides. 14 models were constructed
(Fig. 1). A cylindrical implant, 4 mm in
diameter and 10 mm long, was placed
vertically in the alveolar ridge, with a
simplified abutment and crown, 6 mm in
diameter and 8§ mm high.

Loading and boundary conditions

All materials were assumed to be isotro-
pic, homogeneous and linearly elastic. The
interfaces between the materials were
assumed bonded or osseointegrated.
Young’s moduli of the cortical bone, can-
cellous bone, implant, and prosthetic
structures were assumed to be 15 GPa,
1.5 GPa, 110 GPa and 96.6 GPa, respec-
tively. A Poisson’s ratio of 0.3 was used
for all the materials, except for the pros-
thetic structures, which had a ratio of
0.35%.

The models were fixed in all directions
on the mesial and distal surfaces of
the bone™. A load of 200 N applied 30°
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Maximum compressive stress in the crestal cortical bone
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Fig. 2. Maximum compressive stress values (MPa) in the crestal bone around the necks of the implants on application of the oblique loads: Thin,
thin cortical bone group; thick, thick cortical bone group. The thickness of the crestal cortical bone at the midline is shown in each model of the two

groups.

buccal from the vertical axis'” was applied
at the center of the occlusal surface of the
crown.

All models were meshed with 20-node
tetrahedral elements. A convergence test
was performed to determine the number of
elements to ensure the validity of calcula-
tions. A finer mesh was generated around
the neck of the implant. Depending on the
model, element numbers ranges were
75,175-82,793 and 90,435-98,328 in the
thick and thin groups, respectively. The
compressive stress and strain results were
calculated and recorded for all models in
the bone structures.

Results

The maximum compressive stress and
strain values in each of the 14 models
are summarized in Figs 2 and 3. On load-
ing the implant, maximum compressive
stresses were observed at the cervical
region of the cortical bone in all models.
In the knife-edge models, the maximum

10000

Max. Compressive stress (micro strainy

vnife  R-1 R-2

stress was noted at the mesial and distal
sides of the implant neck on the sharp bone
edge (Figs 4 and 5). Maximum cortical
bone stress values were 49.5 MPa and
66.3 MPa in the thick and thin models,
respectively. A marked reduction in stress
was noted when the sharp edge was elimi-
nated in R1 models with peak compressive
stress of 36.8 MPa and 38.9 MPa for thick
and thin cortical bone models, respec-
tively. The maximum compressive stress
was increased progressively as the alveo-
lar crest height became reduced. The high-
est compressive stress value occurred
around the implant in the flat models with
60.8 MPa and 98.3 MPa in the thick and
thin cortical bone models, respectively
(Figs 4 and 5).

In the cancellous bone, the maximum
stress values were considerably lower than
those in the cortical bone in all models.
Peak stresses were observed at the crestal
region under the cortical bone plate around
the implant neck in R3, R4, R5 and Flat
models of the thin group and the Flat model

Compressive Strain in the Thin and Thick groups

R-3 R-4 R-5 Flat

Bone Models

Fig. 3. The maximum compressive strain values (micro strain) in the cortical and cancellous
bones in each model of the thin and thick groups. Cort-Thin, cortical bone in the thin group;
Canc-Thin, cancellous bone in the thin group; Cort-Thick, cortical bone in the thick group;

Canc-thick, cancellous bone in the thick group.

of the thick group. In the rest of the models,
peak stresses were observed at the lingual
side of the implant apex (Fig. 6). The
distribution of the maximum compressive
strain was similar to the compressive stress
in the corresponding models.

Discussion

FEA is used increasingly to predict the
performance of dental implants. It can be
undertaken by studying mechanical para-
meters such as the stress or strain gener-
ated in the implant and surrounding bone
structures’. FEA comprises several steps
starting with the pre-processing stage, in
which the implant and bone models are
developed. To obtain accurate results and
precisely evaluate the biomechanical
aspects of treatment options, it is essential
to develop and design models that repre-
sent clinical conditions. Previous FEA
studies have tended to ignore the local
anatomy of the crestal bone and implant
site preparation, for example by represent-
ing the alveolar bone with a simplified
rectangle in two dimensions or a block
with rectangular cross-section in 3D mod-
els. When anatomical models are used, the
crestal region is often modified to have a
flat contour with a uniform cortical bone
layer. Recently, more accurate, realistic
models have been constructed using CT

. scan data -and other advanced digital ima-

ging techniques. The data used are com-
monly selected for the ideal bone
morphology of a well rounded alveolar
bone (class III Cawood and Howell clas-
sification”) which does not represent other
bone morphology types.

PiETROKOVISKI et al.”! investigated the
characteristics of edentulous ridges in
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Compressive stress in the Thin cortical bone group
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Fig. 4. The effects of gradual reduction of the alveolar bone crest and the exposure of cancellous bone on the compressive stress in the thin cortical
bone group. The figure on the left indicates the viewing angle and force direction (red arrow). Models are sectioned halves and viewed from the
mesial side (upper graphics). The crestal regions in the Knife-edge and Flat models are enlarged (lower graphics). The same contour scale was used
for all models in the thin group. The red area represents the highest compressive stress.

human jaws. They reported 43% with a
knife-edge alveolar crest in the mandible
and 38% in the premolar region. Osteo-
plasty procedures in which the alveolar
crest is surgically reduced or flattened are
considered to be the most common
approach that routinely restores the
required width for implant placement in
thin and/or knife-edge ridges'’. In this
study, bone models represented class IV
(knife-edge ridge) and different levels of
osteoplasty.

Altering the morphology and geometry
of the crestal bone by osteoplasty proce-
dures was found to influence the distribu-
tion and magnitude of generated peri-
implant bone stress and strain. In the
knife-edge models, a relatively high com-
pressive stress was found at the mesial and
distal sides of the implant neck, where the
sharp, thin edge is located. Lower stress,
with an even distribution, was observed at
the lingual side. The strong, bony curva-
ture (characterized by the acute angle,

measured between the vertical axis of
the implant and the external lingual cer-
vical bone surfaces) presented at the lin-
gual side probably accounts for the
reduction of stress at this region; when
implants are attached to a cortical bone
with stronger curvature, stress will be
directed from the outer cortical edge to
the inner bone''**. As the sharp edge was
eliminated in R1 models, the stress gen-
erated was redistributed over a larger area.
Thus the maximum stress was reduced in

Compressive stress in the Thick cortical bone group

Flat i

Knife edge

5

=53

high

632 44 2 # a

-17 -1

(MPa)

Fig. 5. The effects of gradual reduction of the alveolar bone crest on the compressive stress in the thick cortical bone group. The crestal regions in
the Knife-edge and Flat models are enlarged (lower graphics). The same contour scale was used for all models in the thick group.
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Compressive stressin the Cancellousbone
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Fig. 6. The compressive stress distributions in the cancellous bone were shown in the Knife edge, R3, and Flat models of the thick (upper graphics)
and thin (lower graphics) groups sectioned halves and viewed from the mesial side. Red contour represents the maximum stress in each model. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

the mesial and distal regions around the
implant. Maintaining the strong curvature
lingually in these models (R1) may
explain the preservation of the low stress
level, which was evenly distributed on the
lingual side. A progressive increase of
stress was observed in the rest of the
models as the curvature strength and the
cortical bone thickness were reduced
further.

Reduction of crestal bone curvature
increased the resultant stress and strain,
regardless of the cortical bone thickness.
This was confirmed when comparing dif-
ferent bone reduction levels. For instance,
the thick R4 model showed a higher max-
imum stress value than the thin R2 model,
although the cortical bone thickness in the
former was two times larger than the latter
(Fig. 2). This demonstrates the impor-
tance of the crestal bone contour as a key
factor in the resultant stress outcome
around dental implants.

Bone models with larger crestal cortical
bone thickness exhibited a relatively lower
peri-implant stress and strain compared
with the corresponding models with the
same osteoplasty reduction levels but with
less cortical bone thickness. This agrees
with previous reports in the literature'®°,

When the alveolar crest is surgically
reduced or flattened, it may result in sharp
edges to the remaining cortical bone and
exposure of the cancellous bone. These
changes in the bone could lead to local
stress and strain concentrations and fati-
gue failures®. This would explain why the
maximum stress was located at the sharp

cortical edges along with the substantial
increase in stress and strain values in the
R3, R4, R5 and Flat models in the thin
cortical bone group.

The distribution of peak stresses in the
cancellous bone was influenced by the
presence and the thickness of the cortical
bone layer. In bone models with compro-
mised cortical bone thickness (thin R3,
and thick Flat) or with uncovered cancel-
lous bone (thin R4, R5 and Flat), max-
imum stresses were found at the crestal
region. This might be due to the inward
displacement of the thin cortical bone
plate in those models.

Osteoplasty procedures resulted in
reduction of the cortical bone support/
thickness and/or exposure of the cancel-
lous bone to direct forces in the crestal
region. The amount of bone reduction
depends on the diameter of the implant
to be placed and the width of the available
bone. Class IV (knife-edge) has shown a
larger need for crestal bone reduction’. In
this study, an implant with a standard
diameter of 4 mm was used to provide
the 1 mm of supporting bone at the buccal
and lingual sides, the required bucco-lin-
gual width was 6 mm. Depending on the
thickness of the cortical bone layer, osteo-
plasty may result in exposing the cancel-
lous bone as demonstrated in the thin
group, which represents the average cor-
tical bone thickness. The crestal cortical
bone was doubled in the thick group to
study the influence of gradual reduction
and flattening with and without cancellous
bone exposure.

The potential fatigue damage to the
bone is expected to occur under excessive
dynamic loading that exceeds 4000 micro-
strain under compressive forces™'®. This
is attributed to the accumulation of
induced micro-damage that exceeds the
bone repair capacity”*, The compressive
stress and strain parameters were used as a
risk scale in this study but inherent sim-
plifications made in FEA may limit the
direct application of quantitative results
obtained from these analyses.

The aim of this study was not to predict
the exact in vivo stresses, but to explore
the possible differences that result as a
consequence of modifying crestal bone
morphology. Limitations of this study
include single static loading and the ver-
tical placement of the implant and the
bone quality used. Previous studies have
indicated that in comparative analysis, the
relative accuracy of the results is not
affected by these parameters’®. A cylind-
rical non-threaded implant was used in this
study as it is considered the neutral
design', and to establish a baseline from
which other implant designs can be com-
pared in further studies. The implant-bone
attachment was assumed to be perfectly
and continuously bonded. This is because
of the absence of reliable data regarding
the interfacial tensile strength.

In this study, the stress and strain gen-
erated around the dental implant were
investigated immediately after osseointe-
gration. Accordingly, neither bone resorp-
tion nor corticalization was represented.
The central region of cancellous bone was



uncovered in some models, but the cortical
bone support that is considered critical for
implant stability was maintained for
implants in all models.

Based on the results of this study, osteo-
plasty procedures may critically affect the
stress and strain outcomes in the peri-
implant bone structure. The high stress

“and strain generated around dental
implants could cause mechanical over-
loading of the bone and may result in
alveolar bone loss that affects the long
term success of the implant treatment.
Exposing the cancellous bone has signifi-
cantly’ increased cancellous bone strain
around the implant. Accordingly, from a
biomechanical point of view, a sharp edge
should be carefully eliminated while flat-
tening the crestal region and uncovering
cancellous bone should be avoided.

Rounding or reduction of the alveolar
bone may redistribute and decrease the
stress. Based on the results of this study,
and taking into consideration the wide
variation in bone morphology and cortical
bone thickness among individuals, it may
be impossible to draw a definitive conclu-
sion regarding the limit to which the cres-
tal region can be reduced without causing
considerable increase in the resultant
stresses. .

When the alveolar bone- ridge is
rounded or flattened, the available bone
height for implant placement is reduced.
Consequently, shorter implants are
placed in these ridges™'”. -Simulta-
neously, the crown height space is
increased. This change in the crown/
implant ratio increases the stress gener-
ated in the peri-implant bone struc-
tures?2. In the current study, the intra-
bony implant length and the supra-crestal
abutment and prosthesis heights were
standardized to exclude the effect of
crown/implant ratio.

In conclusion, crestal bone osteoplasty
procedures performed prior to implant
placement may improve the resultant
stress and strain outcomes around the
dental implant neck when the sharp edge
of the knife-edge ridge is eliminated.
Flattening the alveolar crest and uncover-
ing the cancellous bone may have the
disadvantage of significantly increasing
stress ‘and strain in the crestal bone
region.
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Current approaches to the development of regenerative therapies
have been influenced by our understanding of embryonic devel-
opment, stem cell biology, and tissue engineering technology. The
ultimate goal of regenerative therapy is to develop fully function-
ing bioengineered organs which work in cooperation with sur-
rounding tissues to replace organs that were lost or damaged as a
result of disease, injury, or aging. Here, we report a successful fully
functioning tooth replacement in an adult mouse achieved through
the transplantation of bioengineered tooth germ into the alveolar
bone in the lost tooth region. We propose this technology as a
model for future organ replacement therapies. The bioengineered
tooth, which was erupted and occluded, had the correct tooth
structure, hardness of mineralized tissues for mastication, and
response to noxious stimulations such as mechanical stress and

pain in cooperation with other oral and maxillofacial tissues. This’

study represents a substantial advance and emphasizes the po-
tential for bioengineered organ replacement in future regenera-
tive therapies.

regenerative therapy | transplantation

he current approaches being used to develop future regen-

erative therapies are influenced by our understanding of
embryonic development, stem cell biology, and tissue engineer-
ing technology (1-4). One of the more attractive concepts under
consideration in regenerative therapy is stem cell transplantation
of enriched or purified tissue-derived stem cells (5), or in vitro
manipulated embryonic stem (ES) and induced pluripotent stem
(iPS) cells (6, 7). This therapy has the potential to restore the
partial loss of organ function by replacing hematopoietic stem
cells in hematopoietic malignancies (8), neural stem cells in
Parkinson’s disease (9), mesenchymal stem cells in myocardial

~infarction (10), and hepatic stem cells in cases of hepatic

insufficiency (11). \
The ultimate goal of regenerative therapy is to develop fully

functioning bioengineered organs that can replace lost or dam-.

aged organs following disease, injury, or aging (4, 12-14). The
feasibility of this concept has essentially been demonstrated by
successful organ transplantations for various injuries and dis-
eases (15). It is expected that bioengineering technology will be
developed-for the reconstruction of fully functional organs in
vitro through the precise arrangement of several different cell
species. However, these technologies have not yet achieved
3-dimensional reconstructions of fully functioning organs. To
achieve the functional replacement of lost or damaged tissues
and organs, the development of 3-dimensional bioengineered
tissues comprising a single cell type is now being attempted using
biodegradative materials (3), appropriate cell aggregation (16),
or uniform cell sheets (17). These are now clinically applied for
corneal dysfunction (18), myocardial infarction (19), and hepatic
insufficiency (20) using oral mucosal epithelial cells, myocardial
cells, and liver cells, respectively, with favorable clinical results.

www.pnas.org/cgi/doi/10.1073/pnas.0902944106

A concept has also now been proposed to develop a bioengi-

‘neered organ by reproducing the developmental processes dur-

ing organogenesis (13, 21, 22). Almost all organs arise from their
respective germs through reciprocal interactions between the
epithelium and mesenchyme in the developing embryo (23-25).
Therefore, it is predicted that a functional bioengineered organ
could be produced by reconstituting organ germs between
epithelial and mesenchymal cells in vitro, although the existence
of organ-inductive stem cells in the adult body has not been fully
elucidated yet with the exception of hair follicles (26) and the
mammary gland (27). Tooth replacement regenerative therapy,
which is also induced by typical reciprocal epithelial, and mes-
enchymal interactions (25, 28), is thought to be a feasible model
system to evaluate the future clinical application of bioengi-
neered organ replacement (13, 21). The strategy to develop a
bioengineered third tooth after the loss of deciduous and
permanent teeth is to properly reproduce the processes which
occur during embryonic development through the reconstitution
of a bioengineered tooth germ in vitro (21). We have recently
developed a method for creating 3-dimensional bioengineered
organ germ, which can be used as an ectodermal organ such as
the tooth or whisker follicle (29). Our analyses have provided an
effective method for reconstituting this organ germ and raised
the possibility of tooth replacement with integrated blood vessels

_and nerve fibers in an adult oral environment (29). However, it

remains to be determined whether a bioengineered tooth can

achieve full functionality, including sufficient masticatory per-

formance, biomechanical cooperation with tissues in the oral
and maxillofacial regions, and proper responsiveness via sensory
réceptors to noxious stimulations in the maxillofacial region.
There are currently no published reports describing successful
replacement with a fully functional bioengineered organ.

In our current study, we describe a fully functioning tooth
replacement achieved by transplantation of a bioengineered
tooth germ into the alveolar bone of a lost tooth region in an
adult mouse. We propose this as a model for future organ
replacement therapy. The bioengineered tooth, which was
erupted and reached occlusion in the oral environment, had the
correct tooth structure, hardness of mineralized tissues for

* mastication, and responsiveness to experimental orthodontic

treatment and noxious stimulation in cooperation with tissues in
the oral and maxillofacial regions. Our results thus demonstrate
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the potential of bioengineered organ replacement for use in
future regenerative therapies.

Results

Eruption and Occlusion of a Bioengineered Tooth. We first investi-
gated whether a bioengineered molar tooth germ, which was
reconstituted from embryonic day 14.5 (ED14.5) molar tooth
germ-derived epithelial and mesenchymal cells by our previously
developed organ germ method, could erupt and reach occlusion
with an opposing tooth in the mouse adult oral environment
(Fig. 14). After 5-7 days in an organ culture, a single bioengi-
neered molar tooth germ, which had developed at the early bell
stage of a natural tooth germ and was with a mean length of
534.4 = 45.6 um (Fig. 1B), was then transplanted with the correct
orientation into a properly-sized bony hole in the upper first
molar region of the alveolar bone in an 8-week-old adult murine
lost tooth transplantation model. In this model, the upper first
molar had been extracted, and the resulting wounds had been
allowed to heal for 3 weeks (Fig. 14 and Fig. S1.4). The cusp tip
of the bioengineered tooth was exposed into the oral cavity at
36.7 = 5.5 days after transplantation at a frequency of 34/60
(56.6%) (Fig. 1C Center and Fig. S1 B-D Center). In current
transplantation model, the non-erupted explants also occurred
at low frequency and were due to the microsurgery for the
transplantation, such as transplantation with the reverse direc-
tion or the falling off the explants. The vertical dimension of the
tooth crown continually increased and the bioengineered tooth
finally reached the plane of occlusion with the opposing lower
first molar at 49.2 = 5.5 days after transplantation (Fig. 1C Right,
and Fig. S| B-D Right and E). During the course of eruption and
occlusion, the alveolar bone at the bony hole gradually healed in
the areas around the bioengineered tooth and the regenerated
tooth had sufficient periodontal space between itself and the
alveolar bone (Fig. 1D and Fig. S1D). The bioengineered tooth

13476 | www.pnas.org/cgi/doi/10.1073/pnas.0902944106

Bioengineered tooth

Fig. 1. Eruption and occlusion of a bioengineered
tooth. (A) Schematic representation of the transplan-
tation technology used for the generation of reconsti-
tuted tooth germ. (B) Phase contrast image of bioengi-
neered tooth germ on day 5 of an organ culture. (Scale
bar, 200 um.) (C) Oral photographs of a bioengineered
tooth during eruption and occlusion processes, includ-
ing before eruption (Left), immediately after eruption
(Center), and full occlusion (Right). (Scale bar, 200 xm.)
(D) Histological analysis of the bioengineered tooth
during the eruption and occlusion processes, including
before eruption (Left), immediately after eruption
(Center), and full occlusion (Right). (Scale bar, 100 xm.)
(E) Oral photograph of a bioengineered tooth recon-
stituted using a combination of epithelial cells from
normal mice and mesenchymal cells from GFP-trans-
genic mice (GFP bioengineered tooth). A merged im-
age is shown. (Scale bar, 200 um.) (F) Asectional image
of a GFP bioengineered tooth. Fluorescent and DIC
images are merged. (Scale bar, 100 um.) (G) Oral pho-
tographs showing occlusion of normal (Upper) and
bioengineered (Lower) teeth. (Scale bar, 200 m.) (H)
MicroCT images of the occlusion of normal (Left) and
bioengineered (Right) teeth. External (Left) and cross
section (Right) images are shown. The bioengineered
tooth is indicated by the arrowhead.

also formed a correct structure comprising enamel, ameloblast,
dentin, odontoblast, dental pulp, alveolar bone, and blood
vessels (Fig. 1D). It is known that mice have a considerable
amount of cellular cementum that increases in thickness both on
the sides of the roots and in the interradicular area and forms
around the apex of the molar roots (30). The fully occluded
bioengineered tooth was also observed to have a large amount
of cellular cementum that was equivalent to a normal murine
molar tooth (Fig. 1D and Fig. S14). The root of the bioengi-
neered tooth was also observed to be surrounded by sufficient
periodontal ligaments (PDL) (Fig. 1D). Observations of the
bioengineered tooth morphology revealed that the crown had
plural cusp structure. The lengths and crown widths of the
erupted bioengineered teeth were 1,474.4 + 115.1 and 690.7 %
177.7 um, respectively. However, the bioengineered tooth was
smaller than the other normal teeth, since at present we cannot
regulate the crown width, cusp position, and tooth patterning
including anterior/posterior and buccal/lingual structures using
in vitro cell manipulation techniques.

We also transplanted green fluorescence protein (GFP)-
labeled bioengineered tooth germ, which was reconstituted by
normal epithelial cells and the mesenchymal cells from GFP-
transgenic mice into non-transgenic mice as described above
(29). A GFP-labeled bioengineered tooth was produced and
could be observed in the bony hole in the alveolar bone of adult
mice (Fig. 1E and Fig. S1F). GFP-positive mesenchymal cells
were also detectable both in the odontoblasts and in the dental
pulp and PDL, which differentiate from the dental papilla and
dental follicle cells, respectively (Fig. 1F). Green fluorescence
was also observed in the dentinal tubules of the GFP-positive
odontoblasts in the regenerated tooth (Fig. 1F Lower).

We next investigated the gene expression profiles of colony-
stimulating factor 1 (CsfI) and parathyroid hormone receptor
(Pthrl), which are thought to regulate osteoclastogenesis during

lkeda et al.
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Fig. 2. Assessment of the hardness of the bioengineered tooth. Knoop

microhardness values of the enamel (Left) and dentin (Right) of the bioengi-
neered tooth at 11-weeks post transplantation were compared with those of
normal teeth from 3- and 9-week-old mice. Error bars show the standard
deviation (n = 3). P< 0.001 (*) and <0.0001 (**) was regarded as statistically
significant (t test).

tooth eruption (31). Those genes were detectable in the eruption
pathway and at the boundary surface between the dental follicle
of the bioengineered tooth and osseous tissues, as is seen in
normal teeth (Fig. S2). These observations suggest that the
eruption of the bioengineered tooth germ faithfully reproduced
the molecular mechanisms involved in the normal tooth eruption
process.

We next analyzed the occlusion established between the
bioengineered tooth and the opposing lower teeth. We often
observed that the bioengineered tooth moved physiologically
before achieving the occlusion during the transplantation ex-
periments. The regenerated tooth achieved normal occlusion in
harmony with other teeth in the recipient animal and had
opposing cuspal contacts that maintained the proper occlusal
vertical dimensions between the opposing arches (Fig. 1 G and
H, and Fig. S1 B-E). Following the achievement of occlusion at
49.2 + 5.5 days after transplantation, there was no excessive
increase in the tooth length or perforation of the maxillary sinus
by the erupted bioengineered tooth at up to 120 days after
transplantation. These results indicated that the bioengineered
tooth moved in response to mechanical stress and achieved
functional occlusion with the opposing natural tooth.

Masticatory Potential of the Bioengineered Tooth. The masticatory
potential of a bioengineered tooth is essential for achieving
proper tooth function (32). We thus performed a Knoop hard-
ness test, which is a test for mechanical hardness and is used in
particular for very brittle materials or thin sheets. This was an
important parameter for evaluating masticatory functions in our
bioengineered tooth, including both the dentin and the enamel
components. The Knoop hardness of both the enamel and dentin
of normal teeth in 3-week-old and 9-week-old mice significantly
increases in according to the postnatal period (Fig. 2). These
values for enamel and dentin in the normal teeth of 9-week-old
adult mice were measured at 447.7 = 88.9 and 88.4 = 10.2 Knoop
hardness number (KHN), respectively (Fig. 2). The same mea-
surements in the bioengineered tooth were 461.1 * 83.2 and
81.4 = 7.53 KHN, respectively (Fig. 2). These findings indicated
that the hardness of the bioengineered tooth is in the normal
range.

Bioengineered Tooth Response to Mechanical Stress. It has been
postulated that regeneration of a fully functional tooth could be
achieved by fulfilling critical functions in an adult oral environ-
ment such as the cooperation of the bioengineered tooth with the
oral and maxillofacial regions through the PDL (31, 33). Histo-
chemical analysis of the PDL of our bioengineered tooth (Fig.
1D) showed a positive connection between this tooth and the

lkeda et al.
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Fig. 3. Experimental tooth movement. (A) Horizontal sections of the root of
a normal tooth (Upper) and a bioengineered tooth (Lower) were analyzed by
hematoxylin-eosin staining (HE) at days 0 (Left), 6 (Center), and 17 (Right) of
experimental orthodontic treatment. (Scale bar, 100 um.) (B) Sections of a
normal and bioengineered tooth were analyzed by TRAP staining and in situ
hybridization of Ocn atday 6 of the orthodontictreatment. TRAP-positive cells
(arrow) and Ocn mRNA-positive cells (arrowhead) are indicated. (Scale bar,
100 pwm.) (C) The root of the bioengineered tooth was analyzed for bone
formation. The image in the box in Left is shown at higher magnification in
Right. Tetracycline (arrowhead) and calcein (arrow) labeling was detectable
on the tension side. (Scale bar, 50 xm.)

alveolar bone, and suggesting that this tooth may be responsive
to mechanical stress. It has been demonstrated previously that
alveolar bone remodeling is induced via the response of the PDL
to mechanical stress such as the treatment of orthodontic
movements (31, 33). These same studies have further demon-
strated that the localization of osteoclasts for bone resorption
and osteoblasts for bone formation can be observed in the area
of compression and on the tension side, respectively (31, 33).
Thus, we analyzed the movement of our bioengineered tooth and
also the osteoclast and osteoblast localization for remodeling in
the alveolar bone by inducing orthodontic movements experi-
mentally.

When the bioengineered tooth was moved buccally for 17 days
with a mechanical force in an experimental tooth movement
model, it performed as well as a normal tooth (Fig. 34 and Fig.
S3). Histochemical analysis additionally revealed morphological
changes in the PDL in both the sides containing lingual tension
and buccal compression following 6 days of treatment (Fig. 34
and Fig. S3). Osteoblast-like cells, which have a cuboidal
shape and rounded nuclei, and osteoclast-like cells, which are
multinucleated giant cells, were observed on the surface of the
alveolar bone within the tension and compression sides, respec-
tively (Fig. 34 and Fig. S3). During experimental tooth move-
ment, tartrate-resistant acid phosphatase (TRAP)-positive
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staining was observed in the multinucleated cells, indicating that
osteoclast-like giant cells were dominant on the compression side
(Fig. 3B). In contrast, the localization of osteocalcin (Ocn)
mRNA-positive cells was observed in the cells on the tension
side, indicating that osteoblast-like cells were dominant (Fig.
3B). A fluorescent double-labeling experiment using calcein and
tetracycline further showed that incorporation of these reagents
into the alveolar bone on the tension side, but not the compres-
sion side, was clearly observable in the double-labeled line within
10 days of the orthodontic treatment (Fig. 3C). These findings
suggest that the PDL of the bioengineered tooth successfully
mediates bone remodeling via the proper localization of oste-
oclasts and osteoblasts in response to mechanical stress.

Perceptive Potential of Neurons Entering the Tissue of the Bioengi-
neered Tooth. The perception of noxious stimulations such as
mechanical stress and pain, are important for the protection and
proper functions of teeth (34). Neurons in the trigeminal gan-
glion, which innervate the pulp and PDL, can detect these stress
events and transduce the corresponding perceptions to the
central nervous system (34). We have previously reported that
nerve fibers are detectable in the pulp of a developing bioengi-
neered tooth in the oral cavity (29). In our current experiments,
we evaluated the responsiveness of nerve fibers in the pulp and
PDL of the bioengineered tooth to induced noxious stimulations.

Anti-neurofilament (NF)-immunoreactive nerve fibers were
detected in the pulp, dentinal tubules, and PDL of the bioengi-
neered tooth as in a normal tooth (Fig. 44 and Fig. S4).
Neuropeptide Y (NPY), which is synthesized in sympathetic
nerves (34), was also detected in the pulp and PDL neurons (Fig.
44 and Fig. S4 C and D). Calcitonin gene-related peptide
(CGRP), which is synthesized in sensory nerves and is involved
in sensing tooth pain (34) was also observed in both pulp and
PDL neurons (Fig. 44 and Fig. S4 E and F). NPY and CGRP
were detected in both the anti-NF positive and negative-
immunoreactive neurons (Fig. 44 and Fig. S4 C-F).

We next evaluated the perceptive potential of these neurons
in the bioengineered tooth against noxious stimulations such as
orthodontic treatment and pulp stimulation. The expression of
galanin, which is a neuropeptide involved in pain transmission
(35), increased in response to persistent painful stimulation of
the nerve terminals within the PDL of the bioengineered tooth
to the same extent as in a normal tooth (Fig. 4B). Thus PDL
nerve fibers in the bioengineered tooth appear to respond to
nociceptive stimulation caused by our experimental tooth move-
ments. Previous studies have reported that neurons expressing
the proto-oncogene c-Fos protein are detectable in the super-
ficial layers of the medullary dorsal horn following noxious
stimulations such as electrical, mechanical and chemical stimu-
lation of intraoral receptive fields involving the tooth pulp, PDL,
and peripheral nerves innervating the intraoral structures (34,
35). We found in our current analyses that the c-Fos-
immunoreactive neurons present in both the normal tooth and
the bioengineered tooth drastically increased at 2 h after exper-
imental tooth movement, and then gradually decreased within
48 h (Fig. 4C). Following pulp stimulation, positive neurons in
both normal and bioengineered teeth also increased at 2 h after
stimulation, but could not be detected at 48 h (Fig. 4D). These
data indicate that the nerve fibers innervating both the pulp and
PDL of the bioengineered tooth have perceptive potential for
nociceptive stimulations and can transduce these events to the
central nervous system (the medullary dorsal horn).

Discussion

We successfully demonstrate herein that our bioengineered tooth
germ develops into a fully functioning tooth with sufficient hardness
for mastication and a functional responsiveness to mechanical stress
in the maxillofacial region. We also show that the neural fibers that
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Fig. 4. Pain response to mechanical stress. (A) Nerve fibers in the pulp and PDL in
the normal (Upper) and bioengineered (Lower) tooth were analyzed immunohisto-
chemically usingspecific antibodies for the combination (left 2 columns) of NF (green)
andNPY (red) and the combination (right 2 columns) of NF and CGRP (red). (Scale bar,
25 um.) (B) Analysis of galanin immunoreactivity in the PDL of a normal (Upper) and
bioengineered (Lower) tooth for the assessment of orthodontic force. No galanin
expression was evidentin the untreated tooth (Left). Galanin expression (arrowhead)
was detected in the PDL of a normal and bioengineered tooth after 48 h of orth-
odontic treatment (Right). (Scale bar, 25 um.) (C) Analysis of c-Fos-immunoreactivity
inthe medullary dorsal horn of mice with anormal tooth (Upper) or a bioengineered
tooth (Lower) after O h (Left), 2 h (Center), and 48 h (Right) of orthodontic treatment.
c-Fos expression (arrowhead) was also detected. (Scale bar, 50 um.) (D) Analysis of
c-Fos immunoreactivity in the medullary dorsal horn of mice with a normal tooth
(Upper) or a bioengineered tooth (Lower) after 0 h (Left), 2 h (Center), and 48 h
(Right) of stimulation by pulp exposure. c-Fos expression (arrowhead) was evident in
the medullary dorsal horn after 2 and 48 h of pulp exposure. (Scale bar, 50 um.) D,
dentin; P, pulp; B, bone; PDL, periodontal ligament; T, spinal trigeminal tract.

have re-entered the pulp and PDL tissues of the bioengineered
tooth have proper perceptive potential in response to noxious
stimulations such as orthodontic treatment and pulp stimulation.
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