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Abstract

Objectives: The aim of this in vitro pilot investigation is to assess the accuracy of the preemptive
individually fabricated root analogue implant (RAI) based on three-dimensional (3D) root surface
models obtained from a cone beam computed tomography (CBCT) scan, computer-aided designing
(CAD), and computer-aided manufacturing (CAM) technology and to measure the discrepancy in
congruence with the alveolar socket subsequent to placement of the RAI.

Materials and methods: Eleven single-rooted teeth from nine human cadaver mandibles were
scanned with the 3D Accuitomo 170 CBCT system. The 3D surface reconstructions of the teeth
acquired from the CBCT scans were used as input for fabrication of the RAIs in titanium using
rapid manufacturing technology. The teeth were then carefully extracted. The teeth and RAIs were
consequently optically scanned. The mandibles with the empty extraction sockets were scanned
with CBCT using identical settings to the first scan. Finally, the preemptively made RAIs were
implanted into their respective sockets, and the mandibles were again scanned with CBCT using
the same scan settings as previous scans. All 3D surface reconstructions (CBCT 3D surface models
and optical scan 3D models) were saved for further analysis. 3D models of original teeth and
optical scans of the RAls were superimposed onto each other; differences were quantified as root
mean square (RMS) and Hausdorff surface distance. To obtain an estimate of the fit (congruence)
of the RAIls in their respective sockets, the volumetric data sets of the sockets were compared with
those of the root part of RAls congruent with the sockets.

Results: Superimposed surfaces of the RAls and the original tooth reveal discrepancy for RMS,
volumetric geometry, and surface area varying from 0.08 mm to 0.35 mm, 0.1% to 7.9%, and 1.1%
to 3.8%, respectively. Comparing volume differences of the alveolus with the socket corresponding
part of the RAI resulted in every case the volume of the socket being greater than the root part of
the RAI ranging from 0.6% to 5.9% volume difference.

Conclusion: The preemptive CAD/CAM-based RAI technique might offer promising features for
immediate implant placement. However, due to the lack of prospective clinical data, further
research is needed to fine-tune and evaluate this technique.

The use of cone beam computed tomography
(CBCT), computer-aided designing (CAD), and
computer-aided manufacturing (CAM) has
become widespread in implant dentistry. Vari-
ous clinical applications including computer-
ized implant treatment planning, implant-
supported fixed prosthesis, and guided implant
surgery combine the use of CBCT and CAD/
CAM technologiesl (Jung et al. 2009). As tech-
nology advances, applications of digitized den-
tal reconstructions will continue to expand.

© 2012 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd

Recently, we proposed a novel approach for
immediate implant placement designed to
replace a (soon to be) missing tooth (Anssari
Moin et al. 2011). In contrast to traditional
immediate implant approaches using conven-
tional, threaded, cylindrical, or tapered
implants, this technique provides a preemp-
tively individually made root analogue
implant (RAI) based on acquisition of three-
dimensional (3D) reconstructions from the

CBCT scan and fabrication process through
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high-end selective laser melting (SLM) tech-
nology.

Our pilot study results suggested that the
dimensions of the RAI are similar to the ori-
ginal root. However, all steps in the process
of fabricating a preemptively made RAI can
result in geometrical deviations and struc-
imperfections. these
errors can lead to discrepancies in implant fit
in the socket, lessened bone-to-implant con-

tural Consequently,

tact, decreased mechanical engagement of
the implant, or highly pressurized implant
fit. For successful implementation of the
preemptive RAI technique, high-quality 3D
surface models, high-accuracy fabrication of
the RAI, and a congruent fit between the RAI
and the extraction socket are required (Ans-
sari Moin et al. 2011; Figliuzzi et al. 2012).
The aim of this pilot investigation is to
assess the accuracy of the individually fabri-
cated CBCT- and CAD/CAM-based titanium
RAI and to measure the discrepancy in con-
gruence with the alveolar socket subsequent
to placement.

Materials and methods

Sample preparation, radiographic scan, optical
scan, and CAD/CAM process

We built on the method previously described
by Anssari Moin et al. 2011; . Briefly, eleven
single-rooted teeth from nine mandibles (not
identified by age, gender, or ethnic group)
were selected. There were three central and
one lateral incisor and six canines and one
premolar tooth. The mandibles were scanned
with the 3D Accuitomo 170 CBCT system
(Accuitomo 170, 90kVp, 5 mA, 30.8s,
4x4cm Field of [FoV], voxel
0.08 mm?®, Morita Inc., Kyoto, Japan) using
the Subse-
quently, eleven RAIs were produced in tita-

View

recommended scan protocol.
nium by rapid manufacturing using SLM
technology (LayerWise NV, Dent-Wise Divi-
The 3D
reconstructions of the teeth acquired from
the CBCT scans were used as the input
for the digital manufacturing process (3D

sion, Leuven, Belgium). surface

Fig. 1. Example of the segmentation and preparation of RAI no. 2. Coronal (a), axial (b), sagittal (c), and 3D (d) views.
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reconstruction details follow below). The
files were sliced with a layer thickness of
30 um and produced in a high-end SLM
machine equipped with an ytterbium fiber
laser from Ti6Al4V powder under an argon
atmosphere.

The teeth were then carefully extracted to
reduce risk of fracturing the bone and roots
and to avoid any alterations to the shape of
the socket. The teeth and RAIs were conse-
quently optically scanned using an optical
system (Atos II SO; GOM GmbH, Braun-
schweig, Germany). Subsequent to tooth
extraction and prior to RAI implantation, the
mandibles with the empty extraction sockets
were scanned with CBCT using identical set-
tings to the first scan. This was conducted to
obtain the volumes of the sockets after
extraction.

Finally, the preemptively made RAIs were
implanted into their respective sockets. With
finger pressure and the gentle use of a ham-
mer and a mallet, good primary stability of
the RAI was achieved and checked by palpa-
tion and percussion. The nine mandibles
with the eleven RAIs in place were again
scanned with the 3D Accuitomo 170 CBCT
system using the exact same scan settings as
with the previous scans.

3D surface reconstructions, surface
measurements, and volumetric measurements

The CBCT data sets were imported in Amira
software for further analysis and image seg-
mentation (v 5.3, Visage Imaging, Carlsbad,
CA, USA). Threshold-based segmentation tech-
niques were employed to segment the teeth
from their surroundings in the original scan
prior to teeth extraction (Fig. 1). The exact pro-
cedure for segmenting the tooth was the fol-
lowing: A region of interest limited to the
tooth and surrounding periodontium was first
selected. Subsequently, an optimal threshold
value based on the histogram analysis, the local
gray level value, and image gradient was
selected to separate the root and crown from
the surrounding bone. A manual selection, on
the basis of the sagittal slides, was added for

the most apical part of the root if the threshold-
based technique did not confine the entire apex
area. The resulting images were processed
using interactive processing tools to remove
resulting artifacts.

All segmented data sets were converted to
3D surface models using the marching cube
algorithm (Lorensen & Cline 1987). The 3D
surfaces were saved in the standardized trian-
gulation language (STL) file format. The same
format was employed for the optical 3D mod-
els of the natural teeth and RAIs (Fig. 2 a, b).
Using a 3D iterative closest point registration
algorithm (Aloimonos 2004), 3D models of
the teeth and the optical scans of the RAIs
were superimposed onto each other, and dif-
ferences were quantified as mean (root mean
square [RMS]) and maximum (hausdorff) surface
distancel (Canadian Image Processing Pattern
Recognition Society 2004) (Fig. 2¢). The STL of
the natural tooth served as the reference
standard within alignment of the surfaces.

To obtain an estimate of the fit (congru-
ence) of the RAIs in their respective sockets,
the volumetric data sets of the sockets were
compared with the volumetric data sets of
the root part of RAIs congruent with the
sockets. The measurement process was as
follows: Using tracing tools in Amira, the
outline of the socket was followed on each
slice starting coronally at the alveolar bone
crest and proceeding apically to the apex. On
each slice, a contour was traced and the con-
fined surface area was automatically selected
through the software (Fig. 3).

The volumes were obtained through com-
bining the surface areas of the contiguous
slices and considering the voxel dimensions.
The software then automatically measures
the sum total of the volumes of the individ-
ual slices producing the total volume of the
socket in cubic millimeter. This method has
been previously described to follow up volu-
metric bone or soft tissue changes with
CBCT (Garcia de Paula-Silva et al. 2009). The
same volumetric measurement process was
applied for to the alveolar socket correspond-
ing part of the implanted RAL

© 2012 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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original counterparts (Fig. 4, arrow 3) varying
with a minimum of 0.31 mm and a maxi-
mum of 1.86 mm decrease at the most apical
part of the RAIs. At the cementoenamel junc-
tion (CEJ) of RAI nos. 2, 4,5, 6,7,8,and 9, a
local increase in surface area is visible (Fig. 4,
arrow 2.

The RMS data, volume change, and surface
area change between the RAI and original tooth
were measured for all RAIs (summarized in
Table 1, column A, B, and C. Note: the natural
toot served as reference). The RAIs were smaller
than the original teeth in all instances (Fig. 2 c).
The discrepancy for the RMS, volumetric geome-
try, and surface area varied from 0.08 mm to
0.35 mm, 0.1% to 7.9%, and 1.1% to 3.8%,

respectively.

Fig. 2. 3D surface models derived from optical scanning of the natural tooth (a) and from optical scanning of the To ascertain the extent of congruence of the
RAI (b). Surface alignment between natural tooth (yellow) and RAI (gray) in (c). Notice the under-estimation of RAI
surface reconstruction in comparison with the natural tooth, especially in the apical area.

root part of the RAIs with their equivalent
sockets, volume differences of the alveolus with
the socket corresponding part of the RAI were
calculated (outlined in Table 1, column D. Note:
the empty socket served as reference). In every
case, the volume of the socket was greater than
the root part of the RAI ranging from 0.6% to
5.9% volume difference.

Discussion

Advantages supporting the idea of this
approach encompass shortening of the recon-

Fig. 3. Example of the volumetric measurement of the socket of RAI no. 2. Coronal (a), axial (b), and sagittal (c) struction treatment time, forbearance of mul-
views. tiple surgical interventions, and easy surgical
handling, altogether resulting in increased
patient comfort. Another proposed advantage

= e
| !ozu of the technique is the minimal marginal
i alveolar bone resorption as a consequence of
|- the uncomplicated surgical application:

atraumatic, flap-less, and socket friendly
1] 0.06 (Pirker et al. 2011; Figliuzzi et al. 2012). As
] the RAI is a one-piece and one-stage implant,
submerged healing is not an option. Hence,

i . after removal of the tooth and insertion of

the RAI, primary stability is of crucial impor-
tance for osseointegrationl (Lioubavina-Hack
et al. 2006). Conventional threaded implants

achieve primary stability in immediate
implantation situations by means of perforat-
ing 3-5 mm apically of the alveolus and
screw retaining the implant into to the

lingual/palatal alveolar bone wall (Lang et al.
2012). However, with the RAI, primary
stability is achieved through a good congru-
ence with the alveolar socket, a slight

Fig. 4. Superimposed STL files of the optical scan of the original tooth and RAI no. 2. Measurement in millimeters.
Notice: optical scan of the tooth served as the reference surface.

Results edge area (Fig. 4, arrow 1). This particular pressurized fit, and the macroscopic features

incisal edge area of the RAIs is smaller than of the implant (Pirker et al. 2011). It is of
Comparing the superimposed surfaces of the the original teeth (maximum 0.15 mm). note that a pressurized fit is one of the key
RAIs and the original tooth reveals in all Toward the more apical areas, all RAIs factors influencing primary stability. Inaccu-
eleven cases a local disparity at the incisal appear to have gradual deviation with their racies from the digital planning to the

© 2012 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd 3 | clin. Oral Impl. Res. 0, 2012 / 1-5
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Table 1. Summarized measurements: The natural tooth/socket served as reference standard

A B
RMS + SD (max) Volume
Natural tooth vs. RAI

Natural tooth vs. RAI

C D
Surface area Volume socket
Natural tooth vs. RAI  Volume vs. RAI in socket

RAI 1 0.171 + 0.122 (1.10) 2.5
RAI2  0.155 + 0.112 (1.11) 3.4
RAI3  0.098 + 0.070 (0.77) 3.6
RAI4  0.119 + 0.086 (1.87) 7.9
RAI 5 0.14 £ 0.095 (0.91) 2.2
RAI 6 0.14 + 0.088 (1.01) 3.7
RAI'7  0.098 + 0.067 (0.56) 2.2
RAI 8 0.35 £ 0.20 (1.06) 4.4
RAI 9 0.13 £ 0.095 (0.86) 0.1
RAI 10 0.080 + 0.043 (0.31) 7.4
RAI 11 0.099 + 0.061 (0.46) 6.0

{IAl 0.6
25 5.9
3.8 1.4
3.8 .7
2.3 2.5
3.6 5.6
1.3 .7/
1.8 2.1
1.4 3.1
3.1 4.1
1.7 1.7

Column A: RMS difference and standard deviation (SD) results between the optical scan of the natu-
ral tooth and the RAIl in millimeters (mm). Maximum errors (Hausdorff distance) are reported
between brackets. Column B: volume change (%) between the original tooth and fabricated RAI.
Column C: surface area change (%) between the original tooth and RAI. Column D: volume differ-
ence (%) between the alveolar socket and implanted RAI.

fabrication process of the RAI will lead to
decreased fit with the alveolar socket, less-
ened bone-to-implant contact, and abated
primary stability and ultimately resulting in
implant failure.

This pilot investigation was conducted to
assess the accuracy of the preemptively con-
structed CBCT- and CAD/CAM-based RAI
technique and measure for discrepancy with
the socket after implantation. The results
show that the differences between the RAI
vs. tooth and socket vs. root part of the RAI
are small. This is in corroboration with previ-
ous findings from Anssari Moin et al. 2011
and Figliuzzi et al. 2012; .

The particular disparity of the RAIs at the
incisal edge can be rationalized by the fact
that all the RAIs were supported with pins at
the incisal edge during the SLM process.
These supports were subsequently removed
resulting in inaccuracy at this particular area.
The gradual deviation increase in apical
direction between the RAI and original tooth
has previously been reported to be a cause of
increased bone mass in apical direction
resulting in lesser accuracy and gradual under-
estimation of the root during the segmentation
process (Anssari Moin et al. 2011). Furthermore,
the local incongruity of RAI nos. 2, 4, 5, 6, 7, 8,
and 9 at the CEJ could be explained as damage to
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