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- ABSTRACT -

Exploration of measurement of conditions for three-
dimensional bone-to-implant contact ratio using micro-
computed tomography and comparison with

histological approach

Jeong-Min Hong, D.D.S., M.S.D.

Department of Prosthodontics, Graduate School, Seoul National University

(Directed by Professor In-Sung Yeo, D.D.S., M.S.D., Ph.D.)

Purpose: Histological analysis is widely regarded as the gold standard method of
evaluating osseointegration around a bone-implant. However, this approach requires
invasive specimen preparation and is limited to representing only a single plane. By
comparison, micro-computed tomography (uCT) offers a rapid and convenient
alternative that provides three-dimensional information, but is hampered by resolution
and artifacts-related issue, making it a supplementary method for osseointegration
analysis. To verify the reliability of uCT for osseointegration evaluation, this animal
model study compared bone-to-implant contact (BIC) ratios obtained by the gold
standard histomorphometric method with those obtained by the uCT method, using a

rabbit tibia implant model.



Materials and methods: A sandblasted, large-grit, acid-etched (SLA) implant and a
machined surface implant were inserted into each tibia of two rabbits (giving eight
implants in total). Bone-implant specimens were analyzed using uCT with a spiral scan
technique (SkyScan 1275) and histological sections were prepared thereafter. Three-
dimensional (3D) reconstructed uCT data and four two-dimensional (2D) uCT sections,
including one section corresponding to the histologic section and three additional
sections rotated 45°, 90°, and 135°, were used to calculate the BIC ratio. The Pearson’s

test was used for correlation analysis at a significance level of 0.05.

Results: The histomorphometric BIC and the 2D-uCT BIC showed strong correlation
(r=0.762, P = 0.046), whereas the histomorphometric BIC and 3D-pCT BIC did not (r
=-0.375, P = 0.385). However, the mean BIC value of three or four 2D-uCT sections
showed a strong correlation with the 3D-puCT BIC (three sections: r = 0.781, P =0.038;

four sections: r = 0.804, P = 0.029).

Conclusion: The results of this animal model study indicate that uCT can serve as a
valuable complement to the histomorphometric method for bone-implant interface
analyses. With the limitations of this study, 3D-uCT analysis may even have a superior
aspect by eliminating random variables that can arise as a consequence of the selected

cutting direction.
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I. BACKGROUND

Bone responses to dental implants are commonly evaluated through quantitative
analyses of direct bone-to-implant contact (BIC), also known as osseointegration
(Albrektsson et al, 1981, Johansson and Albrektsson, 1991). Osseointegration is
essential for the successful clinical outcome of dental implants, which is assessed based
on criteria such as stability, functionality, and maintenance (Sennerby et al, 2001). A
strong and intimate interface between the implant and the surrounding bone ensures
efficient transfer of occlusal forces, thus enabling the implant to withstand masticatory
loads and function akin to a natural tooth. Since the introduction of the concept of
osseointegration by Branemark in 1977, measurement of the BIC ratio on an
undecalcified histological section using light microscopy has been regarded as the gold
standard analysis method (Branemark, 1977, Branemark, 1983, Branemark et al, 2001,
Stadlinger et al, 2007). This histomorphometrical method provides qualitative
information as well as quantitative analysis, such as the presence and organization of
cells around the implant, indicating the status of inflammation, remodeling, and
regeneration of the bone tissue.

Despite providing valuable qualitative information as well as quantitative ones, this
histomorphometric approach is inherently destructive and time-consuming. It
necessitates intensive preparation procedures such as sawing, grinding, and staining of
the bone-implant section, all of which can potentially result in technical errors (Sprecher
et al, 2013). The invasiveness of the procedure also damages the specimen, precluding

further examination, and does not allow evaluation of the specimen at various time
1



points (Miiller et al, 1998, Gao et al, 2009). Histomorphometric analyses also have the
crucial drawback that only a small number of two-dimensional (2D) sections with the
same orientation can be made; consequently, there is uncertainty over whether this
method of measurement accurately represents the entire three-dimensional (3D) bone-
to-implant surface. Therefore, despite the reliability of the histomorphometric method,
a convenient and objective technique that allows 3D analysis of the BIC is needed.
Recently, micro-computed tomography (LCT) has emerged as a potential alternative
method to assess the 3D morphology and architecture of BICs (Palmquist et al, 2017,
Jimbo et al, 2011). This non-destructive and fast method offers not only information
about the 3D structure, but can also be used to assess quantitative parameters such as
bone density (Al Subaie et al, 2015, Becker et al, 2015). The drawback of uCT is that it
has a lower resolution than light microscopy, causes the partial volume effect (PVE),
and creates artifacts that can obstruct evaluation of the implant surface (Boas and
Fleischmann, 2012, Stoppie et al, 2005). PVE refers to a phenomenon that occurs in
imaging techniques, such as uCT, where the resolution of the imaging system is
insufficient to accurately represent small structures or boundaries. It occurs when a
voxel contains a mixture of different materials or tissues with varying densities such as
bone, soft tissue, and air, for example. As a result, the boundaries between these different
materials may appear blurred or indistinct, leading to inaccuracies in quantifying their
individual properties, particularly relevant when analyzing structures with fine details
or small features, such as bone-implant interfaces in dental implants. Metal induced
artifacts cause more complicated problems in that dental implants have a thread type

geometry in addition to the problem that they are made of titanium. To avoid such



problems, a few groups have suggested analyzing the implant surface a few voxels away
from the bone interface using uCT (Butz et al, 2006, Bernhardt et al, 2012, Liu et al,
2012, Vandeweghe et al, 2013, Bissinger et al, 2017). In addition, some studies have
focused on identifying the optimum conditions for scanning, along with ways to
minimize the occurrence of artifacts (de Faria Vasconcelos et al, 2017, Van Oosterwyck
et al, 2000, Li et al, 2014, Meagher et al, 2018). Despite these efforts, the limitations of
3D-uCT have not been addressed fully and data generated using this method are
currently only used to supplement conventional histomorphometric data (Becker et al,
2015).

Several studies have attempted to assess the consistency between 3D-uCT data and
2D histomorphometric data, but many still show conflicting results; morecover, the
conditions for each study, such as the type of pCT device and analysis algorithm, were
not standardized (Rebaudi et al, 2004, Liu et al, 2012, Vandeweghe et al, 2013, Bissinger
etal, 2017, Schouten et al, 2009, Choi et al, 2019). Accurate verification of the reliability
of 3D-uCT data requires a number of criteria to be met: first, the 2D-uCT section
corresponding to the histologic section must be defined exactly; second, optimized
conditions for BIC analysis, such as segmentation threshold and region of interest (ROI),
should be established by comparing the corresponding sections; and third, the BIC
analysis of the reconstructed 3D-uCT data must be conducted under these conditions
using an appropriate algorithm. To date, only a few studies have performed these three
processes. One study suggested that three to four histologic sections, the maximum
number that can be obtained along the longitudinal axis of one implant, are sufficient to

represent the 3D osseointegration status (Bernhardt et al, 2012). However, only a few



studies have considered the impact of various cutting directions on uCT results (Park et

al, 2005, Sarve et al, 2011).



II. INTRODUNCTION

Implant surface analysis based on uCT has several advantages including multifaceted
and automated analyses through 3D reconstruction. However, the BIC analysis method
using uCT used in various papers is not standardized. Even in the paper to verify the
analysis method using uCT, the standardization of the method is not dealt with. For
standardizing through accurate verification, it is also necessary to consider the
methodology for each step. Finding the 3D-uCT data that correspond to a specific
histologic section, which is starting point to verify the pCT method, have a marked
effect on the results. Then, reconstruction of the 3D data set and bone and implant
thresholding, must be decided in consideration of in vivo exam and uCT scanning
settings. Then proper algorithm should be established for BIC analysis.

The primary aim of this animal model study was to verify the suitability of the 3D-
puCT BIC analysis method for osseointegration assessment by comparing it to the
histologic BIC analysis method. For validation purposes, we performed an exploration
to determine the optimal conditions for 3D-uCT analysis. Titanium implants with two
different surfaces were implanted into the tibiae of two rabbits, and a spiral scanning
technique, which is known to reduce artifacts associated with screw-shaped dental
implants (Choi et al, 2018), was used to generate pCT images. Thereafter,
histomorphometric BIC ratios were compared to the BIC ratios of the 2D-uCT sections
that matched histologic sections, as well as the BIC ratios of reconstructed 3D uCT data.
Additionally, the correlation between the BIC ratios of the 2D-uCT sections generated

in variable cutting directions and reconstructed 3D uCT data was compared. The main
5



alternative hypothesis of this study is that measuring bone-to-implant contact on the
direct surface of implants using 3D-uCT is challenging compared to the histological
method, even under appropriate conditions. The second alternative hypothesis posits
that the utilization of 3D-uCT for measuring bone-to-implant contact can reduce the

influence of randomness resulting from the selection of cutting direction.



III. MATERIALS AND METHODS

1. Specimen preparation and in vivo implant surgery

Eight threaded titanium implants (Deep Implant Systems, Seongnam, Korea) were
prepared for in vivo surgery, with four implants having a machined surface (turned) and
the remaining four were sandblasted, large-grit, acid-etched (SLA) surface implants.
These implants had a diameter of 3.4 mm and a length of 12 mm, and were fabricated
from grade 4 commercially pure titanium. A notch was created on the top of each fixture
using a diamond bur to enable identification of an identical plane between the
histomorphometric slide and pCT scan data.

Eight implants were inserted into the tibiae of two normal male New Zealand White
rabbits, which were aged between 3 to 4 months, weighed 2.5 to 3 kg, and showed no
signs of disease. The animal study protocol was approved by the Ethics Committee of
the Animal Experimentation of the Institutional Animal Care and Use Committee
(CRONEXIACUC 202103007; Cronex, Hwasung, Korea) and was performed in
accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines (Kilkenny et al, 2012).

The rabbits were anesthetized via intramuscular injection of tiletamine/zolazepam (15
mg/kg, Zoletil® 50, Virbac Korea Co. Ltd., Seoul, Korea) and xylazine (5 mg/kg,
Rompun™, Bayer Korea Ltd., Seoul, Korea). Prior to the surgery, the skin on the
surgical site was shaved and disinfected with betadine, and then the rabbits were given

an intramuscular administration of the antibiotic cephalosporin (Cefazolin; Yuhan Co.,



Seoul, Korea). Each tibia was then locally injected with 0.9 mL of 2% lidocaine with
1:100,000 epinephrine (2% Lidocaine HCL Injection, Huons Co., Ltd, Seongnam,
Korea). For implant placement, muscle dissection and periosteal elevation were
performed after skin incision to expose the flat surfaces of the tibiae. Drilling was
performed mono-cortically under saline irrigation with a final diameter of 3 mm,
according to the protocol provided by the implant manufacturer. After bone preparation,
two implants were placed in each tibia, resulting in a total of four implants per rabbit.
Each implant was placed to make that the marked notch perpendicular to the long axis
of the tibia (Johansson and Morberg, 1995). SLA and turned surface implants were
arranged in a 2 x 2 Latin square design to ensure complete randomization with minimal
sample size (Fig 1). Healing abutments were screwed in after implant placement and
the muscle and periosteum were sutured with resorbable 4-0 Vicryl (Ethicon, Somerville,
NJ, USA), while the skin was closed using 4-0 blue nylon (Ailee, Busan, Korea).
Enrofloxacin (Komibiotril, Komipharm International, Siheung, Korea) was

administered intramuscularly as an antibiotic for 3 days postoperatively.



Rabbit 1 Rabbit 2

SLA Turned Turned SLA

Turned SLA SLA Turned

Right Left Right Left

Fig 1. In vivo study design.

Schematic illustration showing placement of the implants in the rabbit tibia model,
considering complete randomization. SLA, sandblasted, large-grit, acid-etched implant.

Each rabbit was housed separately for 28 days and then sacrificed via an intravenous
overdose of potassium chloride under anesthesia. Following the removal of the soft
tissue, the implants were retrieved en bloc with adjacent bone, and were fixed in 10%

neutral formaldehyde immediately.



2. Micro-CT scanning and data reconstruction

The implant-bone blocks were carefully positioned in a 50 mL Falcon conical tube
(Fisher Scientific International, Hampton, NH, USA) with the long axis of the implant
perpendicular to the scanning beam. A SkyScan 1275 puCT scanner (Bruker, Kontich,
Belgium) was used to perform a quantitative analysis of the surrounding bones. The
scan time was 2 hours and 20 minutes, employing an isotropic voxel size of 20 um
(resolution), an acceleration voltage of 100 kV at 100 pA with a Cu filter (1 mm). A
spiral scanning technique was used to mitigate cone-beam artifacts common to round
scanning (Choi et al, 2018). The exposure time for all samples was set at 217 ms, with
a rotation step of 0.1° and frame averaging value of 4, accompanied by a linear step of
0.003 mm. Following the scanning process, the data were reconstructed using NRecon
software (v.1.7.3.2; Bruker microCT, Kontich, Belgium) with a ring artifact correction
value of 3 and a beam hardening correction of 40%. All scans were reconstructed with
the same contrast limit for the attenuation coefficient values (0 to 0.025). Subsequently,
the reconstructed pCT data were aligned with the long axis of the implant using

DataViewer software (v.1.5.4.0; Bruker microCT, Kontich, Belgium).

3. Undecalcified specimen preparation and histomorphometry

After uCT scanning, undecalcified ground sections of bone-implant blocks were
processed. The specimens were dehydrated with ethanol, embedded in light curing resin
(Technovit 7200 resin, Heracus Kulzer, Hanau, Germany), and then bisected
longitudinally, along the plane, to include the notch and center of the healing abutment

(Donath and Breuner, 1982). One central section was prepared for each implant,
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resulting eight histological sections in total. Subsequently, the sections were ground to
approximate thickness less than 50 um and stained with hematoxylin and eosin. For
histomorphometric analysis, images were obtained via light microscopy (BXS5I,
Olympus, Tokyo, Japan) and the image analysis was performed using the Imagel
software (National Institutes of Health, Bethesda, MD, USA). The histomorphometric
BIC ratio, defined as the total bone-to-implant contact length/geometrical length of
implant surface, was calculated using the ‘measure’ tool of ImagelJ at 40x magnification.

All the BIC analyses were carried out by two blinded examiners.

4. Analysis procedure for 2D and 3D micro-CT

The identification of the 2D-uCT section corresponding to the histologic section was
achieved using DataViewer and CTAn software (v.1.18.4.0; Bruker microCT, Kontich,
Belgium). After aligning the reconstructed uCT image to the plane that included the
center of the implant and the marked notch, the matching slice to the histologic section
was selected along the longitudinal view of the implant. In addition, oriented along the
long axis of the implants were also acquired; these sections were rotated 45°, 90°, and

135° relative to the histological-identical section (Fig 2, Supplementary Fig).
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BIC assessment was performed within a 1.7 mm region along the long axis of the
implant (crestal portion), beginning from the bottom of the healing abutment, such that
85 slices in the uCT data were cropped (Fig 3). To measure the 2D-uCT BIC ratio, the
ROI was set between the second and third voxel from the implant surface to avoid
titanium-induced artifacts. Such artifacts typically occur 20 to 40 pm from the implant
surface, and setting the ROI one voxel away from the surface did not completely
eliminate them (Fig 4). Thereafter, the implant threshold and bone threshold were
manually determined based on the best visual agreement using identical 2D slices. The
same thresholds were applied to all samples, and each side of the implant was analyzed
independently in the 2D analysis. Finally, bone and implants were binarized using their
respective thresholds. BIC assessment was carried out on the four different 2D-uCT
sections (Fig 3) and 3D-uCT reconstructed data, using the ROI and threshold specified

above. All the BIC analyses were carried out by one blinded examiner.
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5. Statistics

Independent t-tests were used to compare the BIC ratios of the two different implant
surfaces determined using 2D histologic sections and 2D-puCT and 3D-puCT data.
Pearson’s correlation coefficients were used to evaluate correlations between the BIC
ratios determined using 2D histologic sections and those generated using 2D-uCT or
3D-uCT data. In addition, correlations between the 3D-uCT BIC ratios and the mean
2D-uCT BIC ratios of sections cut in different directions were also examined. All
statistical analyses were performed with R software (v.4.1.0; R Foundation for
Statistical Computing, Vienna, Austria) and P < 0.05 was considered to be statistically

significant.
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IV. RESULTS

1. Clinical results of experimental animals

A total of eight titanium implants were inserted in the tibiae of two male rabbits (one
turned surface implant and one SLA surface implant per tibia per rabbit). Routine
clinical inspections revealed uneventful healing progress after surgery and there were
no clinical signs of infection at the time of sacrifice. Since all samples exhibited

successful osseointegration, none were excluded from the BIC analysis.

2. Histomorphometrical BIC ratio assessment

Bone-implant blocks were prepared 4-weeks post-surgery and, after uCT scanning,
were processed for histomorphometric analyses. The overall mean BIC determined
using histological sections of the bone-implant blocks was 42.4% [standard deviation
(SD) 14.4; range 25.6—72.7]. The mean BIC of the SLA surface implants was 50.5%
[SD 16.0; range 34.6—72.7], whereas that of the turned surface implants was 34.3% [SD
7.3; range 25.6—42.5] (Table 1, Fig 5). The difference between the BIC ratios of the SLA
and turned surface implants determined using histological sections was not statistically

significant (P =0.116).
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Table 1. bone-to-implant contact (BIC) ratios of the implants determined using

histologic sections, 2D-puCT, and 3D-puCT images, and the correlations between
the different methods.

Histo BIC 2D-uCTBIC  3D-uCTBIC  Correlation® Correlation®
(mean+SD)  (mean+SD)  (mean+SD)  (Histo/2D-pCT)  (Histo / 3D-uCT)
Total 42.4+144 38.7+12.1 521459 0.762* (P =0.046) -0.375 (P =0.385)
SLA® 50.5+160 38.1+157  48.6+5.1
Turned 34.3+7.3 39.4+£9.6 55.7+£4.8

& Pearson’s correlation coefficient.
b Sandblasted, large-grit, acid-etched implant.
*Statistically significant.
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Fig 5. bone-to-implant contact (BIC) ratios of the implants determined using

histologic sections, 2D-pCT, and 3D-pCT data.

The data are presented as the mean + SD. The BIC ratios of the SLA and turned surface
implants, as determined using histologic sections and 2D/3D-uCT, did not show a

statistically significant difference (P = 0.116).
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3. Measurement conditions of micro-CT analysis and 2D, 3D

micro-CT BIC ratio assessment

As mentioned above, a distance of two voxels (40 um) from the maximum titanium
absorption values was found to avoid the PVE and was therefore optimal for the 2D-
UCT analysis (Fig 4). The threshold gray-level for the bone was 70 (bone mineral
density: 686 mg/cm® hydroxyapatite), whereas that for the titanium implant was 170
(bone mineral density: 1667 mg/cm® hydroxyapatite) on an 8-bit scale (0-255). The
threshold levels were related to bone mineral density, using a calibration phantom
(Bouxsein et al, 2010).

Table 1 shows the mean BIC ratios calculated using the histologically matching 2D-
UCT sections and the reconstructed 3D-puCT images. For each method, the difference
between the BIC ratios of the SLA and turned surface implants was not statistically

significant (2D-uCT, P = 0.887; 3D-uCT, P =0.0874) (Fig 5).

4. Correlations between the BIC ratios determined using
histomorphometry, 2D-puCT with different cutting directions,

and 3D-puCT images

A Pearson’s correlation analysis revealed a significant correlation between the BIC
ratios calculated using the histological sections and identically matched 2D-uCT images
(P = 0.046); however, there was no significant correlation between the BIC ratios
calculated using the histomorphometry and 3D-uCT images (P = 0.385) (Table 1, Fig

6).
19
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20-uCT BIC
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Fig 6. Correlation of the BIC ratio between histologic section and 2D-pCT or 3D-
pCT.

Scatterplots with line of best fit. (a) correlation between histomorphometry and 2D-
uCT. (b) correlation between histomorphometry and 3D-uCT.

Next, BIC ratios were determined using three other 2D-uCT sections that were rotated
45°,90°, and 135° relative to the histological-matched 2D-uCT section. There was no
correlation between the BIC ratios determined using the 3D-uCT image and the mean
value of two 2D-UCT sections (identical section and section rotated 90°); however, there
was a strong correlation between the BIC ratio determined using the 3D-uCT image and
the mean value determined using all four 2D-uCT sections (identical section and

sections rotated 45°, 90°, and 135°) (Table 2, Fig 7).
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Table 2. BIC ratios determined using the indicated numbers of 2D-puCT sections,
and the correlations between them and the BIC ratio determined using 3D-pCT

images.

2D-uCT BIC  2D-uCT BIC 2D-uCT BIC 2D-uCT BIC 3D-uCT BIC
1 section® 2 sections® 3 sections® 4 sections?

(mean = SD)  (mean £ SD) (mean = SD) (mean = SD) (mean = SD)

Mean BIC 38.7+12.1 39.1+£11.5 35.8+09.1 35.5+83 52.1+£59

0.477 0.628 0.781* 0.804*

Correlation®  p " 370y (P=0.131 (P =0.038) (P =0.029)

? Histological-identical section.

b Histological-identical section and 90° rotated section.

¢ Histological-identical section and 45° and 90° rotated sections.

4 Histological-identical section and 45°, 90°, and 135° rotated sections.

¢ Pearson’s correlation coefficient (between the BIC ratio determined using the
indicated number of 2D sections and that determined using the 3D image).
*Statistically significant.
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Fig 7. Correlation of the BIC ratio between 3D-uCT and the means of the 2D-

sections cut in different directions.

Scatterplots with line of best fit. Correlation between BIC ratio of the 3D-uCT and
means of the different number of 2D sections cut in different directions. (a) 1 section,
(b) 2 sections, (¢) 3 sections, and (d) 4 sections.
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V. DISCUSSION

In this study, we compared and evaluated the BIC ratios calculated using 2D and
3D-puCT analysis with those obtained through histomorphometric methods. Despite the
potential for multi-faceted and chronological implant surface analysis using puCT, it is
currently only utilized as a supplementary method due to resolution and artifact issues.
The majority of commercially available implants exhibit threaded geometry, leading to
a higher occurrence of artifact-related issues compared to implants with simpler
geometry. To mitigate this, spiral scanning, which minimizes artifacts generated by
threaded-type implants, was employed in this study for acquiring uCT data (Choi et al,
2018). Regarding chronological evaluation, there are several areas much to be improved,
even in small animal in vivo settings, including scan time, specimen fixation, radiation
dose, and field of view. Currently, additional research is necessary to fully utilize uCT
for clinical investigations, particularly with respect to titanium implants (Butz et al,
2006, Bissinger et al, 2017, Hutchinson et al, 2017). In the case of the PVE, which arises
due to resolution problems when two substances with different attenuation coefficients
come into contact, the higher the resolution, the lower the impact (Liu et al, 2012,
Meagher et al, 2018). However, even with the improved resolution offered by pCT, it
still lags behind that of light microscopy; thus in this study, the complete elimination of
PVE necessitated the implementation of an exclusion zone of 40 um, as suggested in
previous studies (Fig 4) (Butz et al, 2006, Bernhardt et al, 2012, Liu et al, 2012,
Vandeweghe et al, 2013, Bissinger et al, 2017). Although the exclusion zone of 40 um

used in this study is very small and measurement may reflect the bone contact of the
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implant surface, it deviates from the original definition of osseointegration, i.e., direct
bone-to-implant contact that ensures the fixation of a clinically established implant. To
address limitations arising from the discrepancy in the ROI, it is necessary to establish
an optimal method that improves resolution and eliminates artifacts (Villarraga-Gomez
et al, 2018).

To verify the the puCT-based BIC analysis, this study conducted a step-by-step
procedure. We identified uCT sections that were identical to the histologic sections by
using a marked notch on the top of the implant as a reference point. Afterwards, the
threshold that corresponded most to the bone-to-implant contact pattern observed in the
histologic section was derived. This threshold was then applied to the 3D-uCT analysis.
While the BIC ratios determined using the 2D-uCT analysis showed correlation with
those determined through histologic analysis, a comparable correlation was not
observed between the BIC ratios determined using the 3D-uCT analysis and histologic
analysis. This finding suggests that the histologic section, which is limited to two
dimensions, may not provide an accurate representation of the 3D in vivo condition. A
previous study demonstrated that utilizing three to four histologic sections per implant
can properly represent the whole 3D situation, minimizing any bias resulting from
selecting a single cutting direction (Bernhardt et al, 2012). Nevertheless, obtaining three
to four sections per implant presents technical complexities and, particularly due to the
cylindrical and tapered shape of the implant, making it challenging to acquire a section
that encompasses the complete lengths and diameters. Moreover, the orientation of the
cross-section can be altered during the grinding procedure. Unlike the previous study

(Bernhardt et al, 2012), where cross-sections were cut in a consistent direction, our
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current study analyzed 2D-uCT sections that were cut in various directions along the
longitudinal axis of the implant. Nonetheless, similar to previous findings, even with
multiple cutting directions, a correlation between the BIC ratios of 2D-uCT sections and
3D-uCT images still necessitated the use of three to four sections.

In the histological analysis, the BIC ratio of the SLA surface implant was observed to
be higher than that of the turned surface implant, although the difference was not found
to be statistically significant (Table 1). Likewise, there were no significant differences
in the BIC ratios of the SLA and turned surface implants as determined by the 2D-uCT
and 3D-uCT analyses. This outcome may be attributed to the four-week healing period
preceding the BIC analyses, which allowed ample time for bone remodeling in both
implant types, as indicated by a previous study (Lee et al, 2019). Furthermore, the
standard deviation (SD) of the 3D-uCT BIC ratios was found to be smaller compared to
those of the histologic and 2D-uCT BIC ratios (Table 1). This finding can likely be
attributed to the fact that 3D-puCT analysis has the capability to eliminate variability
stemming from the random selection of 2D sections, which is a notable limitation of the
histologic method. Moreover, the SD of the 2D-uCT BIC ratio exhibited a decreasing
trend as the number of sections obtained from different cutting directions increased
(Table 2), suggesting a reduction in intra-sample variability. Overall, these results
highlight the potential advantages of utilizing 3D-uCT analysis in bone-implant
interface evaluations, particularly in terms of reducing variability and providing a more
comprehensive assessment. However, further research is warranted to confirm these
findings and explore additional factors that may influence the BIC ratios of different

implant surfaces.
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The selection of appropriate thresholds for bone and implant plays a crucial role in the
accuracy of pCT analyses. The ROI is determined based on the titanium threshold of
the implant and the BIC calculation results can differ depending on the bone threshold
within the ROI. The bone threshold can vary depending on the experimental conditions
or individual variations among samples. In this study, a small sample size was used to
minimize animal sacrifice; however, this remains a limitation as a larger sample size
would reduce individual variations and provide more accurate validation. Furthermore,
even within the same sample, a smaller bone threshold can be obtained depending on
the distance from the implant surface, owing to the reduction in metal artifacts
(Bissinger et al, 2017). To fully harness the digital aspect of uCT and develop automated
analysis method, further quantitative studies one bone thresholds are necessary (Giesen
and Van Eijden, 2000, Irie et al, 2018). Additionally, it should be noted that the
methodology employed in this ex vivo animal model study using uCT is currently not
widely applicable in in vivo or clinical settings due to challenges such as long scan times,
mechanical fixation of specimens, and radiation dosage concerns (Gonzalez-Garcia and
Monje, 2013, Bissinger et al, 2017, Hutchinson et al, 2017). In the future, with ongoing
research aimed at refining and standardizing the technique, it is possible that
chronological in vivo scanning without sacrificing experimental animals and clinical
applications could become feasible (Sarve et al, 2008).

The identification of 3D-uCT data that correspond to specific histologic sections,
which is essential for validating the pCT method, can significantly impact the results.
However, this procedure is not devoid of difficulties, as it may encounter potential errors

during histologic sample processing. In this study, a sample was identified in which the
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longitudinal axis of the implant exhibited slight tilting, which attributed to technical
errors during specimen preparation. Although reconstructed 3D-uCT images enable the
observation of any sections, manually aligning the axis to find a matching plane proves
to be highly inefficient. This issue highlights the need for improved techniques in
aligning 3D-uCT data with corresponding histologic sections. Recent studies have
explored the use of automatic registration methods to facilitate this alignment process
(Becker et al, 2015, Sarve et al, 2008). Such advancements, coupled with additional
quantitative analyses to determine appropriate thresholds as mentioned above, hold
promise for the development of an enhanced 3D-puCT analysis method. Efforts in
refining the alignment process and standardizing the methodology will contribute to
more accurate and reliable comparisons between histologic and uCT data, advancing
our understanding of bone-implant interactions.

The present study has several limitations that should be considered. Firstly, as
mentioned above, we selected minimum sample size that allowed for complete
randomization of the implant surface while minimizing the sacrifice of experimental
animals. However, increasing the sample size would improve the statistical power and
allow for a more robust analysis. Future studies with larger sample sizes are warranted
to validate and strengthen the findings of this study, through reduce errors resulting from
inter-subject variability and compensate for any excluded samples due to technical
errors. Secondly, the use of higher-resolution pCT systems could be beneficial. The field
of uCT is continually advancing, and there are now higher-resolution systems available
that can help mitigate artifacts and improve the overall accuracy of measurements.

Although our study explored optimal conditions for 3D-uCT analysis in assessing BIC
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ratio and applied them for each step of the analysis, there is a need for a more delicate
quantitative analysis of these conditions. We quantitatively addressed artifacts
correction algorithms and contrast limit settings in the reconstruction process, the
threshold selection for bone and implant segmentation in this study. Further quantitative
analysis and a more sophisticated evaluation are needed to enhance our understanding
in these areas. In addition, considering factors such as the type of experimental animal,
the specific uCT device used, and the characteristics of the implant specimens will
contribute to improving the quantification and standardization of 3D-uCT BIC
assessment and broaden the generalizability of the findings in future studies. In
summary, while this study provides valuable insights into the challenges and potential
of using 3D-uCT for bone-to-implant contact assessment, the aforementioned
limitations should be taken into account when interpreting the results. Addressing these
limitations in future research will contribute to a more comprehensive understanding of

the technique and its applications in osseointegration assessment.
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VI. CONCLUSIONS

Within the limitations of this study, 3D-uCT can be utilized for analyzing the interface
between bone and implant, providing a valuable complement the histomorphometric
method. While the 2D-uCT BIC showed a correlation with the histomorphomtrical BIC,
the analysis of BIC using uCT did not allow for direct observation of the implant surface,
similar to the histological method. It required a certain exclusion zone from the implant
surface to avoid artifacts and PVE problems. In fact, 3D-uCT analysis may offer
advantages over histomorphometrical method as it allows for comprehensive
observation of the implant and bone morphology while eliminating random variables
stemming from the selection of the cutting directions. The increasing correlation
between the 3D-uCT BIC values and decreasing standard deviation with an increase in

the number of cutting planes support this finding.
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VII. SUPPORTING INFORMATION

Histological shde Identical pCT cut 45° rotated pCT ot 90° rotated pCT cut 135" rotated pCT cut

s 3
. .
S
ot
e

L]
C
]
E
o
o
o
w
) b
c
7]
E B
[&]
14
[<9
0 ’
p—
o
o
£ )
5 ,
[1k] i
o
m -

30



Specimen 5

4 v

o+ 4 I

Specimen 7 Specimen 6

Specimen 8

Supplementary Fig. 2D slices of all specimens.

31

-
rd
¢
-
P




VIII. The published paper related to this study
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