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Abstract: Peri-implantitis is an inflammatory lesion leading to bone destruction resulting from bac-
terial infection and biofilm formation. Treatments of peri-implantitis aim at bacterial controls and
decontamination to promote re-osseointegration. The present study aimed to assess the decontam-
ination of biofilm and the osseointegration of titanium discs in a rabbit tibia model. Discs were
immersed in culture medium inoculated with Staphylococcus aureus and incubated at 37 °C for 24 h
and allocated to different treatments (n = five per group). The decontamination methods were an
air-polishing system, 0.12% chlorhexidine rinse, and Er:Yag laser treatments. Each disc from the
experimental groups was observed using scanning electron micrography. The rest of the discs were
then implanted in four male New Zealand rabbits. Histological and radiographic evaluations were
performed. For the quantification of bone density in radiographic data, the fractal dimension (FD)
and mean grayscale value (GV) were measured. The Kruskal-Wallis test was used to compare bone
density (p < 0.05). Statistically significant differences in FD were observed between the air-polishing
treatment with chlorhexidine rinse and the air-polishing treatment with chlorhexidine rinse and
Er:Yag laser treatment compared to the contaminated group (p < 0.05). Also, there were statistically
significant differences in the results obtained for the group undergoing air-polishing treatment with
chlorhexidine rinse and Er:Yag laser treatment compared to the contaminated group (p < 0.05). The
decontamination method using air polishing treatment, chlorhexidine rinse, and Er:Yag treatment
showed favorable osseointegration with good bone quality.

Keywords: air polishing treatment; Er:Yag laser treatment; osseointegration

1. Introduction

Osseointegrated dental implants are an effective treatment for missing teeth with high
survival rates. However, peri-implantitis is one of the major complications for supporting
bone destruction leading to a loss of the implant [1-4]. Peri-implantitis is an inflammatory
lesion affecting the surrounding tissue of an osseointegrated implant resulting from bacte-
rial infection and biofilm formation [5-7]. Treatments of peri-implantitis aim at bacterial
controls and decontamination to promote re-osseointegration [3,7,8]. Effective decontami-
nation of the infected surface is crucial, and various decontamination methods have been
proposed in the literature [1,4,9-11]. Despite numerous suggested effective decontamina-
tion methods from multiple studies, a consensus on gold standards for peri-implantitis
treatments remains elusive. Additionally, challenges persist in the re-osseointegration of
previously contaminated implants [1,2].
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Decontamination methods for peri-implantitis include mechanical debridement using
scalers and ultrasonic scalers with plastic, metal, or carbon fiber tips, air-polishing systems,
and lasers. Alternative approaches to treatment comprise disinfection modalities, such as
antiseptics, photothermal laser disinfection, photodynamic therapy, the administration of
local or systemic antibiotics, or a combination of these methods [5,12-15].

Air-polishing therapy is one of the mechanical decontamination methods, involving
the use of low-abrasive powders, water, and pressurized air to remove biofilm from
implant surfaces through abrasion. Various types of abrasive powders are available,
including sodium bicarbonate, glycine salt, aluminum trioxide, and calcium carbonate [16].
Compared to sodium bicarbonate powders, in vitro and in vivo studies have demonstrated
that glycine powders are less abrasive, safe, and effective for biofilm removal [17-19].

Various types of lasers, including neodymium-doped yttrium aluminum garnet
(Nd:YAG), erbium-doped yttrium aluminum garnet (Er:YAG), erbium—chromium-doped
yttrium scandium gallium garnet (Er,Cr:YSGG), and carbon dioxide (CO2) lasers, have
been used for periodontal treatments [7,20]. The erbium family lasers that produce middle
infrared lasers, Er:YAG and Er,Cr:YSGG, have gained attention for their efficacy in treating
peri-implantitis [21]. The Er:YAG laser has demonstrated potent bactericidal properties
and an ability to neutralize bacterial toxins against periodontal pathogens [7,15,22].

Chlorhexidine gluconate is a diphenyl compound with broad-spectrum antibacterial
properties, acting by altering bacterial cell membranes and causing leakage and subsequent
cell destruction [23]. Chlorhexidine is reported as a chemical antiseptic that can be used as a
decontamination method in peri-implantitis [16]. Chlorhexidine demonstrates a bactericidal
effect and the inhibition of biofilm formation [20]. Also, chlorhexidine has been shown to
contribute to re-osseointegration in peri-implantitis lesions [16,24].

Bone density quantifies the size of the marrow space relative to the bone volume and
serves as a valuable metric for assessing the quality of osseointegration in decontaminated
implants [25]. The fractal dimension (FD) is a quantitative value for evaluating the trabecu-
lar bone pattern [26]. This method involves statistical analysis of the structural patterns in
the fractal dimension and is independent of projection geometry and radiodensity; thus, it
is widely employed in the dental field, including the evaluation of implant stability [27,28].
As inflammation in the bone progresses, the trabecular bone is destroyed, and lower FD
values are obtained [25]. Also, the mean grayscale value (GV) serves as the metric for
quantifying bone density measurements [25,29]. The mean GV demonstrates the intensity
of attenuated X-rays using a numerical scale. In computed tomography (CT) using three-
dimensional reconstruction, the obtained grayscale is utilized for the quantification and
evaluation of regenerated osseous tissue [30].

This study aimed to assess the efficacy of decontamination methods using an air-
polishing system, chlorhexidine rinse, and an Er:Yag laser on biofilm-covered titanium
discs, utilizing a scanning electron microscope. Additionally, it aimed to evaluate the
osseointegration based on bone density measurements after implantation on the tibia of
rabbits, employing the radiographic and histologic data.

2. Materials and Methods
2.1. Specimens

Titanium alloy (Ti-6Al-4V) discs, with a diameter of 8 mm and a thickness of 3 mm,
which had been sandblasted with Al;O3 and etched with hydrogen chloride and sulfuric
acid, were used. The Staphylococcus aureus (S. aureus) KCOM 1025 (Korean Collection
for Oral Microbiology, Gwangju, Republic of Korea) was cultured in brain heart infusion
broth (BHI, Becton, Dickinson and Company, Sparks, MD, USA). For the purpose of
contamination, each sterile disc was immersed in BHI broth medium inoculated with
S. aureus and incubated at 37 °C for 24 h.
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2.2. Decontamination Method

An Er:YAG laser with a wavelength of 2940 nm (Anybeam™ Top EN Plus, POINT
ANYBEAM Co., Ltd., Seoul, Republic of Korea) was used to irradiate on the surfaces of the
discs. The laser was set for curettage or implant disinfection based on the manufacturer’s
instructions. An air-polishing system with glycine powder (Perio-Mate, NSK-Nakanishi
Inc., Kanuma Tochigi, Japan) was applied for 5 s with a 10 mm distance from the spec-
imens, according to the manufacturer’s instructions. The discs were rinsed with 0.12%
chlorhexidine (Osstem Pharma. Co., Ltd., Seoul, Republic of Korea) for 1 min (Figure 1).

(a)

(b)

Figure 1. Decontamination using an (a) Er:Yag laser and (b) air-polishing system.

2.3. Experimental Groups

Sterile titanium discs were allocated into two groups: those incubated with S. aureus
coated with biofilm or without biofilm. The titanium discs without biofilm and decon-
tamination treatment remained sterile and were allocated to the negative control group,
group N. Biofilm-coated titanium discs were divided according to the treatments used: an
air-polishing system (A), an Er:YAG laser (E), and 0.12% chlorhexidine rinse (C) (Table 1).
Titanium discs with biofilm but without any decontamination treatments were allocated to
the positive control group, group P.

Table 1. Experimental groups.

Group Biofilm Treatment Number of Discs
N No No 5
P Yes No 5
A Yes Air-polishing system 5
AC Yes Air-polishing S)'fsfem Wlth 0.12% 5
chlorhexidine rinse
ACE Yes Air-polishing system with 0.12% 5

chlorhexidine rinse and an Er:Yag laser

N = Negative control group; P = Positive control group; A = Air-polishing treatment group; AC = Air-polishing
treatment with chlorhexidine rinse group; ACE = Air-polishing treatment, chlorhexidine rinse, and Er:Yag laser
treatment group.

2.4. Surface Tomography

Each disc from the experimental groups was evaluated using a scanning electron
microscope (Hitachi SU8230, with a cold-field-emission cathode of 5kV and a distance
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of 15 mm, Hitachi, Tokyo, Japan) (SEM, Hitachi, Japan) to assess the presence of S. aureus
on the surface after each treatment. All specimens were platinum-coated, with a layer
thickness of approximately 50 nm, and observed under a magnification of 5000 x.

2.5. Animal Experiments

Four male New Zealand white rabbits, weighing 3.0-3.5 kg, were used. The rabbits
were obtained from Da-mool Science (Daejeon, Republic of Korea) and reared at the
Laboratory Animal Research Center of Chonnam National University. The animal care
and experimental procedures were approved by the Institutional Animal Care and Use
Committee of Chonnam National University Hospital (CNUHIACUC-22017).

Anesthesia was induced using ketamine and xylazine (60 mg/kg and 10 mg/kg
intramuscularly, respectively), and the hind legs were shaved. Infiltration anesthesia
(lidocaine 2% and epinephrine 1:100,000) was used at the experimental sites. Surgeries were
performed by an experienced surgeon. The surgical sites were accessed with 3 cm long
incisions through the skin and fascia. Bone surfaces were exposed using an elevator. The
discs were placed following site preparation using saline-cooled 3.0 mm round burs. Three
discs were placed into each tibial metaphysis (Figure 2). The experimental and control discs
were alternated between the left and right hind limbs. The fascia and skin were closed in
layers with interrupted sutures, as appropriate, using resorbable (Vicryl 4.0, Ethicon, Inc.,
Raritan, NJ, USA) and nonresorbable (Nylon 4/0, AILEE CO., Seoul, Republic of Korea)
materials.

Figure 2. Disc implantation on the tibia of rabbits.

No postoperative complications, such as pus discharge or swelling, were found in the
rabbits. The rabbits were sedated and euthanized 6 weeks after surgery with a lethal dose
of a potassium chloride injection. The experimental sites of the tibia were collected and
fixed in 10% buffered formalin.

2.6. Histologic Findings

The specimens were infiltrated with a chemical curing resin (methacrylate-based)
and embedded with benzoyl peroxide. The blocks were cut along the longitudinal axis
of the discs and sectioned at a 4 um thickness along the sagittal plane through the center
of the implant. The sections underwent hematoxylin and eosin staining (H&E). The bone
formation around the discs was observed using light microscopy (Olympus, Tokyo, Japan)
under 12.5 magnifications.

2.7. Experimental Group Micro-Computed Tomography (Micro-CT) Processing and Analysis

Micro-CT data were acquired using a tube voltage of 110 kVp and a current of 50 A
(SMX-225CT, InspeXlo, Seoul, Republic of Korea), and the data were reconstructed using
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Mimics (Materialise, Leuven, Belgium). For FD calculation, the images corresponding
to the histologic sections were collected and analyzed using the Image] program (Wayne
Rasband, National Institutes of Health, Bathesda, MD, USA). Rectangular regions of interest
(ROIs, 25 x 100 pixels) were selected between the disc and the cortical bone beneath the
superior cortical border. FDs were calculated using the algorithm developed by White
and Rudolph [26,27]. A Gaussian filter (sigma = 35 pixel) was applied to each image to
leave large-scale details, and the blurred image was subtracted from the original image.
Then, 128 pixels were added, and the image was converted to a binary image to obtain
the trabecular pattern. The image was eroded, dilated, and skeletonized, and then the FD
was calculated using the box-counting method (Figure 3). On the other hand, the Mimics
program was used for measurements of the mean GV. The segmentation of the disc and
the tibia was accomplished. Using the morphology operation tool, the ROI was set for the
surrounding 20 pixels of the disc restricted by the tibia and calculated. The mean GV of the
ROI was measured as the quantification of bone density (Figure 4).

(c) (1) (c2) (c3)  (c4)

30

log (count)
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I I | 1 T

iy 0 D=0 8860

20 25 30 35 40
0g (box size)

o
-
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(d)

Figure 3. Images of the (a) histopathologic specimen; (b) ROI (yellow rectangle) used to calculate the
FD in the micro-CT image corresponding to the histopathologic image; (c) process of FD calculation;
(c-1) ROI image; (c-2) image with a Gaussian filter; (c-3) binary image; (c-4) skeletonized image; and
(d) FD analysis using the box-counting method.
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(a)

Color: |
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Threshold high: 255
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Standard deviation: 15.4504
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(Scale: 0/255) | GV

(b)

Figure 4. Images of the (a) segmented disc in blue and (b) segmentation of ROI in red using a
morphology operation tool and mean GV measurements in properties.

2.8. Statistical Analysis

Based on a priori sample size calculation conducted using a statistical software
(G*Power 3.1.9.7, Dusseldorf, Germany), a minimum sample size of 20 was determined,
with a significance level of 0.05, a power of 0.8, and a large effect size. Within each treatment
group, the measured FD and GV were assessed to determine the normality of the data
using the Shapiro—Wilkson test, and the values of the groups were compared using the
Kruskal-Wallis test with the Conover test for multiple-comparison. The Holm method was
used for the adjustment of the p-value. Statistical analysis was conducted using the “R”
statistical package version 4.2.3 (R Foundation for Statistical Computing, Vienna, Austria).
The significance level was set to p < 0.05.

3. Results
3.1. Surface Tomography

The SEM images for each experimental group of specimens were captured at a mag-
nification of 5000 (Figure 5). The negative control group disc showed a clear surface,
confirming its sterility. In contrast, the positive control group disc displayed a surface cov-
ered by S. aureus, indicating the formation of biofilm on the surface. The disc that exhibited
air-polishing treatment showed a little remaining S. aureus on the surface, suggesting fair
decontamination. However, the discs treated with all other methods showed a clear surface,
confirming the effective cleansability in successful decontamination.
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ACE 15.0kV 13.8mm x5.00k SE(M)

Figure 5. SEM images under a magnification of 5000x with 15.0 kV of groups (a) N, (b) P, (c) A,
(d) AC, and (e) ACE.

3.2. Histologic Results

The tissue surrounding the disc in the experimental groups was magnified at 12.5x
(Figure 6). The positive control group disc displayed a fibrous tissue gap between the
disc and the cortical border. In contrast, the negative control group disc showed the
osteoid and mineralized bone between the disc and the cortical border. The air-polishing
treatment group disc exhibited the occupation of osteoid between the disc and the cortical
border. The air-polishing treatment with chlorhexidine rinse group disc showed osteoid
and mineralized bone between the disc and the cortical border. Finally, the air-polishing
treatment with chlorhexidine rinse and Er:Yag laser treatment group disc showed the
presence of mature mineralized bone between the disc and the cortical border.
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3.3. FD Evaluation

The measured FDs of the ROI were analyzed using the Kruskal-Wallis test and showed
statistically significant differences (p < 0.05). For each group, the mean value and median
value of FD were calculated (Table 2), and the differences among the groups indicated
significant differences between groups P and N (p = 0.0246), between groups P and AC
(p = 0.0246), and between groups P and ACE (p = 0.0196) (Figure 7).

Figure 6. Cont.
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/
(e)

Figure 6. H&E-stained images under a magnification of 12.5x of groups (a) N, (b) P, (c) A, (d) AC,
and (e) ACE.

Table 2. Measured FD of each group.

Group Mean FD (+Standard Deviation) Median FD (Interquartile Range)
N 1.1428 (+0.4161) 1.0468 (0.3959)
P 0.6852 (£0.0280) 0.6797 (0.0359)
A 0.8670 (£0.0809) 0.9021 (0.0475)
AC 1.0337 (£0.1544) 1.0436 (0.1819)
ACE 1.0455 (£0.1454) 1.0375 (0.1726)
2.0 %
. 80 $
1.5
2 575 El
\ ‘ | | |
— = B —
= -
N A AC ACE N P A AC ACE
Group Group
(a) (b)

Figure 7. Comparison of (a) FDs across groups and (b) mean GVs across groups. * indicates a
statistically significant difference at p < 0.05.

3.4. Mean Grayscale Value Measurement

The mean GV of the ROI of the surrounding disc was measured for each group, and
the mean value and median value are shown (Table 3). The Kruskal-Wallis test was used to
compare the groups, and the results showed statistically significant differences (p < 0.05)
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among the groups, namely, between groups P and N (p = 0.0382) and between groups P
and ACE (p = 0.0098) (Figure 7).

Table 3. Measured GV of each group.

Group Mean GV (£Standard Deviation) = Median GV (Interquartile Range)
N 77.6699 (+2.5269) 78.5748 (2.2575)
P 69.4922 (+0.8613) 69.5208 (1.2497)
A 76.9430 (+2.3153) 77.3686 (2.6425)
AC 76.0333 (+2.7649) 75.5185 (1.9444)
ACE 78.7824 (£2.0657) 79.1574 (2.0424)

4. Discussion

In the present study, we demonstrated the effectiveness of various decontamination
treatments in removing biofilm from the surface of titanium discs and confirmed the
formation of a bone matrix surrounding the discs. Furthermore, we measured the FD and
mean GV obtained from the micro-CT scans after the implantation of these discs onto the
tibia of rabbits. The purpose of the comparative analysis of the FD and mean GV was to
assess the degree of osseointegration of the titanium discs, and we used the obtained values
as reliable indicators of the extent of bone growth and density around the disc site.

Various treatments have been proposed in the literature for the effective decontamina-
tion of titanium implant surfaces. Decontamination using air-powder polishing, chlorhexi-
dine, and lasers has shown significantly decreased bacterial colony-forming units [9,18,31].
Also, the air-abrasive system with glycine powder causes less alterations on a titanium
surface [17,18].

In the current study, specimens that underwent different decontamination procedures
were observed using SEM for the assessment of the surface tomography. The surface
of the positive group was covered with S. aureus, indicating the biofilm formation. The
effectiveness of different decontamination methods could be assessed by observing the
remaining S. aureus. The results showed that the decontamination methods were effective
for the removal of S. aureus.

For the evaluation of osseointegration, previous research on dogs revealed the success
of treatment using an Er:YAG laser followed by saline irrigation and the air-polishing
method. Also, the authors showed that the combination therapy of laser and chemical de-
contaminants, like chlorhexidine or saline solution, obtained higher osseointegration [20,32].
The effect of osseointegration depends on the bone matrix ingrowth and trabecular micro-
structures [33]. In this study, the results showed fair bone formation around the disc,
as confirmed by the histologic images. We could observe osteoid and mineralized bone
formation between the cortex and the disc. The micro-CT data were obtained to evaluate
and quantify the degree of osseointegration.

The data acquired from the micro-CT scans and histological specimens were compared
to evaluate the accordance between them, and the difference between the two techniques
was not statistically significant. Based on this, the results from the micro-CT scans were
consistent with the results from the histophotomicrograph images [30]. The images corre-
sponding to the histologic specimen images in the micro-CT data were collected for the
selection of the ROI and fractal analysis, confirming the formation of trabecular bone in
both data. The ROI was placed between the disc and the cortical border of the tibia that
excluded the disc. Other studies have reported a greater emphasis on the location of the
ROI for fractal analysis than on its size [34]. A rectangle of 25 x 100 pixels was selected as
the RO, considering the thickness between the cortex and the disc.

FD has been used for the assessment of osteoporosis, bone healing, periodontitis, and
the stability of implants on radiographs [25,34-36]. It is a well-known method for inves-
tigating bone mineral density (BMD), where higher box-counting values imply complex
trabecular and medullar bone. Also, a decrease in bone density corresponds to a decrease
in FD [37,38]. It was previously reported that the trabecular patterns became thickened and
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radiographic features changed in the bone implant interface [25]. In a study comparing
the FD of pre- and post-implants, an increased fractal dimension of the post-implant was
reported, and a decrease in the FD was observed in a failed implant [34].

In this study, the mean value of the FD in all experimental groups and the negative
control group showed a higher value than that of the positive control group. The decreased
FD of the positive control group suggested decreased bone density and a trabecular pattern
surrounding the disc. The mean value of the FD in the negative control group and the
decontaminated discs with air-polishing treatment, chlorhexidine rinse, and additional
Er:Yag laser treatment showed a statistically significant difference compared to the positive
control group, but the difference among the groups was insignificant. This result implies
an increase in the bone structure and trabeculae around the discs in the groups AC, ACE,
and N compared to the contaminated discs.

Bone density evaluation using computed tomography (CT) is based on radiological
density and depends on the attenuation of X-ray beams by the type of tissue [39]. The
BMD of a region of interest can be quantified as an average of the grayscale value, and
a low grayscale value indicates a low bone density [40]. The density estimations using
both two-dimensional and three-dimensional methods showed statistically insignificant
differences [41].

In the current study, the mean GV was measured based on three-dimensionally recon-
structed segmentation. The segmentation consisted of an additional 20 pixels surrounding
the disc to include the trabecular pattern. The mean GV values of all experimental groups
and the negative control group were higher than those of the positive control group, imply-
ing decreased bone density of the segmentation surrounding the discs. The mean values
of the GV of the negative control group and the decontaminated discs with air-polishing
treatment, chlorhexidine rinse, and Er:Yag laser treatment showed statistically significant
differences compared to the positive control group, but there was an insignificant difference
between the two groups. The result indicates an increase in bone density in the negative
control group and the decontaminated discs with air polishing treatment, chlorhexidine
rinse, and Er:Yag laser treatment compared to the contaminated discs.

There are some limitations in the present study. Threshold settings for bone and
objects, such as implants and discs, are major procedures in micro-CT analysis. In this
study, thresholds were set for titanium and bone, within the possibilities of variance due to
experimental conditions and characteristic differences among individual specimens [42]. In
addition, the ROI for evaluation was determined according to the titanium disc threshold,
and there was a possibility that the value of ROI might differ due to the threshold set for
bone. Due to the small sample size, there is still a limitation in terms of the statistical verifi-
cation of individual specimen differences. Also, the analysis of the images corresponding
to the histologic images obtained from micro-CT was performed manually, which could
lead to inaccuracy. There are different methods used for the calculation of FD, and the
box-counting method, which was employed in this research, is one of the most commonly
used, although there is no consensus on the gold standards [43].

Despite the limitations, only a few studies have reported the osseointegration of de-
contaminated titanium discs including dental implants, and there are various methods
used for decontamination, leading to a lack of evidence for a universal decontamination
method. The present study examined decontaminated titanium discs to investigate the
surface decontamination and osseointegration of these discs. The SEM images could con-
firm the status of covered S. aures in the experimental groups, and the histologic specimens
showed favorable bone formation. Furthermore, the quantitative investigation using FD
and GV based on micro-CT images for assessing bone structures and quality showed sta-
tistically significant differences among the experimental groups. Specifically, the negative
control group and the decontaminated discs after air-polishing treatment with chlorhexi-
dine rinse and Er:Yag laser treatment showed statistically significantly higher values than
the contaminated discs in both investigations. For further studies, clinical evaluations
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of osseointegration in concordance with radiographic features could be investigated to
address the degree of osseointegration of contaminated titanium implants.

5. Conclusions

The decontamination method using air polishing treatment with chlorhexidine rinse
and an Er:Yag laser showed effectiveness in the removal of biofilm and osseointegration
in rabbits. The FD analysis and mean GV analysis results showed higher values than
those of contaminated discs. These radiographic analyses could be used in assessing bone
trabecular patterns around discs in different situations. Although these results may be
regarded as preliminary, higher FD and GV values may indicate an increase in bone density
and successful osseointegration.
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