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Abstract: Peri-implant bone density plays an important role in the osseointegration of dental implants.
The aim of the study was to evaluate via micro-CT, in Hounsfield units, the bone density around
dental implants coated with chitosan and melatonin and to compare it with the bone density around
implants with a conventional etched surface after 12 weeks of immediate post-extraction placement
in the jaws of Beagle dogs. Six dogs were used, and 48 implants were randomly placed: three
groups—melatonin, chitosan, and control. Seven 10 mm × 10 mm regions of interest were defined in
each implant (2 in the crestal zone, 4 in the medial zone, and 1 in the apical zone). A total of 336 sites
were studied with the AMIDE tool, using the Norton and Gamble classification to assess bone density.
The effect on bone density of surface coating variables (chitosan, melatonin, and control) at the crestal,
medial, and apical sites and the implant positions (P2, P3, P4, and M1) was analyzed at bivariate and
multivariate levels (linear regression). Adjusted effects on bone density did not indicate statistical
significance for surface coatings (p = 0.653) but did for different levels of ROIs (p < 0.001) and for
positions of the implants (p = 0.032). Micro-CT, with appropriate software, proved to be a powerful
tool for measuring osseointegration.

Keywords: titanium dental implants; chitosan coating; melatonin coating; bone density; Hounsfield
unity; micro-computed tomography

1. Introduction

Due to its excellent mechanical and biological properties, pure titanium (Ti) and
different alloys have been widely used in the fields of orthopedics and dentistry. The use of
Ti dental implants has revolutionized the field of dentistry, with implant treatments being
performed all over the world, with exponential growth over the years [1,2].

Current dental implant surfaces (SLA, sandblasted, large-grain, acid-etched) require
periods of 3 to 6 months to achieve adequate osseointegration [3]. On the other hand,
such surfaces are prone to certain bacterial infections, and it is not known whether this
propensity is due to the dubious antibacterial properties of Ti, or to the compromised
defenses of a certain type of host [4]. For all these reasons, the surfaces of Ti implants
are under constant study and evolution, with the aim of shortening waiting times and
ensuring osseointegration.
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Chitosan (Ch) is a cationic polysaccharide derived from chitin, composed of N-
acetylglucosamine and D-glucosamine [5]. It is a biopolymer with interesting proper-
ties such as biodegradability, biocompatibility, nontoxicity, and low allergenicity, which,
together with other antimicrobial and antifungal properties, make Ch one of the most
widely used polymers in the study of antimicrobial chemotherapies in therapeutic devel-
opment [6–9]. Its favorable biological properties, together with its availability and variety
of forms, have made it a good candidate for medical applications, such as periodontal and
bone regeneration [10]. Several studies have demonstrated its usefulness as an osteocon-
ductor and for enhancing bone formation, both in vitro and in vivo [11–14], as well as an
inducer of apatite and calcium/phosphorus ion deposition, with active biomineralization
properties, and its broad potential as a bone regenerator has been demonstrated [15–18].
In vitro and in vivo studies have shown that chitosan stimulates polymorphonuclear and
progenitor cell migration, enhancing angiogenesis and extracellular matrix reformation,
resulting in accelerated wound healing [19].

Melatonin (Mt, N-acetyl 5-methoxytryptamine), derived from tryptophan, is a hor-
mone synthesized and produced mainly in the pineal gland in a circadian manner [20],
with outstanding importance in angiogenesis, bone formation, and remodeling, due to its
antioxidant and anti-inflammatory effects and its extraordinary capacity to destroy reactive
oxygen species [21,22], the benefits of its application being known as a coating of dental
implants to improve their osseointegration [23–25].

In 1972, Godfrey Hounsfield communicated to the scientific community an imaging
technique called transverse computed axial tomography. Currently, CT is the only diag-
nostically justifiable imaging technique that allows approximate conclusions about the
structure and density of the maxillary bones and is considered an excellent tool for assess-
ing the distribution of compact and cancellous bone. Bone density (BD) can be assessed
using Hounsfield units (HU), which are directly related to tissue attenuation coefficients.
The Hounsfield scale is based on density values for air, water, and dense bone, which are
arbitrarily assigned values of −1000, 0, and +1000, respectively [26].

X-ray microtomography (micro-CT) is a conservative technique used in the evalua-
tion of bone morphometry, and several studies have demonstrated its usefulness in the
quantification of bone tissue [27–30]. Micro-CT systems developed in the early 1980s
have a high spatial resolution, producing voxels approximately 1,000,000 times smaller in
volume than CT voxels [31], making it possible to measure trabecular and cortical bone
and provide a spatial representation of bone structure in the peri-implant region while
assessing the qualitative and quantitative morphometry of the bone integration of dental
implants, having become one of the most widely used anatomical imaging modalities for
both research and clinical purposes [32,33].

The purpose of this study was to evaluate and compare, via micro-CT, the BD around
Ti dental implants coated with Ch and Mt, with implants with the SLA-type conventional
etched surface (Bioetch®, Bioner, Spain), after 12 weeks of immediate post-extraction
placement, in the jaws of Beagle dogs.

2. Materials and Methods
2.1. Study Design

Six Beagle breed dogs, aged approximately 5 years and weighing between 15 and
16 kg, were used, following the 3R principle in animal experimentation (replacement,
reduction, and refinement). A total of 48 implants were inserted, 4 implants in each
hemiarch, and randomly divided into three groups: melatonin test group (MtG), chitosan
test group (ChG), and control group (CG). It has been approved by the Ethics Committee of
the Catholic University of Murcia (Spain), study protocol, date 24 July 2020, code CE072004.
All dogs were in good health prior to the start of the study.
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2.2. Implant Surface Preparation

The manufacturer packaged the melatonin test group (MtG) implants immersed in
5% Mt-containing saline (TM-M5250 Sigma-Aldrich®, St. Louis, MO, USA), according to
Salomó-Coll et al. [34], and Ch group (ChG) implants immersed in a film-forming solution
according to the procedure described by Zhang et al. with slight modifications [35]. Ch
(1.6 g) and glycerol (0.4 g) were dispersed in 80 mL of an acetic acid solution (1% w/v),
shaking for at least 12 h (4 ◦C). Similarly to the control group (CG) implants, they were
sterilized by gamma irradiation. The control group implants (CG) did not receive any type
of surface coating.

2.3. Surgical Protocol

All surgical procedures were performed under general anesthesia via an intravenous
catheter in the cephalic vein, infusing Propofol® (Propovet, Abbott Laboratories Ltd., Queens-
borough, Kent, UK). Maintenance anesthesia was performed with volatile anesthetics. Local
anesthesia (Articaine 40 mg, with 1% epinephrine, Ultracain®, Normon, Madrid, Spain)
was administered at the surgical sites. All procedures were performed under the super-
vision of a veterinary surgeon. Extractions of premolars and the mandibular first molar
(P2, P3, P4, and M1) were performed in the mandibular hemiarch of each animal. Implant
placement was determined by the randomization program (http://www.randomization.com)
(29 October 2020), in which the experimental animals were assigned to the three different
implant surfaces: 16 implants with Mt (MtG), 16 implants with Ch from the test group
(ChG), and 16 uncoated implants from the commercial company Bioner (Bioetch®, Bioner
Sistemas Implantológicos, Barcelona, Spain) (CG), randomly distributed in six dogs. Each
dog received eight conical screw implants (Bioner®, Barcelona, Spain) (Ø3.5 mm × 8.5 mm
in the premolar area and Ø5 mm × 8.5 mm in the molar area), four per hemiarch, ran-
domly and bilaterally in the mandible. After placement, closure screws were placed to
allow for a submerged healing protocol (Figure 1A–D). No grafting materials were used in
the gaps between the bone cortices and the implants. The flaps were closed with simple
nonabsorbable interrupted sutures (Silk 4-0®, Lorca Marín, Lorca, Spain). Sacrifice was
performed 12 weeks after implant placement using pentothal natrium (Abbot Laboratories,
Madrid, Spain) perfused through the carotid arteries after anesthesia. Sectioned bone
blocks were obtained. The animals were maintained on a soft diet from the time of surgery
until the end of the study.

2.4. Micro-Computed Tomography Analysis

After euthanasia of animals (after 12 weeks of implants placement), the sections of
the block were preserved and fixed in 10% neutral formalin. Image acquisitions were
performed using a multimodal SPECT/CT Albira II ARS scanner (Bruker® Corporation,
Karksruhe, Germany). The acquisition parameters were 45 kV, 0.2 mA, and 0.05 mm voxels.
The acquisition slices were axial, 0.05 mm thick, and 800 to 1000 images were obtained
from each piece through a flat panel digital detector with 2400 × 2400 pixels and a FOV
(field of view) of 70 mm × 70 mm. The implants were grouped according to the three axes
(transverse, coronal, and sagittal). The sagittal section was used for BD measurements, as it
provided the best details of the bone structure. In all the images, the same color scale was
used (0 min and 3 max) with the same parameters in FOV (%): 90 and zoom: 0.6, with a
hardness of 1. BD around the implant was quantified in HU, using seven 10 mm × 10 mm
squares or regions of interest (ROI) in the bone implant contact area, two in the crestal area,
four in the medial area, and one in the apical area of the implant, using a medical image
data examiner (Figure 2A,B).

http://www.randomization.com
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The Norton and Gamble classification [36], modified by Misch [37], was used to assess
BD according to Lekholm and Zarb [38]. Once the 7 ROIs (Figure 2B) were positioned,
the AMIDE tool allowed us to obtain the data in statistical form, with maxima, minima,
and standard deviations; AMIDE is a tool for visualizing, analyzing, and registering
volumetric medical image data sets (AMIDE, UCLA University, Los Angeles, CA, USA).
It allows one to draw three-dimensional ROIs directly on the images and to generate
statistics for these ROIs. In addition, the program supports the following color maps:
Black/White, Red/Orange, Blue/Pink, and Green/Yellow, and each color has a given UH
range (Figure 3).
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Figure 3. Example of coded BD values from the AMIDE program at 12 weeks after implant placement in transverse, sagittal,
and coronal sections of P2, P3, P4, and M1: 250–400 HU (orange color); 400–500 HU (green color); 500–700 HU (pink color);
700–900 HU (yellow color); 900–1200 HU (red color). >850 HU, bone type 1; 500–850 HU, bone type 2/3; 0–500 HU, bone
type 4 (according to Norton and Gamble [36]).

2.5. Statistical Analysis

BD variables were analyzed in crestal, mid, and apical areas. Descriptive analysis was
performed with SPSS Windows 20.0 and the calculation of p-values was performed with
SUDAAN 7.0 (RTI, RTP, NC) to account for clustering (multiple sites around implants). We
estimated a posteriori, and using Sample Power 2.0 (SPSS, Chicago, IL, USA), the statistical
power obtained with those 336 studied locations (=6 dogs × 8 implants/dog × 7 locations/
implant), i.e., 112 locations/group. We initially considered from our experience a large
design effect (owing to locations being clustered within implants) of 1.33 in estimating
the HU measurements. This means that the effective sample size per group would be
84 (=112/1.33). These sample sizes allow, by using the t-test for independent groups
and with a power of 80% and 5% alpha error, the detection of an estimated Cohen’s d of
0.45 (below a medium effect size according to Cohen’s scale [39] when comparing HU
measurements between two groups). For crestal sites, the effective sample size per group
is 24 (=32/1.33), and this allows the detection of an effect size of 0.8 (large) [39]; for me-
dial sites, the corresponding figure is 48 (=64/1.33) with the capacity to detect an effect
size of 0.6, which is between medium (0.5) and large (0.8) [39]; and for apical sites, it is
12 (=16/1.33) and the detectable effect size is 1.2 (very large) (1.2) [40].

3. Results

The total sample consisted of 336 sites (ROIs). A wide range of BD was observed
in the different ROIs, depending on their location or level (crestal, medial, and apical)
and implant position (P2, P3, P4, and M1). In terms of surface coating, the highest BD
(+986 HU) was recorded in the medial of left P2, in CG, with mean values of 0.58 ± 0.20,
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0.54 ± 0.13, and 0.59 ± 0.14 for ChG, MtG, and CG, respectively, and the lowest BD was
recorded in the apical area (−243 HU) in left P4 in MtG, with mean values of −0.20 ± 0.32,
−0.18 ± 0.38, and −0.11 ± 0.33 for ChG, MtG, and CG, respectively. The lower BD in the
apical area could be explained by the proximity of the dental nerve canal in this region.
Regarding implant position, the highest BD (+995 HU) was recorded in left P3 and the
lowest (−330 HU) in left M1; mean values ranged from 0.12 ± 0.35 for P2 with the Mt
coating to 0.05± 0.23 for M1 with the Ch coating. Mean values and standard deviations are
shown in Table 1. Statistical analysis by linear regression showed no statistical significance
for surface coatings (ChG, MtG, and CG); however, we found statistical significance in
UH for ROIs in the different levels (crestal, medial, and apical) (p < 0.001) and implant
positions (P2, P3, P4, and M1) (p = 0.032) (Table 2).

Table 1. Description and comparison of BD measurements studied a in 336 sites b.

Variable
ChG MtG CG

p-Global c

- Mean ± SD n Mean ± SD n Mean ± SD

All 112 0.35 ± 0.32 112 0.33 ± 0.32 112 0.37 ± 0.30 0.631

ROI’s (in levels) - - - - - - -
Crestal [C] 32 0.58 ± 0.20 32 0.54 ± 0.13 32 0.59 ± 0.14 0.438
Medial [M] 64 0.38 ± 0.18 64 0.35 ± 0.22 64 0.38 ± 0.19 0.680
Apical [A] 16 −0.20 ± 0.32 16 −0.18 ± 0.38 16 −0.11 ± 0.33 0.723
p-global c - <0.001 - <0.001 - <0.001 -

paired
comparisons d - C 6= M 6= A - C 6= M 6= A - C 6= M 6= A -

Tooth type
(position) - - - - - - -

P2 35 0.11 ± 0.34 21 0.12 ± 0.35 28 0.09 ± 0.31 <0.001
P3 28 0.11 ± 0.34 35 0.08 ± 0.28 21 0.12 ± 0.34 0.207
P4 35 0.11 ± 0.33 35 0.12 ± 0.34 14 0.05 ± 0.22 0.963
M1 14 0.05 ± 0.23 21 0.07 ± 0.27 49 0.08 ± 0.29 0.693

p-global c - 0.003 - 0.004 - 0.582 -
paired

comparisons d - PM2 6= M1 - PM2 6= PM3,
M1 - - -

a: The measuring device makes a sweep with multiple measurements. The median of all measurements is taken. b: Corresponding to
6 dogs × 8 teeth/dog × 7 sites/tooth (6 × 8 × 7 = 336). c: With procedure REGRESS in SUDAAN to account for clustering (multiple sites
within teeth). d: With procedure DESCRIPT in SUDAAN, where “ 6=“ means p < 0.05.

Table 2. Multiple linear regression with BD as the dependent variable, in 336 sites a.

Variable β ± se b p-Value c

Group -

0.653
ChG 0.00 ± 0.04
MtG −0.04 ± 0.04
CG 0

ROIs (in levels) -

<0.001
Crestal 0.73 ± 0.04
Medial 0.54 ± 0.04

Apical (reference) 0

Tooth type (position) -

0.032
P2 −0.10 ± 0.04
P3 −0.04 ± 0.05
P4 −0.04 ± 0.05

M1 (reference) 0
a: Corresponding to 6 dogs × 8 teeth/dog × 7 sites/tooth (6 × 8 × 7 = 336). b: se = standard error. c: With
procedure REGRESS in SUDAAN to account for clustering (multiple sites within teeth).
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4. Discussion

The aim of this study was to evaluate, via micro-CT, the BD around Ch- and Mt-coated
Ti dental implants and to compare it with conventional SLA-type etched surface implants,
after 12 weeks of immediate post-extraction placement, in the jaws of Beagle dogs.

Micro-CT has proven to be the most suitable technique for the assessment of bone
mass in animal models; it is also a valuable tool for evaluating human biopsies and
necropsies [41,42], having been used not only qualitatively, but also quantitatively in
different clinical situations [43–46]. It is a noninvasive diagnostic tool that allows the
reuse of samples for other types of measurements and is also of great interest in the clinic,
where, for obvious reasons, conventional histomorphometry cannot be performed [47]. It
is currently used to evaluate morphometric characteristics as a complementary alternative
to conventional histological analysis [48]. Particularly in dentistry, it is an extremely useful
method for the study of human maxillary bone tissue associated with different conditions
and pathologies, and to evaluate the changes when the bone evolves after certain injuries or
is subjected to surgical procedures. In addition, it is an accurate and time-saving technique
for determining bone morphometry compared to manual methods [49–51].

Ch is considered an excellent material for osteoblast growth, due to its structural
characteristics similar to hyaluronic acid; some authors have reported its osteoconductive
capacity as a coating for implant materials, so it is widely used for bone regeneration
methods, due to its biocompatibility and anti-inflammatory power [52–54]. Khajuria
et al. [55] demonstrated in a periodontitis rat model that the local administration of Ch
preparations produced significant improvements in periodontal bone support ratios and
bone mineral density. In addition, López-Valverde et al. [56] reviewed the literature and
concluded that Ch-coated Ti dental implants may have a higher osseointegration capacity
and could become a commercial option in the future.

Mt has the capacity to stimulate osteoblastic differentiation and inhibit osteoclast
differentiation. Koyama et al. [57] demonstrated in mice that, at pharmacological doses,
causes an increase in bone mass by inhibiting bone resorption. Cutando et al. [58] first
applied it topically to the surface of dental implants. In vivo studies have shown that local
Mt administered at the ostectomy site at the time of implant placement can induce increased
contact between the trabecular bone and the implant and increased density of the trabecular
area [59]. Similarly, a recent meta-analysis [60] reported that the topical application of Mt
to implant sites could induce increased BD around Ti dental implants in the early stages
of healing. In this sense, certain studies support the hypothesis that wettability, together
with surface micro-texture, would be the determining factors in osteoblast response [61];
therefore, the surface preparation of implants has become a technical challenge.

Different studies have assessed the effectiveness of Ch and Mt as biofunctionalizers of
the surface of Ti dental implants, but, to our knowledge, our study was the first to compare
both coatings with each other and with a conventional SLA-type coating.

In our investigation, HU measurements ranged from −330 to +995, when all 336 sites
were evaluated, 12 weeks after implantation. A total of 112 sites were analyzed in the
crestal, medial, and apical levels (ROIs) and at the implant locations (P2, P3, P4, and M1),
for the three surfaces studied. In the Norton and Gamble study [36], taken as a reference, a
single standard implant of Ø3.5 mm× 11 mm L was used to allow the software to calculate
the BD values and, in our study, two implants of different thicknesses (Ø3.5 mm × 8.5 mm
and Ø5 mm × 8.5 mm) were used, depending on the premolar or molar area, so there
could be a bias in the reporting of the Hounsfield values.

The results of our study provided valuable information on different coatings of dental
implants in order to achieve better and faster osseointegration: the surfaces coated with
Ch and Mt achieved similar BD values around the implants to the control surface, with
conventional SLA etching (Bioetch®), with no significant statistical association observed in
the BD measurement values of Mt- and Ch-coated implants and conventional etched surface
implants. In this regard, Sultankulov et al. [62] in a recent review concluded that the Ch
could introduce valuable properties, such as antimicrobial activity and mucoadhesiveness,
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recommending further studies on this biopolymer and its osteogenic properties. Similarly,
Lu et al. [63] in another recent review highlighted the protective role of melatonin in
periodontitis, bone lesions, and osteoporosis, but, because a number of studies have shown
adverse effects, they recommended exploring and investigating the optimal conditions
of administration.

However, it is possible that these types of surface coatings are eliminated by the action
of the forces used during implantation, due to their low mechanical resistance, which
would explain the absence of statistical differences between the coated surfaces and the
control surfaces.

The most validated strategy to improve the bone-implant interface continues to
be the modification of the surface topography by increasing macro-, micro-, and nano-
roughness [64].

However, in order to improve the bioactivity of implants, some studies have proposed
surface modification by incorporating organic and inorganic ions and molecules, through
peptides, proteins, enzymes, and pharmaceuticals, on the Ti oxide layer (TiO2). All this
would lead to an improvement in the biological performance of Ti implants, which would
directly influence the local response of the surrounding tissues, improving the apposition
of the newly formed bone. In this regard, it is believed that the combination of organic
and inorganic components in Ti surface re-coatings would lead to bone-like coatings and,
thus, to new generations of surface-modified implants with improved functionality and
biological efficacy [65,66].

Another finding of our study was the statistical significance we found for BD in
different levels (crestal, medial, and apical) (p < 0.001) and positions (P2, P3, P4, and M1)
(p = 0.032) of the implants. In this regard, our results agreed with Shapurian et al. and
Di Stefano et al. [67,68] who, in their respective studies in mandibles, found significant
variations in bone density within the mandible, which would underline the importance of
identifying specific locations prior to implant placement.

We also found that micro-CT proved to be a very useful diagnostic method in the
measurement of peri-implant BD measured in HU. Panoramic radiography provides a
two-dimensional view of the anatomical structures of the mandible; however, micro-CT
provides much more specific data, such as height, width, or BD in the peri-implant area.
This parameter is a key factor to take into account when predicting implant stability and
survival. This survival is conditioned by bone quality, i.e., BD, as it has been shown that
BD around implants is decisive for their osseointegration [69,70]. In our study, the highest
BD was located at the P3 level in the Ch-coated implant group (+995 HU) in the crestal ROI
and the lowest (−330 HU) in the apical ROI in M1, probably due to the proximity of the
dental canal.

However, the results of our study were biased by a number of limitations that we
describe below: first, when defining an ROI in a micro-CT image, one has to take into
account that an artefact is always generated when there is a pronounced density gradient.

Due to the nature of the convolution kernels used in the filtered back-projection algo-
rithms, the area adjacent to a high-density object (e.g., the implant) is shown with too low
a HU number. This problem could be overcome, in part, if high-resolution kernels are used
when reconstructing the images, but this will result in an extremely noisy image and will
seriously impair the quantification of the BD in trabecular areas that are not affected by the
artefact. In this study, we draw ROIs at a “safe” distance from the implant in cross-sections,
but, despite this, an image may be distorted by metallic scatter, and certain studies have
highlighted the difficulty in performing an accurate morphometric analysis of the bony
areas surrounding an implant [71,72]. Secondly, Rebaudi et al. and Stoppie et al. [73,74]
reported that these artefacts created in the areas close to the implant would lead to bi-
ases in the measurement of BD in these areas, as it is measured including this artefact.
Song et al. [75], in a study with implants in beagle dogs, demonstrated that 45 to 63 µm
was a reasonable distance to compensate for artefacts in bone morphometric analysis of an
implant containing the tissue sample assessed by micro-CT, and the acquisition distance
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in our study far exceeded this figure. Thirdly, the micro-CT techniques used to quantify
peri-implant BD do not provide specific histological information on the nature of the bone
formed around the surfaces tested, despite the color coding of the HU provided by the
AMIDE software. Fourth and lastly, regarding clinical applicability, we are aware that
with the dog, despite having a similar bone structure to humans, both corticoradicular
configuration and mandibular bone remodeling follow different patterns [76].

5. Conclusions

The surface coatings tested/coated with Ch or Mt showed no difference in peri-
implant BD compared to the control group with a conventional etched surface, but they
did for implant locations and for position. On the other hand, despite the aforementioned
limitations, micro-CT, with appropriate complementary software, proved to be a very
useful method for the measurement of BD, providing quantitative data of the trabecular
bone around the implants.
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