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Abstract

Objectives: To evaluate the sequential osseointegration of a novel titanium implant
system based on a 3D printing technology in comparison with conventional titanium
implants.

Material and methods: Two novel titanium implants based on 3D printing were tested
in the mandible of eight Beagle dogs. As a control, two different commercially avail-
able titanium implants were used. The implants were staged to accommodate healing
periods of 2 and 6 weeks. The primary outcome variable was bone-to-implant contact
(BIC) in non-decalcified tissue sections and micro-CT analysis.

Results: Histomorphometrically, the proportions of tissues adjacent to the implant
surfaces were similar for all implants, whereas the BIC percentage of new mineralized
bone was greater for the control implants after both 2 and 6 weeks (p <.05). Micro-CT
analysis revealed increasing osseous volume and BIC from 2 to 6 weeks. In contrast
to the histomorphometry, the BIC evaluation with the micro-CT data revealed a sig-
nificantly higher BIC for the two test implants compared with controls (p <.001). The
analysis of the total implant surface area disclosed a value that was approximately
double as high for the test compared to the control implants.

Conclusions: The novel titanium implant system based on 3D printing yielded values
for osseointegration that were adequate and satisfactory. The higher percentage of
new mineralized bone in the control implants is explained by the fact of a completely

different three-dimensional surface area.
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(Cecchinato et al., 2004). Likewise, various surfaces with different

In recent decades, osseointegrated dental implants have become
a reliable and predictable treatment for the edentulous and par-
tially edentulous patients (Buser et al., 2017; Roccuzzo et al., 2022).
Submerged two-staged and non-submerged implants have been

advocated and subsequently studied in longitudinal studies

texture, topography, and surface chemistry were evaluated (Buser
et al., 1991; Wennerberg & Albrektsson, 2010).

More recently, implants turned out of commercially pure tita-
nium as well as manufactured in zirconia have been promoted by
various companies. While all these different implant systems were

promoted by their respective manufacturers, the accurate healing
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with osseointegration has not been established for many systems.
Sequential healing studies are only available for a few implant sys-
tems (Abrahamsson et al., 2004; Berglundh et al., 2003; Bosshardt
etal.,2011; Lang et al., 2011; Rossi et al., 2014; Saulacic et al., 2012).

It is evident that sequential histological documentation should
be performed prior to marketing novel implant systems. Moreover,
the healing of novel implant systems should be compared with es-
tablished commercially available systems that base their reputation
on long-term follow-up studies.

Most recently, 3D printing has become a popular technology
for manufacturing various instruments and devices (Kawaguchi
et al,, 2021; Ng et al., 2021; Ren et al., 2021; Spece et al., 2021; Xiu
et al., 2016). Consequently, a titanium dental implant based on a 3D
printing technology was developed to be applied in human jaws.
The implant geometry, size, and surface texture were duplicated in
the additive printing. However, no preclinical information about the
healing pattern of this novel implant system is available today.

Hence, the purpose of this study was to identify the sequence
of osseointegration in the 3D-printed novel titanium implant system

and compare it with commercially available titanium implants.

2 | MATERIALS AND METHODS

The study protocol was submitted to and accepted by the Ethics
Committee of the Rof Codina Foundation, Lugo, Spain (01/20/LU-
001) following the guidelines established by the European Union
Council Directive on February 1, 2013 (R.D.53/2013) using a study
design that has been successfully utilized in previous studies (Araujo
& Lindhe, 2009; Aradjo et al., 2005; Lindhe et al., 2013). In addition,
the Guidelines for Animal Research: Reporting In Vivo Experiments
(Percie du Sert et al., 2020) have been included.

2.1 | Dental implants

The test groups (R1, R2) consisted of novel tissue-level, press-fit im-
plants made of titanium alloy (Ti6Al4V, Grade 23) based on a 3D
printing technology (@ 3.3 mm/length 8 mm, Ruetschi® Technology).
A trabecular structure without (R1) or with (R2) an acid pickled

Teeth extraction
8 animals, mandible

Implant placement
8 animals: 1 quadrant

surface was designed up to the polished surface, 2mm apart from
the implant shoulder (IS) (Figure S1). In addition, the control groups
(R3, BLT) consisted of commercially available titanium implants. The
first control implant (R3) was a screw-designed bone level implant
(@ 3.5mm, length 8mm, SLA surface, Ruetschi® Technology). The
second control implant (BLT) was a tapered bone-level implant (@
3.3mm, length 8 mm, SLActive® surface, Roxolid®, Straumann AG).
Four implant types in each hemimandible were allocated according

to the systematic random protocol (www.randomization.com).

2.2 | Animals

Eight female Beagle dogs with a mean age of 4.5years were used.
The animals were housed at Cebiove, Rof Codina Foundation, Lugo,
Spain, with an adjusted climate (temperature: 25°C, humidity: ap-
proximately 50%, a light-dark cycle of 12:12h) and without exces-
sive or potentially disturbing noise. Animals lived in a group kennel
on concrete runs with indoor and outdoor areas, received a standard
diet and water ad libitum. Over the entire treatment period, the dogs
were monitored for their appearance, behavior, reactivity, and social

interaction.

2.3 | Anesthesia

The animals were pre-anesthetized with medetomidine (10pg/
kg/i.m., Esteve) and morphine (0.4 mg/kg/i.m., Morfina Braun® 2%,
B. Braun Medical). The anesthesia was initiated by propofol (2mg/
kg/i.v., Propovet®, Abbott Laboratories) and maintained by inhala-
tion of an O, and 2.5%-4% isoflurane mixture (Isobavet®, Schering-
Plough). Lidocaine with adrenalin (Anesvet®, Ovejero) was used for
local anesthesia to reduce perioperative pain and bleeding. The se-

quential protocol of the surgeries is summarized in Figure 1.

2.4 | Tooth extraction

The edentulous area of three premolars and the first molars in the

mandible (,P,, ;P;, ,P,, and ;M,) were selected. Sulcular incisions

Implant placement Micro-CT,
8 animals: 1 quadrant histological
processing &

analysis

/ L

Termination after
2 and 6 weeks

»

/7 7/

=12 0

FIGURE 1 Flowsheet for clinical procedures.

4 6 week;
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were made in the premolar and molar regions, and the teeth ex-
tracted with the use of forceps and elevators following separation.
The buccal and lingual flaps were replaced to close the entrance of
the sockets and retained with interrupted sutures.

Postoperative pain was controlled with morphine (0.3 mg/kg/i.m./6h,
Morfina Braun 2%®, B. Braun Medical) for 24 h and meloxicam (0.1 mg/
kg/s.i.d/p.o., Metacam®, Boehringer Ingelheim) for 3days. Antibiotics
(Cefovecin 8mg/kg/s.c., Convenia®, Zoetis) were administrated for
7 days. The dogs were fed a soft-pellet diet for 1 week until removal of the
sutures. During the first two postoperative weeks, the oral mucosa and
the teeth were disinfected three times a week by using gauzes soaked
in a 0.12% chlorhexidine solution (Perio-Aid Tratamiento®, Dentaid).
Subsequently, an ultrasoft toothbrush (Perio-Aid Tratamiento®, Dentaid)
and a 0.2% chlorhexidine gel (Chlorhexidine Bioadhesive Gel, Lacer)

were used for biofilm control three times per week.

2.5 | Implantinstallation (for 6 weeks of
observation)

The healed sites were reentered after 12weeks by a mid-crestal
incision and a buccal mucoperiosteal flap elevation. Implants were
placed on one side of the mandible: two test implants (R1, R2) and
two conventionally produced control implants (R3, BLT). Healed
sites were prepared using pilot and twist drills for all implants. The
implant beds for R1 and R2 were slightly overdrilled (0.05mm) for a
press-fit implant placement. A minimum of 1 mm buccal bone thick-
ness was preserved during site preparation. R1 and R2 implants
were placed supracrestally, with the border between trabecular and
machined surface positioned 1 mm subcrestally. The profile drills
and taps were further used for R3 and BLT implant bed preparation.
Implants shoulder was placed 1 mm subcrestally and the healing caps
inserted. The flaps were repositioned and sutured for a submerged
healing for all implants. Digital dental radiographs were obtained to
confirm a correct position of the implants in the alveolar bone. The
same postoperative protocol was followed as after tooth extraction.

2.6 | Implantinstallation (for 2weeks of
observation)

The healed sites were reentered 4 weeks after the first implant installa-
tion by a mid-crestal incision and a buccal mucoperiosteal flap elevation
on the remaining side of the mandible. During this surgery, implants
were placed for short-term observation: two test implants (R1, R2) and
two control implants (R3, BLT). The same operative and postoperative
protocol was followed as during the previous installation.

2.7 | Euthanasia and retrieval of specimens

Dogs were sedated with medetomidine (30 ug/kg/i.m., Esteve) and
euthanised with an overdose of sodium pentobarbital (60 mg/kg/i.v.,

Dolethal, Vetoquinol). Clinical evaluation was performed, and the
mandibles were retrieved by sharp dissection. The mandibles were
block-sectioned using a diamond saw (Exact® Apparatebau), and

bone blocks were fixed in 10% formaldehyde.

2.8 | Micro-CT analysis

Samples were scanned freshly placed in a gauze soaked in 10%
formaldehyde and surrounded by a soft plastic sheet to avoid
dehydration using a high-resolution micro-CT (Skyscan 1172,
Bruker microCT NV). The X-ray source was set at 100kV and
100 pA with a pixel size of 13.58 pm and the use of an aluminum/
copper filter (Al 0.5). The samples were set on the object stage,
and the scans were performed with a 360° rotation and images
acquired every 0.4° After the correction of the possible mis-
alignment (smoothing =2; beam hardening =40; ring artifact cor-
rection=8) of the scans, the images were reconstructed based
on the Feldkamp algorithm (Feldkamp et al., 1984) using NRecon
software (Bruker microCT NV) and applying the same param-
eters for all samples.

The reconstructed images were evaluated with the DataViewer
software (Bruker microCT NV) to place implants completely parallel
to the x-axis. Later, a volume of interest (VOI) of 4mm height was
delineated starting from the IS, and the transaxial view was recorded
in a separate folder for the evaluation.

The transaxial images of the 4mm VOI were loaded in CTAn soft-
ware (Bruker microCT NV), and a circular VOI with the implant in the
middle was selected and recorded, as previously described (Sanz-
Esporrin et al., 2021). The next step in the micro-CT evaluation was
the threshold selection. The threshold level was set in 80-255 for
the metallic implants and 23-255 for bone-to-implant contact (BIC).

Eventually, the analysis was performed following the method de-
scribed by Bruker (method note 074: “Osteintegration: Analysis of
bone around a metal implant”, January 2015).

The results for BV/TV in a 20-pixel region around the implant
and the BIC were recorded. Additionally, the extent of the implant
surface was calculated for all test (R1, R2) and control implants (R3,
BLT).

2.9 | Histological preparation and analysis

The chemically fixed samples were processed into undecalcified
ground sections. The specimens were rinsed in running tap water,
trimmed, dehydrated in ascending concentrations of ethanol, and
embedded in methylmethacrylate. The embedded tissue blocks
were cut in the bucco-oral plane into approximately 600 um thick
ground sections using a slow-speed diamond saw (Varicut® VC-
50, Leco). After mounting on acrylic glass slabs, the sections were
ground and polished to a final thickness of about 150 pm (Knuth-
Rotor-3, Struers) and surface-stained with basic fuchsin and to-
luidine blue/McNeal. The most central section from each implant
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FIGURE 2 Histological documentation of the osseointegration in both test and control implants. Osseointegration of R1 after (a)
2weeks and (b) 6 weeks. Osseointegration of R2 after (c) 2weeks and (d) 6 weeks. Osseointegration of R3 after (e) 2weeks and (f) 6 weeks.
Osseointegration of BLT after (g) 2weeks and (h) 6 weeks. Staining: basic fuchsin and toluidine blue/McNeal. Distance bars indicate 1 mm.

was used for descriptive and morphometric analyses. Digital pho-
tographs were taken with a digital camera (AxioCam MRc; Carl
Zeiss) connected to a light microscope (Axio Imager M2; Carl
Zeiss). Histomorphometry was performed in the high-resolution
digital images produced by scanning and stitching. All histomor-
phometric measurements were performed on both the buccal and
lingual implant surfaces.

The percentage of the following tissue areas was assessed within
the first millimeter from the implant surface: osteoid, new mineral-
ized bone, old host bone, and soft tissues.

The percentage of BIC was determined for the bone deposited
along the implant surface from the first point of contact to the apical
curvature at the apical contour of the implant. The percentage of the
implant surface covered by osteoid, new mineralized bone, old host
bone, bone debris, and soft tissues was calculated.

Linear measurements were performed from the IS (border be-
tween trabecular and polished surface for R1 and R2, and implant and
healing cap for R3 and BLT) in a vertical direction using two different
morphometric parameters: (1) distance from the IS to the first BIC
(IS-fBIC) and (2) distance from the IS to the most coronal extension
of the bone crest (IS-BC). Negative (-) values are given if IS-fBIC or

IS-BC was found apical to the IS, meaning greater bone loss for higher
negative values.

As two examiners (J.C. | + K.N.L.) assessed the parameters of
histomorphometry, an interexaminer reliability test was performed

by determining double measurements of eight specimens.

2.10 | Statistical analysis

Each dog was considered as a statistical unit. Firstly, each heal-
ing time was analyzed separately to focus on the differences by
group. Provided the small sample size per group (6-8 cases) a
nonparametric approach was considered in the statistical analy-
sis. Therefore, all observations were considered independent for
statistical purposes. Differences in distributions of each param-
eter by group were tested using Kruskall-Wallis test. Pairwise
comparisons were conducted using Mann-Whitney's test with
p-value corrected by Bonferroni's criteria. Then, an overall non-
parametric Brunner-Langer model was conducted to assess the
main effects (group, healing time) and interaction. An ANOVA-
type statistic was used in estimations. Data were described using
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TABLE 1 Histometrical first bone-to-implant contact distance (mm) and bone crest distance (mm) to the implant shoulder at 2-week and

6-week observation periods in R1, R2, R3 and BLT implant groups.

First BIC (mm) Bone crest height (mm)
Group Implants (n) Mean SD Mean SD
2weeks R1 8 -0.87 0.61 -0.04 0.34
R2 6 -0.76 0.27 -0.05 0.31
R3 7 -0.71 0.50 -0.25 0.37
BLT 7 -1.58 0.68 -0.34 0.33
p-Values R1 vs. R2 1.000 R1 vs. R2 1.000
R1vs.R3 1.000 R1vs.R3 1.000
R1vs. BLT 0.324 R1vs. BLT 1.000
R2vs.R3 1.000 R2vs.R3 1.000
R2vs. BLT 0.132 R2 vs. BLT .606
R3vs. BLT 0.156 R3vs. BLT 1.000
6weeks R1 8 -0.73 0.44 -0.21 0.35
R2 8 -0.45 0.37 0.05 0.49
R3 8 -0.48 0.30 -0.24 0.46
BLT 8 -0.64 0.50 -0.39 0.54
p-Values R1 vs. R2 1.000 R1vs.R2 966
R1vs.R3 1.000 R1vs.R3 1.000
R1vs. BLT 1.000 R1vs. BLT 1.000
R2 vs.R3 1.000 R2 vs. R3 .780
R2 vs. BLT 1.000 R2 vs. BLT .390
R3vs. BLT 1.000 R3vs. BLT 1.000

Note: Negative (-) values are given if the bone was apical to the implant shoulder.

Abbreviations: BIC, bone to implant contact; BLT, control implant 2; R1, test implant 1; R2, test implant 2; R3, control implant 1; SD, standard

deviation.

100
Soft tissue
o0 L]
80 . Bone debris
70
- . Old bone
% New miner-
50 alized bone
40
Osteoid
30
20
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0
R1 R1 R2 R2 R3 R3 BLT BLT
2 6 2 6 2 6 2 6 weeks

FIGURE 3 Bone-to-implant analysis: tissue fractions at the implant surfaces at 2 and 6 weeks for all test (R1, R2) and control (R3, BLT)

implants.

means + standard deviation. Significance level used in analysis
was set at 5% (a=.05). An independent examiner measured pa-
rameters in a subsample of eight implants and 16 sites (buccal +I
ingual) in order to assess the interoperator reliability by means of

intraclass correlation coefficient (ICC). ICC was estimated 20.95.

3 | RESULTS

All implants healed without complications. No clinical infections
were observed, and all animals could terminate the foreseen obser-
vation periods. The clinical observations revealed an inconspicuous
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FIGURE 4 Time- and group-dependent analysis of new mineralized bone on the implant surface.
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FIGURE 5 Area fraction of tissues within the first millimeter adjacent to the implant surfaces after 6 weeks for all test (R1, R2) and

control (R3, BLT) implants.

healing with the absence of inflammatory signs. Digital dental ra-
diographs after implant placement showed that all implants were

located in alveolar bone in a correct position.

3.1 | Histological observations

All 64 specimens were available for descriptive analysis. For the
2weeks’ specimens, one R3 and one BLT implant showed an inflam-
matory infiltrate with mild pus formation. These implants originated
from the same side and animal. Moreover, the R1 and R2 test implants
failed to demonstrate osseointegration at this specific side and animal.

Consequently, the respective side was excluded from further analysis.
Furthermore, in one R2 implant after 2weeks, a buccal fenestration
resulted in ingrowth of the mucosal connective tissue encapsulating
the implant. Consequently, this specimen was excluded as well. All
remaining implants after both observation periods of 2 and 6 weeks
demonstrated osseointegration to various degrees (Figure 2).

3.2 | Histomorphometry

Due to the exclusions at the 2-week timepoint, 7 R1, 6 R2, 7 R3,
and 7 BLT implants were evaluated. For the 6-week timepoint, all
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TABLE 2 Micro-CT radiographic bone volume/tissue volume (BV/TV, %), bone-to-implant contact (BIC, %) and implant surface (mm?) at
2-week and 6-week observation periods in R1, R2, R3 and BLT implant groups.

BV/TV (%)
R1
2weeks Mean 46.331
SD 3.45287
6weeks Mean 63.6768
SD 5.3788
BIC (%)
R1
2weeks Mean 59.9805
SD 3.00022
6weeks Mean 72.5262
SD 2.986
Implant surface (mm?)
R1
Total 2+ 6 weeks Mean 168.5222
SD 1.15184

R2 R3 BLT
48.5131 37.8926 39.5581
4.97804 6.63266 7.3408
65.0825 55.2275 51.8896
5.317 10.5819 8.9823
R2 R3 BLT
63.705 32.2422 30.8949
5.99367 7.88958 8.5908
749011 54.7218 50.2819
5.3566 10.6022 11.3406
R2 R3 BLT
166.0794 89.5421 84.6341
3.64156 0.93704 0.68798

Abbreviations: BIC, bone to implant contact; BLT, control implant 2; BV/TV, bone volume/total volume; R1, test implant 1; R2, test implant 2; R3,

control implant 1; SD, standard deviation.

implants showed osseointegration without complication. Therefore,

eight implants per group were analyzed.

3.3 | Vertical histomorphometry

The values for the vertical histometry are presented in Table 1. The
mean vertical distance (buccal + lingual) from the IS to the fBIC was
smaller for both test implants compared with BLT Implants (mean: R1,
-0.87mm; R2,-0.76 mm; R3, -0.71 mm; BLT, -1.58 mm) at the 2 weeks’
observation period. Yet, these differences did not reach statistical sig-
nificance (p=.324 and .132, respectively). For the 6 weeks’ observation
period, an improvement in vertical bone remodeling was noted for all
implants. Yet, no statically significant differences between the groups
were revealed. The R2 implants demonstrated the smallest distance
from the IS to the fBIC after 6 weeks (mean: —-0.45 mm). Analyzing the
bone crest height after 2 weeks did not show any statistically significant
differences between the implants. However, after 6 weeks, the R2 im-
plant revealed a higher level of the bone crest. This was true for both,
the buccal and oral aspects and for the mean. Although, statistically, the

level of significance to the other implants was not reached.

3.4 | Bone-to-implant contact

The BIC data are presented in Figure 3 and Table S1. Analyzing the
BIC fractions after 2 weeks of healing revealed almost similar pro-
portions for new mineralized bone at R1 and R2 implants (21.2%

and 24.8%, respectively). The control implants R3 and BLT showed

higher proportions of new bone at this observation time (48.8%
and 52.2%, respectively). The differences between the test and
control implants were statistically significant (p <.05). The fraction
of osteoid after 2weeks was in the order of 1.2%-3.0%, without
statistically significant differences between the groups. The BIC
fractions after 6 weeks of integration demonstrated a statistically
significant increase of new mineralized bone on the implant surface
(p<.001) (Figure 4) reaching 47.6% and 44.9% for R1 and R2, re-
spectively. The control groups at this time yielded 60.1% and 73.7%
new mineralized bone for R3 and BLT, respectively. The time- and
group-dependent increase for new mineralized bone formation was
comparable for all groups (p=.42) (Figure 4). The control groups R3
and BLT showed statistically significantly higher values for new min-
eralized bone at the 6-week observation period, compared with the
test groups R1 and R2 (p <.05).

3.5 | Areafraction

The area fraction of tissues within the first millimeter adjacent
to the implant surfaces after 2weeks was similar for all implants.
After 6 weeks of incorporation, the area fraction of tissues reached,
again, very similar proportions for all implants (Figure 5). Very small
proportions of osteoid were noted. New mineralized bone was ob-
served from 24.3% to 29.7%, and old bone varied between 38.9%
and 45.6% (Figure 5). Bone debris was practically absent in all
groups. Again, there were no statistically significant differences of
any tissue fractions at any implant sites (p>.05). All data for the area

fraction analysis are presented in Table S2.
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6 WEEKS

2 WEEKS

FIGURE 6 Representative radiographs from micro-CT at 2 and 6
weeks for test implants R1 (a, b) and R2 (c, d) and control implants
R3 (e, f) and BLT (g, h).

3.6 | Interexaminer reliability

As two examiners assessed the parameters of histomorphometry, an
interexaminer reliability test was performed by determining double
measurements of eight specimens. For the proportions of tissues,
for the BIC and area fraction analyses, the ICC was 20.95 for new
mineralized bone and old host bone. For osteoid and bone debris
fractions, the ICC was =0.75.

3.7 | Micro-CT

The micro-CT radiographs of all the samples were reconstructed and
observed from the bucco-lingual, mesio-distal, and horizontal direc-
tions. The same specimens as for the histometry were excluded for
the micro-CT evaluation. The data are presented in Table 2, and rep-
resentative radiographs are shown in Figure 6. From 2 to 6 weeks,
osseous contact was gradually formed between the implant surface
and the surrounding bone tissue without leaving a gap. At 2weeks,
a clear gap was observed between the implants and the host bone.
The implant neck was in close contact with the cortical bone yielding
mechanical stability. At 6 weeks, the gap between implants and the
host bone was not observable anymore. In both groups of implants,
a small amount of mineralized bone tissue was detected around the
implants. In analyzing the parameters BV/TV and BIC (Figure 7) it is
evident that the test groups, R1 and R2, yielded the best outcomes
for both parameters and at both observation periods. The BV/TV
reached a mean of 46.3% and 48.5% after 2weeks and 63.7 and
65.1 after 6 weeks for R1 and R2, respectively. This was statistically
significantly better than the BV/TV recorded at the two control im-
plants (p<.05). The test implants with the acid pickled surface (R2)
demonstrated the highest amount of BIC of 74.9% after 6 weeks,
while the test implant without acid pickling (R1) had a 6-week BIC
of 72.5%. The R3 implants displayed a 6-week BIC of 54.7%. This
was not statistically significantly different from the BLT implant
value (50.3%) but reached the statistical significance when compar-
ing with the two 3D-printed implants (R1, R2, p<.05). The calcula-
tion of the extent of the implant surfaces was 168.5 and 166.1 mm?
for R1 and R2, respectively. These values were significantly higher
(p<.001) than those for the R3 and BLT implants (R3: 89.5mm?; BLT:
84.6mm?).

4 | DISCUSSION

The present study has been designed to evaluate the process of
osseointegration for an implant system manufactured with a novel
technology of 3D printing and hereby comparing this biological
process with that known for moderately rough titanium implant
surfaces.

The results of the new 3D-printed devices were affected by
the surface structure (example for R2 see Figure 8). Consequently,
the interpretation of the osseointegration process has to consider
these differences of surface topography. The osseointegration of
conventional implants is well studied and generally, the bone-to-
implant contact (BIC %) as a primary outcome variable was used
(Berglundh et al., 2003). In the present study, the values obtained
in BIC percentages after 2 and 6 weeks corresponded to those
described earlier (Berglundh et al., 2003). Both, the R3 and BLT
implants yielded similar BIC percentages after the respective ob-

servation periods (52.2% and 48.8% after 2weeks, respectively
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FIGURE 7 Micro-CT analysis: bone volume (BV)/ total volume (TV) after (a) 2weeks and (b) 6 weeks. Bone-to-implant contact (BIC) after

(c) 2weeks and (d) 6 weeks.

and 73.7% and 60.1% after 6 weeks, respectively). Hence, these
conventional implants truly represented a control to which the
osseointegration process of the novel 3D-printed devices may
be compared. It has to be kept in mind, however, that BIC on
conventional implants is measured on a linear outline of the im-
plant surfaces incorporated into bone, while the same parameter
is not generated with the same methodology in the 3D-printed
devices, as the outline of the implant surface does not follow a
simple line but represents a 3D network of a trabecular structure
projected on a 2D plane (Figure 8). This, in turn, means that the
total surface available for the osseointegration process is higher,
as shown by a statistically significantly higher surface area for the
test implants compared with the control implants (p <.001). In the
latter, the test implants disclosed a surface area that was approxi-
mately double as high than that available for the control implants.
Hence, the new mineralized bone formation occupied a larger vol-
ume that requires more healing time than in conventional implant
designs. Moreover, the total surface covered with new bone in a
3D-printed device may represent a higher absolute bone volume
covering the implant surface, even though the percentage of new
mineralized bone on the implant surface is reduced in comparison
with the conventional implants.

In the present study, the percentages of new mineralized bone
were significantly lower for R1 and R2 (21.2% and 24.8% after
2weeks, and 47.6% and 44.9% after 6 weeks, respectively) com-
pared with R3 and BLT. Yet, such percentages indicate successful
osseointegration, although the values were lower than those for
the SLA surfaces. They corresponded to the osseointegration of
turned titanium surfaces after 2 and é6weeks in the Beagle dog
model (Abrahamsson et al., 2004). In a human biopsy model (Lang
et al., 2011), the osseointegration process reached approximately
15% of new mineralized bone on the implant surface after 2% and
62% after 6 weeks, respectively. Obviously, the direct bone for-
mation on the 3D-printed implant surfaces is by far adequate for
functional stability. However, only a study on loaded 3D-printed im-
plants would give the definite proof of such a statement.

The analysis of the data of micro-CT in the present study did
not correspond with those obtained by histomorphometry. In
the micro-CT analysis, the R1 and R2 implants yielded superior
outcomes compared with R3 and BLT in terms of BIC, while, in
the histomorphometry, these parameters showed a reversed re-
sult. Again, the discrepancy of the BIC data can be explained on
the basis of methodology and the surface morphology by the 3D
printing procedure. Such discrepancies between the two methods
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FIGURE 8 Surface topography of a R2 implant after (a) 2weeks and (b) 6 weeks after implant installation. Staining: basic fuchsin and

toluidine blue/McNeal. Distance bars indicate 0.2 mm.

are rarely discussed in the literature. Obviously, micro-CT data do
not reliably reflect the BIC as determined by the standard of his-
tology. As the histological sections are more suitable to distinguish
cells, nonmineralized osteoid and soft tissue, the micro-CT is ap-
propriate to analyze the mineralized tissue during later periods of
healing (Nakahara et al., 2020). Nevertheless, the BV/TV param-
eter appeared to be similar in the micro-CT if compared with the
area fraction analysis in histomorphometry. Moreover, it has to be
realized that the micro-CT technology is not able to distinguish
between osteoid, new mineralized bone, and old bone. Also, bone
debris cannot be identified. Micro-CT is also not able to detect
peri-implant inflammation/infection (two implants were excluded
from the histomorphometric analyses based on histologic detec-
tion of infection). Hence, it appears as a necessity to study the
osseointegration process with histomorphometry.

Analyzing the bone levels after 2 and 6 weeks following the in-
corporation of the implants indicated a superior level of crestal bone
with the R1 and R2 implants compared with the controls (R3, BLT).
However, this superiority did not reach statistical significance most
likely owing to the limited number of experimental animals used in
the present study. The increased crestal bone levels may indicate
that the novel 3D-printed devices do not exercise pressure to the
adjacent bone after placement and hence, bone levels may most
likely be preserved. Nevertheless, other dissimilarities between the
implant design including presence of the micro-gap or possibility of
platform switching might have affected the results.

In the present study, the Beagle dog model was chosen because
of the feasibility and the established, well-controlled animal facility

in Lugo, Spain. Despite the superb and competent animal care ren-
dered, the histological analysis showed that in one dog, an obvious
site infection developed. This happened for two implants on the
same side of the mandible. Consequently, that side (four implants)
was eliminated from further analysis, reducing the number of esti-
mates. Furthermore, one implant in another dog demonstrated a
buccal fenestration with concomitant ingrowth of soft tissue. This
single implant also was excluded from further analysis. All other
59 implants were placed in adequate volumes of bone and in the
right positions. Evaluating these shortcomings, it has to be stated
that the experiment could be performed with clinical accuracy, and
the osseointegration resulted in undisturbed healing and implant
stability.

The application of different fabrication technologies and tra-
becular implant surface represents a limitation of the present
study. 3D-printed titanium dental implants have microscopic
structures highly dissimilar to those of traditional milled-titanium
implants, which have still not been comprehensively evaluated.
A significant alteration of a surface topography observed after
3D printing fabrication is believed to possess better biocompat-
ibility and osseointegration ability than the commercial titanium
implants. 3D-printed mesh implant induced a higher wettability
formation that caused an easier liquid flow into the gaps and for-
mation of a hydrophilic interface, which in turn affects the surface
biocompatibility (Huang et al., 2019). In vitro cell behavior and the
biosafety assays of 3D-printed implants and plates were compa-
rable or even likely improved as compared with that of conven-
tionally fabricated titanium (Wang et al., 2023; Yang et al., 2017).
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Significantly thicker native TiO, layer formed on the 3D-printed
mesh surface shell impede the metallic ions to leach out and en-
hance the wear and corrosion resistance (Huang et al., 2019). The
study of Ng et al. (2021) further confirmed that the 3D-printed
titanium-alloy Grade 23 implants should be considered as safe as
the standard milled implants in terms of serum and organ titanium
levels. If wear and corrosion would be increased in load-bearing
3D-printed implants with different surface morphologies should
be demonstrated in a later tribology study.

From a clinical point of view, it was important to get information
on the early healing phase of osseointegration with this novel 3D-
printed implant system. Obviously, the BIC fractions obtained after
2weeks were of a magnitude that would allow implant stability for
further osseointegration in the weeks to come. After 6 weeks, the BIC
fractions were at least as high as known from traditional implant sys-
tems with turned surfaces. Hence, the suitability of the 3D-printed
devices for oral reconstructions is a given fact. It remains to be demon-
strated to what extent implant stability is guaranteed in the long term.
Furthermore, the process of disintegration of 3D-printed implants as a
result of a peri-implant infection has to be addressed in further studies.

In summary, titanium implants manufactured by the technology
of 3D printing have been shown to successfully osseointegrate with
adequate fractions of new mineralized bone formation after 2 and
6weeks. The crestal bone height appears to be maintained in an op-

timal way when compared with conventional implant systems.
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