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The current study examined whether bone can regenerate into an open space fabricated inside the metal implant
and maintain its quantity and quality at the early post-implantation healing periods. 12 conventional one piece
screw type titanium dental implants (control group) and 12 hybrid dental implants with spiral side openings
(0.58 mm wide) connected to hollow inner channel (experimental group) were bilaterally placed in each
quadrant at the P3, P4 and M1 positions in mandible of 4 adult beagles following 2 months of post-extraction
healing. Fluorescent bone labels to qualitatively evaluate newly formed bone tissues were administered at 2 and
4 weeks of post-implantation periods, respectively. 3 control and 3 experimental bone-implant constructs for
each animal were dissected from 2 animals at each 3 and 6 weeks of post-implantation healing periods.
Undecalciﬁed specimens were prepared from each construct for histological analyses to measure bone-to-implant contact (BIC) and interfacial bone area (BA), and also for nanoindentation and scanning electron microscopy to assess elastic modulus (E) and composition of bone tissues surrounding the implants, respectively. A
substantial amount of newly formed bone tissues were observed at the implant interfaces of both implant groups.
Bone tissues successfully regenerate through the side openings and hollow inner channel of the experimental
implant as early as 3 weeks of post-implantation healing. The E values of the newly formed bone tissues were
measured comparable to those of normal bone tissues. The current results indicate that the new hybrid implant
can conduct bone regeneration into the inner architecture, which likely improves stability of the implant system
by enhancing integrity of implant with interfacial bone.

1. Introduction
Dental implant surgery has a success rate higher than 94%, leading
to more than a million dental implantations annually and a continually
increasing number of clinical cases (Charyeva et al., 2012; Pjetursson
et al., 2014; Greenstein and Cavallaro, 2014). This high success rate is
guaranteed only when the quantity and quality of bone at the surgical
site are conducive to the implant placement. However, most patients
who need dental implantation have various levels of bone deﬁciency
due to oral bone complications that cause the initial extraction of teeth

and bone loss following the extraction (Greenstein and Cavallaro, 2014;
Tonetti et al., 2008). For example, tooth extraction and disuse atrophy
arising from delayed treatment can lead to loss of the alveolar ridge
(Wang and Lang, 2012; Horowitz et al., 2012). As such, there is an
increasing demand for a new dental implant system that can maintain
its stability while minimizing inﬂuences from bone quantity and quality
surrounding the implant.
Osseointegration delineates a direct bone apposition on the implant
surface without getting soft tissue (Brunski, 1988; Branemark et al.,
1977; Bosshardt et al., 2017). In addition to the osseointegration on the
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Fig. 1. (A) Conventional one piece titanium dental
implants (control group) and (B) one piece hybrid
dental implants having spiral side openings (experimental group), (C) engineering drawings for
each implant design, (D) the spiral side openings
connected to the hollow inner channel (unit: mm).
Clinical photographs (upper panel) and radiographs
(lower panel) of implantation procedure. (E), (H)
Extraction sites after 8 weeks of the post-implantation healing period. (F), (I) Experimental implants,
(G), (J) Control implants.

2.2. Dental implants

implant surface, bone ingrowth into a hollow dental implant was introduced, which was expected to enhance stability of the implant
system (Scacchi, 2000). It was observed that bone grew into the
transverse holes on the cylindrical side walls and inner hollow basket
body (Piattelli et al., 1999; Takeshita et al., 1996). The long-term survival rate of this hollow dental implant system was higher than 85 %
(Telleman et al., 2006; Karoussis et al., 2004). However, this hollow
implant system was limited with potential risks of less stable structure
for load-bearing due to the side holes and cylindrical hollow bucket
with open bottom ﬂoor of the implant body (Behneke et al., 2002;
Hellem et al., 2001; Buser et al., 1997).
Recently, we have developed a new dental implant that has spiral
side openings connected to hollow inner channel and top opening
(Fig. 1). This hybrid implant is fabricated with upper thread portion,
side openings onto the threads at the middle portion, and closed bottom
with lower thread portion. We hypothesize that this hybrid architecture
of threads with openings may successfully conduct bone ingrowth into
the open inner space while maintaining and enhancing the mechanical
stability of the dental implant system. Thus, the objective of the current
study was to examine whether bone can regenerate into an open space
fabricated inside the metal implant and maintain its quantity and
quality at the early post-implantation healing periods.

Conventional one piece titanium dental implants (3.5 mm in diameter and 8 mm in length) with a hollow inner channel and large grit
sandblast and acid-etched (SLA) surface (Shinhung, Seoul, Korea) were
prepared as the control group for animal experiments (Fig. 1A,C). Then,
hybrid dental implants were fabricated by modifying the conventional
dental implant to have spiral side openings connected to the hollow
inner channel as the experiment group (Fig. 1B,D). The dimension
(0.58 mm wide) of spiral side opening was determined by referring to a
previous study that perform in vivo bone ingrowth to titanium porous
scaﬀold implants with average pore sizes of 0.309, 0.632, and
0.956 mm (Taniguchi et al., 2016). As a result, the previous study observed that implant with the pore size of 0.632 mm showed the best
mechanical strength, high ﬁxation ability, and rapid bone ingrowth as
early as 2 weeks following implantation. Many other studies used
porous metal implants with average pore sizes between 0.5 mm and
0.7 mm also showed substantial in vivo bone ingrowth to the porous
structure (Wang et al., 2017; Shah et al., 2016).
2.3. Surgical procedure
The animals were placed under general anesthesia and the surgical
sites were locally anesthetized using 2% lidocaine hydrochloride with
1:100,000 epinephrine (Lignospan, France). All of the mandibular
premolars and ﬁrst molars (P1-M1) were bilaterally extracted
(Fig. 1E,H). After 2 months of post-extraction healing, the dental implants were bilaterally placed in each quadrant at the P3, P4 and M1
positions
of
mandible
according
split-mouth
design
(Fig. 1F,G,I,J).Following implantation, an abutment screw was placed
through top opening connected to the hollow inner channel of each
implant. Then, a specially designed plastic healing cap was used to
cover the abutment part of the one piece dental implant, which exposes
above the gingival soft tissue. Fluorescent bone labels were used to

2. Materials and methods
2.1. Animal model
Four adult male beagles weighing 10–12 kg (12 months of age) were
used in this study. All of the animals had fully erupted permanent
dentition. The animal research protocol was approved by the Institute
of Laboratory Animal Resources, Seoul National University (SNU170417-13).

2
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Fig. 2. Histology of the implant system at 3 weeks and 6 weeks of post-implantation healing for (A) (B) (H) (I)experimental implant group and (D) (E) (K) (L) control
implant group. (A) (D) (H) (K) are the magniﬁed regions of the red framed areas in (B) (E) (I) (L), respectively. (C) (F) (J) (M) are the ﬂuorescent images for newly
formed bone tissues labelled with Xylenol orange (red) at 2 weeks and Calcein (green) at 4 weeks after implantation. (G) 3D micro-CT image of the regenerated bone
tissues in 300 μm surrounding the experimental implant at week 3. The implant and bone are digitally separated.

embedded in resin media and scanned by a micro-CT (SkyScan1172-D,
Kontich, Belgium) with 16 × 16 × 16 μm3 voxel size under an identical
scanning condition of 100 kV, 100 μA, 0.4° rotation per projection, 5
frames averaged per projection, and 885 ms exposure time. The
scanned images were reconstructed using the same voxel size. The
bone-implant interface region up to 300 μm from the implant surface
were isolated using imaging software (Image J, NIH) to show 3D image
of the regenerated bone tissues surrounding the experimental implant
(Fig. 2G).

qualitatively evaluate new bone formation and remodeling adjacent
implants. Xylenol orange (Sigma, St. Louis, MO) and calcein green
(Sigma, St. Louis, MO) were administered at 2 and 4 weeks of postimplantation periods, respectively (Fig. 2). Two animals were sacriﬁced
at 3 weeks and the other two animals were sacriﬁce at 6 weeks after
implantation.
2.4. Micro-computed tomography (micro-CT)
The mandibles were block-resected in hydration using diamond saw
(EXAKT, Norderstedt, Germany). The mandibular blocks were ﬁxed in
10% neutralized buﬀered formalin and dehydrated using a series of
ethanol solutions with increasing concentrations. Then, the blocks were

2.5. Histologic examination and histomorphometric analysis
The
3
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Fig. 3. Schematic drawing of the measurement regions for the histomorphometric analysis. Regions to measure (A) bone-to-implant contact (BIC) and (B) boneimplant interfacial area (BA) indicated by yellow line: total length of implant surface, red line: total length of the side openings and the hollow inner channel, green
area: newly formed bone area adjacent to threads (Thread), yellow area: newly formed bone area at the side openings and the hollow inner channel (Ingrowth). (C)
Slope of load-displacement curve of nanoindentation used to obtain the reduced modulus (Er). Scanning electron microscopic (SEM) images of (D) bone-implant
interface adjacent outside threads, (G) inside the side opening of the same experimental implant system, and (E) (H) the pyramidal shapes at the indented bone tissue
(red dot in (D) and (G)). (F) (I) The energy dispersive spectroscopy (EDS) analysis on the SEM image of the nanoindentation site. The high intensities of calcium (Ca)
and phosphorus (P) indicate the newly mineralizing bone tissues next to the metal surface of implant. The peaks for platinum (Pt) arise from the coating process on
the specimen surface.

BA to total area within the threads. The BIC (%) and BA (%) for bone
ingrowth into the side openings and hollow inner channels were assessed using ratios of the BIC to total length of surface lines, and the BA
to total area below bottom of the abutment screw, respectively.

longitudinally dissected in the buccal-lingual direction, ground, and
polished to a ﬁnal thickness less than 50 μm using a cutting and
grinding system (EXAKT Apparatebau, Norderstedt, Germany). All
processes were conducted with water irrigation. The dissected samples
were stained with a multiple stain solution (Polyscience, USA) (Fig. 2).
For both control and experimental implant groups, bone-to-implant
contact (BIC, mm) was measured along the implant thread line (Fig. 3A,
yellow line), and bone-implant interfacial area (BA, mm2) was deﬁned
as an area under a thread apex to next thread apex line within the
implant threads (Fig. 3B, green area). For the experimental implant
group, the BICs and BAs at the side openings and inner channels below
bottom of the abutment screw were also quantiﬁed along the inside
surface lines of implant (Fig. 3A, red line) and as bone tissues inside the
implant (Fig. 3B, yellow area), respectively. The percentage of BIC (BIC
(%)) was obtained by computing the ratio of BIC to total length of
thread line and that of BA (BA (%)) was determined using the ratio of

2.6. Nanoindentation
The sectioned specimens other than used for the histology were
subjected to nanoindentation after they were further polished with
1 μm diamond paste using a low speed polisher (Buehler, Lake Bluﬀ,
IL). A total of 12 bone-implant constructs including 3 specimens for
each control and experimental groups at 3 and 6 weeks after implantation was successfully identiﬁed for nanoindentation.
Elastic modulus (E) values of bone tissues at the peri-implant and
ingrowth into the implant were measured by probing a pyramidal
Berkovich diamond tip of nanoindenter (Ubi-1, Hysitron, Minneapolis,
4
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Fig. 4. Comparisons of (A) the percentages of bone-to-implant contact (BIC(%)), (B)bone-implant interfacial area (BA (%)), and (C) nanoindentation elastic modulus
(E) values between regions at week 3 and 6. *; p < 0.031.

specimens were polished and sputter-coated with platinum for 120 s.
The operating condition of the FE-SEM was set at 10 kV electron beam
energy. The digital image processing and analysis was conducted at the
nanoindentation sites (Fig. 3D~I).

MN). As the nanoindenter was operated by load-control at a load rate of
300 μN/s up to a peak load of 3000 μN. The range of probing depth
corresponding to the peak load was at 524.25 ± 108.7 nm. At the
process of unloading after the 30-s holding period, the nanoindentation
elastic modulus (E) was measured using Eq. (1)(Oliver and Pharr,
2004).

(1 − νs2)
(1 − νi2)
1
=
+
Er
Es
Ei

2.8. Statistical analysis
The current study obtained 12 control and 12 experimental implant
constructs (3 control and 3 experimental dental implants for each animal) from 2 animals at each 3 and 6 weeks of post-implantation
healing periods. A total of 23 slices (5 for control and 6 for experimental
implant groups at week 3, and 6 for control and 6 for experimental
implant groups at week 6) were used for histological analyses. A total of
12 slices (3 for control and 3 for experimental implant groups at week 3
and 6) were used for nanoindentation. The values from measurement
errors in the process of searching for indentation surface and statistical
outliers were removed as indicated in the previous studies (Hoﬄer
et al., 2000; Kim et al., 2010). Thus, the nanoindentation data obtained
from a total number of 3552 indents (748 Thread and 651 Pre-existing
regions of the control group and 704 Ingrowth, 783 Thread, and 666
Pre-existing regions of the experimental group) were included for the
current analysis. Two way analysis of variance followed by the TukeyKramer Post hoc testing for each dependent variable (BIC (%), BA (%),
and E) was performed with the post-implantation periods (3 and 6
weeks), and corresponding regions (Ingrowth, Thread, and Pre-existing) included in each implant group (control and experimental) as
independent variables. Statistical signiﬁcance was set at p < 0.05.

(1)

where Er (reduced modulus) is derived from the slope of the forcedisplacement curve. Es is the elastic modulus (E) of the specimen, and ν
represents Poisson's ratio. For the diamond indenter, values of
Ei = 1141 GPa and νi = 0.07 are typically used. Poisson's ratio for bone
was assigned to be 0.3.
Indentations were performed at the interfacial bone tissue adjacent
to the implant thread (Thread) (green area (BA) in Fig. 3B) and preexisting bone tissue away (> 300 μm) from the implant (Pre-existing)
for both control and experimental groups. For the experimental group,
additional indentations were conducted for new bone tissues regenerated into the side openings and hollow inner channels below
bottom of the abutment screw (Ingrowth) (yellow area (BA) in Fig. 3B).
Indentation regions were determined by comparing images of the boneimplant construct, which were taken using a light microscope built in
the nanoindenter and a ﬂuorescent microscope to identify the newly
formed bone tissues during post-implantation healing periods
(Fig. 2CFJM).
2.7. Field emission scanning electron microscopy (FE-SEM)

3. Results
For further validation, imaging was performed on a FE-SEM (S4700, HITACHI, Tokyo, Japan) equipped with an energy dispersive xray spectrometer (EDX) (EMAX H7200, HORIBA Kyoto, Japan). The

All implantations were successfully completed and no complications
were observed during post-implantation healing periods. Newly formed
5
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bone contacts at the implant surface during the long-term loading
condition. Also, the threads at the middle and lower portion with closed
bottom are designed to provide excellent mechanical strength of the
implant and improve its load bearing ability while enhancing boneimplant contacts. Thus, these new architectural components likely
overcome the potential risk due to less stability of the previous hollow
dental implant that consists of the cylindrical hollow bucket with open
bottom ﬂoor. Although the upper thread portion was fabricated 3.5 mm
in the current animal study, it is recommended to have longer than
4 mm to avoid worst case of marginal bone loss up to 3 mm (Kim, 2017;
Standardization, 2007). In addition, as the hollow inner channel is
connected to the top opening as well as the side openings, local delivery
of medicine is available to stimulate bone regeneration into the open
space. The current study focused on validating that this innovative
hybrid structure is feasible to provide integration of the implant body
with bone tissues grown inside and on the surface of the implant.
New bone tissue apposition continuously increased at the thread
regions with longer post-implantation healing as visualized by ﬂuorescent labels (Fig. 2). The interfacial bone next to the threads is damaged by the vigorous implantation surgery (Bosshardt et al., 2017;
Insua et al., 2017). Active bone turnover is triggered by bone remodeling to replace the damaged bone with primary bone and then
matured secondary osteonal bone. The post-implantation bone resorption lasts about 2 weeks in animal model (Berglundh et al., 2003;
Bosshardt et al., 2017). The duration of a single bone remodeling cycle
including activation and resorption followed by formation was estimated 12 weeks for dog (Garetto et al., 1995). These observations indicate that continuous apposition of new bone tissues at the thread
regions increased new bone-implant contacts and areas up to 6 weeks of
post-implantation healing periods in the current study.
The most dramatic ﬁnding of the current study is that new bone
tissues regenerated through the side openings and bridged across the
hollow inner channel as early as 3 weeks of post-implantation healing
(Fig. 2). The trabecular shape bone tissue at the side openings and inner
channel looks distance osteogenesis, which grows from the resident
interfacial bone surrounding the implant. While the new bone tissues
were observed in the inner space early at week 3, the bone-implant
contacts and areas were not signiﬁcantly increased but maintained by
week 6. It was suggested that large surface area of trabecular bone is
more accessible for bone cells to enhance bone turnover (Seeman, 2013;
Allen et al., 2011). Similar to the trabecular architecture, the inner open
spaces of the hybrid implant may eﬀectively facilitate vascularization
providing oxygen and metabolites to promote recruitments of bone cells
to accelerate rapid bone turnover without changing the amount of
bone. Further long-term studies are needed to ﬁnd whether angiogenesis involves in the new bone regeneration and the open inner spaces
can eventually be fully ﬁlled with bone.
The signiﬁcantly lower nanoindentation elastic modulus (E) values
of the interfacial bone tissues than those of the pre-existing indicate
that the newly formed interfacial bone tissues have less mineral contents. The more active bone remodeling of the new bone tissue regenerated into the inner open space likely gives rise to the less mineralized bone tissues with the lower value of E. It was indicated that
trabecular bone maturation at the implant interface can be observed
after 8 weeks of post-implantation (Bosshardt et al., 2017). However,
the current study observed that these newly formed bone tissues were
as strong as normal bone tissues with the comparable E values higher
than 5 GPa independent of post-implantation healing periods. A noticeable ﬁnding is that the E value at the thread region of the hybrid
implant was signiﬁcantly higher than at the thread region of the control
implant for 3 weeks of post-implantation healing (Fig. 4C). This result
suggests that the open spaces also helped accelerate mineralization of
the newly forming interfacial bone tissues adjacent to the side openings
at the early stage of osseointegration.
The atomic % ratios of Ca/P for E_Thread and E_Ingrowth were
much lower than Pre-existing regions. This result is consistent with the

Table 1
Comparisons of percentages of BIC (%) and BA (%), and elastic modulus (E) for
corresponding regions included in control and experimental implant groups
(C_Thread control and experimental) between post-implantation periods (3 and
6 weeks). Data are presented as mean ± standard deviation for each parameter.

Weeks
BIC (%)

BA (%)

E (GPa)

C_Thread

E_Thread

3
6
47.381
92.497
± 18.581
± 6.655
p < 0.001
41.962
60.967
± 14.631 ± 11.744
p = 0.052
14.289
14.623
± 5.738
± 4.491
p = 0.380

3
6
56.552
93.382
± 20.196
± 6.979
p < 0.002
50.506
70.311
± 12.229 ± 18.259
p = 0.052
16.964
15.082
± 4.104
± 4.773
p < 0.001

E_Ingrowth
3
6
21.585
26.166
± 12.235 ± 2.251
p = 0.489
23.590
20.287
± 8.741
± 4.094
p = 0.437
13.316
13.864
± 5.008
± 3.756
p = 0.158

bone tissues were observed at the bone-implant interfaces of both
groups at 3 and 6 weeks of post-implantation healing periods (Fig. 2). In
particular, for the experimental implant group, new bone successfully
regenerated into the side openings and inner hollow channels, which
resulted in bridges between alveolar bones surrounding the implant.
The ﬂuorescent microscopic images clearly showed red-labelled new
bone tissues adjacent to the implant threads at 3 weeks, and combination of red- and green-labelled bone tissues at 6 weeks of post-implantation healing periods. For the experimental group, the newly
formed bone tissues at the side opening and inner channels were also
labelled similar to those at the thread regions.
The BIC (%) and BA (%) values at thread regions were not signiﬁcantly diﬀerent between control (C_Thread) and experimental
(E_Thread) groups at week 3 and 6 (p > 0.433) (Figs. 3 and 4A,B)
while they increased from week 3 to week 6 (p < 0.053) (Table 1). The
ingrowth (E_Ingrowth) region had signiﬁcantly lower BIC (%) and BA
(%) values than the thread (E_Thread) region of the experimental group
at week 3 and 6 (p < 0.027) while they were not signiﬁcantly diﬀerent
between week 3 and 6 (p > 0.437). The values of BIC (%) and BA (%)
were not signiﬁcantly diﬀerent between C_Thread and E_Ingrowth at
week 3 (p > 0.126) but the E_Ingrowth region had signiﬁcantly lower
value than thread regions at week 6 (p < 0.001).
The Pre-existing region (18.925 ± 4.622 GPa) had signiﬁcantly
higher elastic modulus (E) values than other regions independent of
implant groups and post-implantation periods (p < 0.001). The E values of E_Thread region were signiﬁcantly greater than those C_Thread
region (p < 0.001) while those of E_Ingrowth region were signiﬁcantly
lower values than those of both thread regions at week 3 (p < 0.031)
(Fig. 4C). The E_Ingrowth region had a signiﬁcantly lower value of E
than the E_Thread region (p = 0.003) while it was not signiﬁcantly
diﬀerent from C_Thread at week 6 (p = 0.099). High intensities of
calcium (Ca) and phosphorus (P), which are the major components of
bone mineral, were detectedat the nanoindentation sites as early as 3
weeks post-implantation (Fig. 3F,I). The atomic % ratios of Ca/P for
E_Thread, E_Ingrowth, and Pre-existing regions were 1.42(20.27/
14.42), 1.37(19.13/13.97), and 1.65(30.12/18.2), respectively.
4. Discussion
The new hybrid dental implant has been designed to combine
threads with the spiral side openings and hollow inner channel, which
conduct bone ingrowth into the implant. The side openings are simply
perforated onto the threads at the middle portion of conventional screw
type dental implant. As such, this design concept can be readily applied
to any implant. The threads at the upper portion contacting dense
periosteal bone region can provide primary stability of the hybrid implant system comparable with the conventional implant system at the
early loading condition. Bone ingrowth into the inner space of the hybrid implant is expected to augment the primary stability with more
6
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Conﬂicts of interest

signiﬁcantly lower nanoindentatin E values measured at the thread and
ingrowth regions than the pre-existing region. We suggested that the
active bone turnover at the bone-implant interface produces the newly
forming less mature bone tissues resulting in the lower mechanical
properties for the interfacial bone than the pre-existing bone away from
the implant with diﬀerent treatments and post-implantation healing
periods (Kim et al., 2016b) and guided bone regeneration (Johnson
et al., 2018) independent of buccal and lingual regions (Kim et al.,
2016a). It was also observed that interfacial bone tissues in a porous
implant had the less mature characteristics (Shah et al., 2016, 2019).
The porous Ti6Al4V implant was fabricated using 3D printing with
electron beam melting (EBM) technique and placed the implant in distal
femoral epiphyses of sheep. The interfacial bone tissues adjacent to the
smooth surface of the implant and generated inside the porous EBM
surface had lower Ca/P atomic % ratios but higher organic contents,
osteocyte canaliculi per osteocyte lacuna, and osteocyte density than
the native bone tissue. These cutting-edge scanning electron microscopy based observations indicate that the newly formed bone tissues
have less aged and not fully mature composition at the bone-implant
interface and inside of implant pores. On the other hand, masticatory
loading continuously stimulates active bone remodeling at the interfacial bone up to 5 years following post-implantation healing while
maintaining mechanical stability of the implant system (Baldassarri
et al., 2012; Piattelli et al., 2014). Bone tissues with less mineral but
higher organic contents have higher static and dynamic time-dependent
viscoelastic properties (Kim et al., 2015, 2016b; Les et al., 2004; ViguetCarrin et al., 2006). As such, these results provide an insight that the
newly formed interfacial bone tissues may have an advantage to absorb
and dissipate loading energy on the implant system, which likely plays
a signiﬁcant role in the long-term success of an implant system. Future
studies need to validate associations between the compositional and
structural changes of the interfacial bone tissues and mechanical stability of the implant system.
Thus, a limitation of the current study was that mechanical stability
of the whole implant system was not assessed. It was not directly determined whether the bone ingrowth improves load bearing ability of
the hybrid implant compared to the traditional screw-type control implant. Nevertheless, the current ﬁndings validated the quantity and
quality of bone regeneration into the open inner space as well as bone
apposition at the implant interface next to threads, which are critical
factors to maintain a stable implant system under masticatory loading.
Another limitation is that the current results were obtained without in
vivo loading on the implant systems. It has been observed that loading
could stimulate bone remodeling at the implant interface (Baldassarri
et al., 2012) but its eﬀects on bone ingrowth into the inner space of
implant have not been investigated. The current study focused only on
early healing process following implantation prior to practical loading.
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