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Abstract
Objectives: The aim of this study is to evaluate long- term in vivo stability of dental 
implants stabilized at time of placement in oversized osteotomies with a novel, self- 
setting, mineral– organic bone adhesive.
Materials/Methods: Canine (26) mandibular teeth were removed, and three oversized 
osteotomies prepared bilaterally. Implants were placed with either adhesive, particu-
late xenograft, or with blood clot filling the implant/osteotomy gaps. Removal torque 
and histology were assessed.
Results: The adhesive provided significant and clinically relevant immediate implant 
stability of 22.2 N- cm (95% CI 5.3; 39.0), which continued throughout the early post-
operative course and persisted through the nine-  (155 N- cm 95% CI 113; 197) and 
12- month (171 N- cm 95% CI 134.2; 209.4) time points. This is in comparison with 
the blood clot of 1.4 N- cm (95% CI 0.7; 2.1), 128.6 N- cm (95% CI 66.8; 190.4), and 
140.7 N- cm (95% CI 78.8; 202.5) and particulate xenograft, 1.3 N- cm (95% CI 0.6; 
2.0), 132.1 N- cm (95% CI 94.5; 169.7), and 101.5 (95% CI 59.5; 143.5), respectively. 
Histological examination shows the adhesive establishes intimate contact with the 
implant and bony walls and is replaced with new bone without compromising stabil-
ity. Soft tissue does not penetrate the adhesive, and marginal bone/biomaterial level 
is maintained. Control sites filled with xenograft or blood clot heal with reduced bone 
levels, and in some cases, xenograft particles were encapsulated in connective tissue.
Conclusions: Implants placed in oversized osteotomies and lacking primary stability 
can be stabilized at placement with a novel, highly osteoconductive, and resorbable 
adhesive. Gradual replacement of the biomaterial allows osseointegration without 
loss of stability through 12 months of follow- up. This novel adhesive has the potential 
to stabilize implants placed in sites with inadequate bony support.
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1  |  INTRODUC TION

Osseointegration generally occurs when an inert device is placed in 
vital native bone as long as that device remains stable during the 
early healing period, and the bone is not damaged (Branemark et al., 
1986). This is why dental implants placed in mostly dense bone such 
as the anterior mandible heal with such high success rates (Cochran, 
1999). These findings were taken advantage of for immediate load-
ing when multiple implants were placed in the anterior mandible and 
connected to one another with a fixed bar (De Bruyn et al., 2014). 
Thus, the stability of the implant during healing is a critical aspect of 
osseointegration and when loading dental implants. As the quality of 
the host bone (HB) becomes less dense and stability is diminished, as 
in the posterior maxilla, implant success rates also decrease (Jaffin & 
Berman, 1991). This requirement for stability during healing for den-
tal implants is well documented particularly as dental implants began 
to be placed into partially edentulous jaws as compared to implants 
that were placed into the anterior mandibles of fully edentulous pa-
tients. As more and more implants were placed into partially dentate 
jaws where the bone quality was less favorable, investigators began 
to look for additional ways to enhance stability of the implant during 
healing (Falco et al., 2018).

One way to stabilize an implant during early healing was to en-
courage and enhance bone growth around the implant (Raghavendra 
et al., 2005). These efforts were an attempt to try to shorten the 
healing time to osseointegrate the implant. One way this might be 
accomplished was with bone grafting or growth- enhancing bioma-
terials. Another way to encourage bone growth around the implant 
was to use specifically roughened implant surfaces that were more 
osteoconductive than the smoother machined (turned) surfaces and 
this approach has proved to be particularly effective (Cochran et al., 
2002). Such surface characteristics can be further enhanced by mak-
ing the implant surface hydrophilic rather than hydrophobic (Oates 
et al., 2007). Other attempts have focused on altering the osteotomy 
such as using osteotomes and bone condensing drills or using under-
sized osteotomy preparations (Slete et al., 2018). Lastly, attempts 
to stabilize the implant during healing have incorporated changes in 
the thread profile where more “aggressive” or self- cutting threads 
have been propagated (Chang et al., 2012). This last approach also 
attempts to result in an increased torque resistance upon implant 
placement which some hope to associate with increased stability 
and success (Freitas Jr. et al., 2012). Unfortunately, none of these 
efforts have the ability to immediately stabilize an implant that lacks 
bony support.

One clinical situation in which immediate stability of the implant 
may not readily be achieved is in large extraction sockets. In small 
extraction sockets, stability might be achieved by engaging bone 
apical to the socket utilizing longer implants, or by relying on bone 
along one wall of the socket (Tonetti et al., 2019). These approaches, 
however, may result in an implant placed in a non- ideal position for 
restoration as well as possible dislodgement and mobility of the 
implant, which results in failure, and are limited in their application 
by relevant local anatomy (Mello et al., 2017). As such, there are no 

current materials or techniques that allow for the immediate sta-
bilization and placement of a mobile implant placed ideally into an 
immediate extraction socket or osseous defect (Heinemann et al., 
2015).

Evaluation of implant stabilization in model oversized extraction 
sites by the novel biomaterial in the immediate to 4- month period 
has been published earlier (Cochran et al., 2020), demonstrating 
successful stabilization and osseointegration of the dental implants. 
This report describes the continuing stability and osseointegration 
in the 9-  and 12- month post- insertion period by means of histolog-
ical, histomorphometric, and biomechanical methods. Specifically, 
this report demonstrates the ongoing replacement of the adhesive 
biomaterial with bone osseointegrating to the implant surface and 
maintaining a level of torque resistance and bone- to- implant con-
tact comparable or superior to both market and negative controls 
throughout the 9-  and 12- month periods of in vivo residence.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

The materials and methods have been outlined in a previous pub-
lication of the early (4 months) results of this study (Cochran et al., 
2020). Briefly, the test material, a novel mineral– organic osteocon-
ductive adhesive, is principally composed of tetracalcium phosphate 
(61.5% w/w of solids), phosphoserine (38.5% w/w of solids), and 
water. The material immediately adheres to both bone and titanium 
surfaces and sets to a hard, cement- like consistency within 15 min 
under physiologic conditions (Kirillova et al., 2018). These materi-
als are provided by the manufacturer in pre- dosed and sterilized 
two- compartment triturator capsules with insertion tip (Tetranite 
Stabilization- Material, TN- SM, RevBio, Inc.). The capsules are acti-
vated and placed into a triturator for 12 s and then inserted into 
an applicator for immediate delivery into the oversized osteotomy. 
A bovine xenograft bone material (Bio- Oss granules 0.25– 1.0 mm, 
Geistlich Pharma North America) was also used in the market control 
sites. Dental implants were 8- mm long × 3.3- mm wide bone level 
tapered implants with a large- grit sandblasted and acid- etched (SLA) 
surface with only the apical 2 mm of the osteotomy prepared per 
the manufacturer recommendations (Straumann Institute AG). The 
standardized oversized osteotomies were prepared by using an in-
creasing size of reamer drills (Bicon Dental Implants) up to 5.5 mm in 
diameter down to the apical 2 mm of each osteotomy site.

2.2  |  Animal model

The canine animal model has been utilized and described many 
times (Cochran et al., 2014; Janner et al., 2018). Briefly, for the two 
cohorts describe herein, ten large mixed- breed canines with large 
mandibles were purchased, evaluated, and quarantined. Mandibular 
premolars (two through four) and first molar teeth were sectioned 
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and removed. The animals were allowed to heal, and 3 months later, 
the oversized osteotomies were prepared, and implants placed. This 
model has been used in different animal models and with different 
materials (Coelho et al., 2013; Coyac et al., 2020; Lima Bueno et al., 
2020). In the case of the negative control (no material around the 
implant) or the implants with bone xenograft around them, the im-
plant was placed in the osteotomy first. When the novel mineral– 
organic adhesive was used, this material was first injected into the 
oversized osteotomy, and then, the implant was intruded into the 
adhesive. Any extruded adhesive was trimmed to the bone level and 
full- thickness flaps closed by primary intention. The three stand-
ardized oversized osteotomies were prepared bilaterally as shown 
in Figure 1. The middle site was used for the negative control with 
the novel adhesive and bovine graft placed on either side according 
to a predetermined randomization scheme. From each animal, one 
randomized hemimandible was used for histological and histomor-
phometric evaluations and the other side for biomechanical testing. 
Hemimandibles predetermined for histological evaluation were im-
mediately placed in 10% neutral buffered formalin and hemimandi-
bles predetermined for biomechanical testing for implant stability 
were placed in phosphate- buffered solution and placed on ice until 
the time of testing, within 24 h of harvesting.

2.3  |  Study design

This study was the continuation of a three- arm, controlled, and ran-
domized prospective evaluation. Ten animals, in two cohorts, were 
utilized in the current study and evaluated over time clinically and 
radiographically prior to being sacrificed at 9-  and 12- month time 
points. Results from the 24- h, 10- day, and 4- month time points of 
observation have been previously reported (Cochran et al., 2020).

2.4  |  Histology

After necropsy, the excised hemimandibles were placed in 10% 
neutral buffered formalin and shipped to the Hard Tissue Research 
Laboratory (HTRL) at the University of Minnesota (UMN) School of 
Dentistry for processing. Two ground- section slides were prepared 
for each implant and were stained with Stevenel's blue and Van 
Gieson's picro fuchsin for histologic analysis by means of bright- field 
and polarized light microscopic evaluation.

2.5  |  Histomorphometry

Following histologic preparation, the specimens were evaluated 
histomorphometrically. All specimens, five for each test arm at each 
time point, were digitized at the same magnification (20× origi-
nal magnification) using a NIKON ECLIPSE 50i microscope (Nikon 
Corporation) and a Spot Insight 2 mega sample digital camera 
(Diagnostic Instruments Inc.). Histomorphometric measurements 
were completed using a combination of Spot Insight program and 
Adobe Photoshop (Adobe Systems, Inc.). Additional areas of inter-
est of the specimens were digitized at higher magnification of either 
40× or 100× original magnification.

2.6  |  Biomechanical evaluation

Implant stabilization was assessed through reverse torque testing 
for each of the five implants for each test arm at both the 9- month 
and 12- month time points. Each fresh hemimandible was maintained 
on ice, and then secured in a retainment fixture and tested within 8 h 
of harvesting. Soft tissues were removed to expose the cover screws 
and torque measured using a torque gauge (HTGS- 40; Imada, Inc.) 
while removing the cover screws. If the implants did not rotate while 
the cover screws were removed, an implant interface adapter (Blu 
Sky Bio LLC) was engaged and the reverse torque to implant removal 
was measured. The maximum torque value reached for each implant 
was recorded as the removal torque.

2.7  |  Statistical methods

Five samples of each test arm per time point is considered the mini-
mum required to obtain sufficient data to assess safety and efficacy 
criteria and to provide sufficient power to the statistical analysis in 
hypothesis testing of the outcome variables. Reverse torque (N- cm), 
first contact, bone- to- implant contact, and total resorption mean 
and standard deviations are reported by Cohort and Treatment. 
Mean differences between Treatment groups by Cohort were tested 
with a linear mixed model analysis. Specifically, a model was used 
with both a subject- specific intercept and variances which allowed 
to differ by Treatment and Cohort groups. Estimated differences and 
p- values are reported. All analyses were conducted with the NCSS 
v11.0.2 software.

F I G U R E  1  Schematic of implant and osteotomy
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2.8  |  Approvals and certifications

This research was completed in compliance with ARRIVE guide-
lines. In addition, this study was reviewed and approved by the 
Institutional Animal Care and Use Committee of The University of 
Texas Health Science Center at San Antonio on September 12, 2017 
and proper institutional and national guidelines have been followed 
for the care and use of the animals in the study.

3  |  RESULTS

All animals survived until their designated study time points, and no 
dogs experienced any systemic adverse events. Implants in two sites 
failed radiographically, and the sites were clinically inflamed, both 
occurred in the same animal with documented cage biting habit. The 
other implant sites remained clinically and radiographically healthy. 
In animals with particularly thin alveolar ridges, oversized osteotomy 
preparation often resulted in buccal bone dehiscences. These de-
hiscences provided contrast in the outcome variables of the three 
conditions. The histological evaluation of the study materials was 
performed to obtain qualitative information about such states and 
processes as the condition of remaining biomaterial, bulk replace-
ment, or penetration of the biomaterial by new bone (NB), presence 
or absence of fibrous tissues or encapsulation at the site, and pres-
ence or absence of osseointegration of the implants. The algorith-
mic histomorphological analysis was performed to provide objective 
quantitative and narrowly defined outcome data. Results reported 
here include some data reported in our previous publication (from 
10- day to 4- month healing) for comparison to the longer- term data 
(9 and 12 months) described in this report.

3.1  |  Histological evaluation

3.1.1  |  Nine- month time point

The low power (20× original magnification) photomicrograph com-
parison of typical examples of the three types of experimental sites 
is presented in Figure 2a. The images demonstrate that biomateri-
als are still present and available for more detailed examination by 
histomorphometry. Bone tissues have grown into the gap between 
the implant surface and the HB replacing or penetrating the bioma-
terial deposits. None of the healthy sites present fibrous encapsu-
lation of the implants. The previously solid bone adhesive appears 
fragmented with each fragment uniformly covered by new mineral-
ized bone tissue (Figure 2b,c). Additionally, the NB involved in osse-
ointegration of the implant has substantially replaced the adhesive, 
which initially coated it. The particulate xenograft has also been pen-
etrated by NB and the osseointegration process is well advanced. 
A fraction of the xenograft particles is uniformly incorporated into 
the NB structure, but a significant fraction is embedded in fibrous 
tissue. The blood clot- only sites present NB in the gap and modest 

osseointegration. The histomorphometric analysis section will ad-
dress the implant– bone contact, the distance to first bone contact, 
and other quantitative measures of outcome in the study.

The bone adhesive site appears to have regenerated at least half 
of the bone that was missing at the time of the implant placement 
in the area of the buccal dehiscence (Figure 2b). For analysis, the 
sites were divided into three zones as follows: (1) the crestal zone 
corresponding to the 3.5 mm coronal- most region surrounding the 
implant, (2) the middle zone referring to the 2.5 mm middle region of 
the implant to the beginning of the narrow section of the osteotomy, 
and (3) the apical zone referring to the apical 2- mm region charac-
terized by the narrowed osteotomy in which the implant engages 
the native bone. In the figures, illustrating histologic appearance at 
various time points, green dashed lines indicate boundaries of the 
osteotomy.

Crestal zone
A photomicrograph of the crestal zone of an experimental bone ad-
hesive site (Figure 2b) demonstrates the relationship of biomaterial 
implanted, the implant, and the bone, and both the HB and NB gen-
erated during bone healing and regeneration at the 9- month time 
point. In most of the specimens, the demarcation between the origi-
nal HB and the NB can be recognized by more intense staining of 
the NB and bundle bone architecture. The bone adhesive test site 
demonstrates excellent maintenance of bone level at the crest to 
the level of the original bone adhesive deposit. Remnants of the ad-
hesive material (buff color) undergoing dissolution/resorption in the 
bone mass mark the extent of the original deposit, which, in the case 
illustrated with the buccal bone plate entirely lost, constituted the 
entire mineral mass at the experimental site. The image also dem-
onstrates extensive replacement of the material with NB (red) of ar-
chitecture appropriate to the surrounding region. Furthermore, the 
bone replacing the adhesive appears to be in intimate contact with 
the surface of the implant, that is, the transition from the adhesive 
adherent to HB and implant to NB results in osseointegration. At the 
9- month time point, the stage of rapid bone deposition appears to 
have passed, with much less osteoid and no osteoblast mats seen in 
contrast to earlier time points reported previously (Cochran et al., 
2020).

Middle zone
A photomicrograph of the middle zone is shown (Figure 2c). This 
bone adhesive test site shows replacement of the biomaterial with 
NB. The demarcation of the border between the HB and the bone 
which follows the osteotomy surface is clearly visible in the image, 
being marked by a change in stain intensity, a discontinuity of the 
HB architecture, and presence vs. absence of the biomaterial rem-
nants (green dashed line). Much of the adhesive has been replaced 
either by mineralized bone or by marrow spaces. The NB penetrating 
the bone adhesive and replacing it makes frequent contact with the 
implant surface and encases the remaining biomaterial fragments. 
Note the heterogeneity of the staining of these fragments, suggest-
ing continuing heterogeneity of the evolving biomaterial substance 
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itself. The figure shows NB and marrow spaces (MS), which have 
developed within the osteotomy- implant gap. The dynamic bone- 
healing phase is no longer evident.

Apical zone
The general appearance of the apical zone at 9 months was almost 
indistinguishable between the three conditions, the only exception 
being the presence of small fragments of bone adhesive remaining in 
the zone of the adhesive sites.

Buccal plate regeneration
The three photomicrographs presented in Figure 3 are a specific 9- 
month post- implantation example of buccal plate regeneration taken 
from the same animal and same hemimandible to avoid confounding 

data. The buccal plate has been lost in a significant portion of the 
coronal half of all three sites. Unlike in the bone adhesive experi-
mental site, which demonstrates robust volume of the biomaterial 
being surrounded and substituted by bone, the control sites have 
little regenerated buccal plate bone volume or height, with healing 
generating only fibrous tissues in the most coronal portions, leaving 
a compromised clinical situation and prognosis at these sites. The 
xenograft site at this 9- month time point also shows some of the bio-
material remains unchanged, and, while granules of the xenograft in 
the more apical region are encased in bone, the more coronal gran-
ules remain suspended in fibrous tissue. This is in marked contrast 
with the test bone adhesive deposit, which appears to be consist-
ently encased and interwoven with NB and penetrated by mar-
row, with no exposure to fibrous tissues detectable. This contrast 

F I G U R E  2  (a) Low power photomicrographs of three adjacent sites from the same hemimandible demonstrating the experimental 
conditions at nine months post- implantation, coronal plane, (20× original magnification); (b) Crestal zone of Tetranite site at 9 months, 
slide 34/18- 01, coronal plane (25× original magnification); (c) Middle zone of Tetranite site at 9 months, slide 34/18- 07, coronal plane (40× 
original magnification)

(a)

(b) (c)
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between the test bone adhesive material and both the control, and 
bone graft sites was consistently observed in the study.

3.1.2  |  Twelve- month time point

Figure 4a illustrates low- power photomicrographs of three adjacent 
experimental sites from the same hemimandible. In these photomi-
crographs, as with most of the specimens, the demarcation between 
the original HB and the NB, corresponding to the osteotomy surface, 
would be recognized by more intense staining of the NB, bundle 
bone orientation pattern, and in some cases by the presence of the 
implanted biomaterial. Except for the presence of biomaterial sub-
stance encased in the newly regenerated bone, however, the bone 
adhesive experimental sites are characterized by mature bone at the 
12- month time point. The architecture of the cortical and trabecular 
bone when compared to the surrounding host tissues has returned 
to similar thickness, form, and texture. One readily noticeable gross 
difference is bone overgrowth of the entire site in the adhesive test 
condition when compared to the negative control and the xenograft 
site, in which the bone level is more apical to the prosthetic plat-
form. Another is the total bony encasement of the bone adhesive 
biomaterial when compared to the fibrous encapsulation of part of 
the xenograft particles and extrabony location of other xenograft 
particles above the bony crest.

Crestal zone
The bone adhesive test site (Figure 4b) demonstrates excellent 
maintenance of bone height at the crest, in fact above the level 
of the original bone adhesive deposit. Remnants of the implanted 

material (stained buff and brown) undergoing resorption in the bone 
mass indicate the extent of the original adhesive deposit. The image 
also demonstrates extensive replacement of the material with NB 
of architecture appropriate to the surrounding region. Furthermore, 
the regenerated bone replacing the adhesive appears to be in in-
timate contact with nearly the entire surface of the implant, i.e., 
osseointegration.

Middle zone
A photomicrograph is shown of the middle zone of a representa-
tive 12- month adhesive site (Figure 4c). This test site shows exten-
sive replacement of the biomaterial with NB. The demarcation of 
the border between the original HB and the NB which follows the 
osteotomy surface is barely distinguishable in the image. The pres-
ence of the adhesive not replaced by this time point is the main 
indicator of the extent of the original osteotomy. However, nearly 
all the adhesive in the zone has been replaced either by mineral-
ized bone or marrow spaces. The NB penetrating the bone adhe-
sive and replacing it makes frequent and close contact with the 
implant surface and encases the remaining biomaterial fragments. 
An image of the middle region of an adhesive site at 12- month 
post- implantation at midrange magnification (Figure 5a) illustrates 
the state of the nearly totally replaced biomaterial and the newly 
regenerated bone (above dashed green line). The few remnants 
(green arrows) of the biomaterial appear to be fragmented into 
<75 µm isolated irregular grains staining yellowish orange. The 
bone is showing a high degree of intimate contact with the implant, 
having replaced all available bone adhesive at the implant surface. 
Any vasculature tends to be surrounded by a darker- staining bone 
layer of newer bone and not significantly exposing the biomaterial 

F I G U R E  3  Comparison of Tetranite and Control sites from the same hemimandible at 9 months, Dog 137872, coronal plane (20× original 
magnification)
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to the interstitial fluid. The trabeculae are coarse with the share of 
the volume occupied by marrow spaces diminishing over time, ren-
dering the bone more compact. An area of fatty marrow is evident 
in the image (white arrows).

Apical zone
The apical regions of the 12- month experimental sites appear 
almost indistinguishable under all three conditions, the only ex-
ception being the presence of small fragments of the test bone 

F I G U R E  4  (a) Low power photomicrographs of three adjacent sites from the same hemimandible at 12 months post- implantation, coronal 
plane (20× original magnification); (b) Crestal zone of Tetranite site at 12 months, slide 17/19- 10, coronal plane (25× original magnification); 
(c) Middle zone of Tetranite site at 12 months, slide 17/19- 01, coronal plane (40× original magnification)

(a)

(b)
(c)

F I G U R E  5  (a) Tetranite site at 12 
months under bright fieldlight, slide 
17/19- 07, coronal plane (40× original 
magnification); (b) Tetranite site at 
12 months under bright field, slide 
17/19- 04, coronal plane (100× original 
magnification)
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adhesive remaining in the apical zone of those sites. These frag-
ments, as elsewhere, are surrounded by newly regenerated bone, 
in this case trabecular rather than cortical bone. A view of the api-
cal region of a bone adhesive site at 12- month post- implantation 
at midrange magnification (Figure 5b) illustrates the state of the 
partially substituted biomaterial and the newly regenerated bone. 
The remnants of the novel adhesive biomaterial appear to be frag-
mented into 20– 200 µm chained fields of granular material stain-
ing yellowish orange (yellow arrows) and also spherical grains of up 
to 150 µm in diameter staining grayish pink (white arrows). These 
are two distinct phases remaining from the original material. The 
bone is mature lamellar bone and shows a high degree of intimate 
contact with the implant, having replaced all of the adhesive at the 
implant surface. Any vasculature, running through marrow spaces, 
is surrounded by a bone layer devoid of biomaterial fragments for 
about 10– 20 µm radially.

3.2  |  Histomorphometric analysis

3.2.1  |  First biomaterial and first bone distance 
measurements

The length from the platform of the implant to the first contact 
to the biomaterial or bone along the surface of the implant was 
measured from the digitized image (20× original magnification) 
for each of five implants from each test arm of the 10- day, 4- 
month, 9- month, and 12- month cohorts and early results through 
4 months were reported previously (Cochran et al., 2020). There 
was no statistical difference in first contact height (mean data 
±SD) from 10 days through 12 months with the use of the novel 
bone adhesive, demonstrating maintenance of ridge height. Also, 
in Figure 6a, there is a statistically significant difference in first 
contact height between Xenograft from 10 days to 9 months 
(p = .0113) and 10 days to 12 months (p = .0001); as well as for the 
Blood Clot group from 10 days to 4 months (p = .0003), 10 days 
to 9 months (p = .0002), and 10 days to 12 months (p = .0001). 
The results show that bone adhesive provides a statistically sig-
nificant advantage over xenograft and blood clot with respect to 
First Contact Distance at 10 days by excluding soft tissues from 
implant contact near the ridge crest. This trend continued at 4, 9, 
and 12 months but was not statistically significant. However, the 
results show that adhesive can prevent the infiltration of fibrous 
tissue and epithelial tissue migration along the surface of the im-
plant during early healing.

3.2.2  |  Implant contact calculations

The amount of osseointegration was evaluated through measure-
ments of direct bone contact along the surface of the implant (BIC). 
By 12 months, BIC contact rises to 56%, primarily by replacement 
of the adhesive with bone on the implant surface. This is in contrast 

to results reported in our prior publication where at 10 days 76% 
of the implant surface is in direct contact with the novel adhesive, 
while only 4% of the implant surface is in contact with bone. The 
cohort summary results are displayed in Figure 6b. There was not 
a statistically significant difference in BIC differences at any of the 
time points between adhesive and xenograft and blood clot, the 
one exception being between the novel adhesive and blood clot at 
12 months (p = .0126). There was a statistically significant differ-
ence within each of the treatment groups from 10 days to each of 
the respective time points at 4, 9, and 12 months; however, there 
were no differences from the 4 months to both the 9 and 12 months 
and from 9 to 12 months within the treatment groups. There was 
not a statistically significant difference in connective tissue contact 
within the novel adhesive test groups through the duration of the 
study.

When compared to the bone graft and the negative control, 
the bone adhesive showed a greater level of bone/biomaterial to 
implant contact. This demonstrates that while the novel adhesive 
can act as a device to provide immediate implant stabilization after 
placement, it does not interfere with osseointegration and actually 
leads to a marked increase in the level of direct bone- to- implant 
contact through 12 months of healing, while providing continuing 
stabilization.

3.2.3  |  Material resorption calculations by 
total area analysis

Resorption and osseous replacement were assessed at all time 
points of this study by comparing the total amount of bone, bioma-
terial, and soft tissue/bone marrow in a region representing the an-
nular gap initially surrounding the implant.

The results are displayed in Figure 6c. Over the study course, the 
novel adhesive sites demonstrated a statistically significant decrease 
in the amount of material present (from 64% to 12%, p < .0001), 
while also showing a statistically significant increase in mineralized 
bone content (from 3% to 46%, p < .0001).

There was not a statistically significant difference in mineralized 
bone content within the region of interest for any time point in the 
study between bone adhesive and xenograft as well as bone adhe-
sive and blood clot (negative control). Second, there were no statis-
tically significant differences in mineralized bone content between 
the groups at 9 and 12 months. Third, there was no statistically sig-
nificant difference in the amount of soft tissue/bone marrow within 
the region of interest at the 9-  and 12- month time points. Finally, 
there was a statistically significant difference in the total amount of 
bone adhesive from 4 to 9 months (p = .0156), similar to results from 
10 days to 4 months (p = .0006), as previously reported.

When compared to the bone graft and negative control groups, 
the novel bone adhesive showed a similar percentage of bone con-
tent. This indicates that while the novel adhesive fills much of the 
gap at the time of placement, by 12 months, it is significantly re-
placed by bone and does not act as a barrier to bone formation.
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F I G U R E  6  (a) First contact distance measurements (mean) and statistical significance of the Tetranite Treatment; (b) Implant Contact 
(mean) Cohort & Timepoint Summary; (c) total area (mean) cohort and timepoint summary (Note: 10- day and 4- month results reprinted from 
Cochran et al., 2020)
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3.3  |  Biomechanical evaluation

The present article reports results of resistance to reverse torque 
application of implants stabilized in unstable sites by a novel, os-
teoconductive, and resorbable bone adhesive after 9-  and 12- month 
residence in vivo. Reverse torque is a frequently clinically used quan-
titative proxy measure for implant stability, that is, the level of resist-
ance to forces applied to the implant during function. To provide 
context, Figure 7 also contains data from 24- h, 10- day, and 4- month 
time points reported earlier (Cochran et al., 2020) in addition to the 
9-  and 12- month time points. Whereas the blood clot and xenograft 
sites demonstrate reaching clinical level of implant stability on a 
scale of several weeks to four months, the experimental sites using 
the bone adhesive present clinically relevant levels of implant sta-
bilization immediately (measured at 24 h). Furthermore, the resist-
ance to reverse torque at the adhesive sites consistently increased 
throughout the study without encountering diminished levels usu-
ally experienced clinically as the primary stability diminishes and 
secondary stability has not yet risen. As expected, the mean reverse 
torque values for all groups generally increased over time indicat-
ing healing and maturation of the bone and greater degree of os-
seointegration at the implant surface. Overall, the reverse torque 
data demonstrate that the novel adhesive provides a clinically sig-
nificant level of stabilization at 24 h and that that level consistently 
and significantly increases at least through the first 12 months in 
vivo, reaching a steady state of approximately 172 N- cm for the 
small implants (ø3.3 mm × 8 mm) used in the study, with the lin-
ear mixed model test of effects displayed in Table 1 and results of 
reverse torque testing displayed in Table 2. The level of stability at 
the blood clot and xenograft sites ultimately reached similar levels 
(lower, but only at 0.10 significance level) after 4 months of delay, 
clearly demonstrating the comparable levels of stability between the 

novel bone adhesive and xenograft as market control for filling the 
implant/socket defect or blood clot for unaided osseointegration of 
dental implants, even as the adhesive biomaterial is replaced with 
native bone.

4  |  DISCUSSION

The objective of this study was to assess the performance and ef-
ficacy of a novel bone adhesive device (Tetranite® Stabilization- 
Material, TN- SM) in a canine model with oversized osteotomies for 
dental implants, such that the sites lacked sufficient bone contact 
for primary stability. Twenty- six dogs were prepared for surgery and 
the test novel bone adhesive, a commercially available bone graft 
(xenograft) material and a negative control (blood clot) were com-
pared. While the use of xenograft to fill the gaps between implants 
and the oversized osteotomy does not provide stability to an un-
stable implant, it was applied for comparison to the test device as it 
is widely used in clinical practice to fill socket gaps. Because there 
are no currently available materials or techniques for placing an im-
plant to establish primary stability in ideal prosthetic position in such 
situations as large immediate extraction sites or sites missing a large 
amount of native bone (Heinemann et al., 2015), several important 
questions need to be addressed about a potential material to be used 
under these conditions. One question is whether the novel material 
can adequately stabilize an implant when there is no initial stability 
from the osteotomy. The second important question is whether the 
material can be replaced by bone and, at the same time maintain sta-
bility of the implant. The third question is whether osseointegration 
of the implant can occur. And lastly, can the alveolar ridge or mar-
ginal ridge height around the implant be maintained, meaning can 
the soft tissues (epithelium and gingival connective tissues) be ex-
cluded, and bone formed at the original alveolar crest level. It should 
also be pointed out that the use of a bone graft is not a comparable 
material but is often used to fill gaps around dental implants.

A previous publication addressed the first question regarding 
whether the novel bone adhesive could stabilize an implant when 
there is no initial stability from the osteotomy (Cochran et al., 2020). 
That report revealed that after 24 h, there was over 22 N- cm (95% 
CI 5.3; 39.0) of reverse torque required to break the bone/material to 
implant contact, whereas the bone grafted site and the control sites 
required 1.4 N- cm (95% CI 0.7; 2.1) and 1.3 N- cm (95% CI 0.6; 2.0). 
This indicated that the novel bone adhesive could indeed provide 
immediate stability to an otherwise mobile implant. After 10 days, 
there was an over 200% increase in torque value with the bone ad-
hesive (45.7 N- cm 95% CI 27.2; 64.2) and after 4 months an addi-
tional over 200% increase in removal torque value (104.7 N- cm 95% 
CI 86.3; 123.2). These data suggested that biologically there were 
processes occurring within the adhesive to strengthen the bond to 
the implant over a 4- month time point. This was borne out in the 
histological specimens where NB was found to be replacing the 
bone adhesive and also simultaneously increasingly contacting the 
surface of the implant (hence osseointegration was occurring over 

F I G U R E  7  Peak reverse torque values (Note: 24- h, 10- day and 
4- month results reprinted from Cochran et al., 2020)
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that time). In this study, the results of the removal torque values at 
9-  and 12- month post- placement are provided. At 9 months, all 3 
conditions revealed an increase in removal torque values, to compa-
rable levels for all three conditions, 155 N- cm (95% CI 113; 197) for 
the bone adhesive and to 132.1 N- cm (95% CI 94.5; 169) and 128.6 
(95% CI 66.8; 190.4) for the xenograft and control, respectively. 
Interestingly, at 12 months, while the novel bone adhesive (up 11% 
to 171.8 N- cm 95% CI 134.2; 209.4) and the control (up almost 10% 
to 140.7 N- cm 95% CI 78.8; 202.5) had increased removal torque 
values, the xenograft bone sites demonstrated a decrease (down by 
23% to 101.5 N- cm 95% CI 59.5; 143.5) in removal torque values. 
The reason for this is unknown, but we speculate that very active 
bone formation is occurring around the implant through 9 months 
and then from 9- month to 12- month bone maturation is occurring 
which results in smaller increases in removal torque except in the 
case of the xenograft sites. This is shown by the striking consistency 
of increased removal torque in the bone adhesive and control sites 
where NB is replacing the bone adhesive and the blood clot but, no 
such replacement is occurring around the rather inert, encapsulated, 
bone graft particles.

The histological images reveal the biological processes that are 
taking place around the implants in the oversized osteotomies. At 
9 months, the bone adhesive is continuing to be replaced by native 
bone and osseointegration is increasing. The control sites also result 
in continued bone maturation but at reduced amounts and in a more 
apical relationship than the bone adhesive sites. The xenograft bone 
particles while encapsulated by fibrous tissue in some cases are 
bone encapsulated in other sites, but do not get replaced by bone 
nor are the particles resorbed. This unpredictability in regard to the 
bovine xenograft particles makes the outcome of using this material 
uncertain. It appears that if the particles are near connective tis-
sue, the particles become trapped in fibrous tissue and bone never 
forms, while in more apical areas closer to native bone and likely 
more stable, the particles can become encapsulated by bone, but the 
particles are not remodeled to any significant degree. This may also 
be influenced by tissue mobility inherent in connective tissue versus 
bone. In any case, since the xenograft particles do not turn over, 
and simply act as space holders, no additional strength is added to 
the crucial bone- to- implant contact and the stability of the implant 
is diminished (by 23% from 9 to 12 months in the xenograft- treated 
sites).

In contrast, the histology reveals that native bone is growing 
over, around and through and, significantly replacing the novel min-
eral bone adhesive over time, thereby increasing osseointegration 
of the implant, which is the ultimate goal in implant therapy. It is 
interesting that the 9- month histological specimens reveal much less 
osteoid and no osteoblast mats suggesting that the rapid bone depo-
sition phase has passed, and this also may be why the removal torque 
value increase is modest in the bone adhesive and negative control 
sites (around 10%) versus the dramatic increases in removal torque 
values at earlier time points.

Three other observations are important regarding the increasing 
replacement of the bone adhesive with native bone and increased 
osseointegration over time. One observation that is predominant in 
all the histological specimens is the highly intimate contact of the 
material with bone and titanium and the lack of soft tissue (epithe-
lium and connective tissue) penetration of the adhesive material. The 
second important observation is that the novel mineral– organic ad-
hesive is not removed by osteoclasts and rather, the material under-
goes replacement by phased degradation of the material. This phasic 
transition is evidenced by the heterogeneity of the material on his-
tologic evaluation. The dissolution process results in removal of the 
material over time and represents a non- cellular (specifically, non- 
osteoclastic) involved process. Thus, cells apparently do not need to 
be activated, differentiated nor their life prolonged by humoral fac-
tors traveling to the material site. The third important observation 
is that blood vessels that are required for bone formation are found 
within and throughout the novel bone adhesive and are surrounded 
by a bone layer devoid of the adhesive. This strongly suggests that 
bone formation is not inhibited by the presence of the material and 
in fact, suggests that the novel bone adhesive is very osteoconduc-
tive. Vascular infiltration with surrounding bone would not occur 
throughout the biomaterial unless the scaffolding (bone adhesive) 

TA B L E  1  Reverse torque linear mixed model type 3 tests of 
fixed effects

Effect
Num 
df

Den 
df F Value p- Value

Cohort/Time 4 30.7 61.38 <.0001

Treatment 2 25.6 8.47 .0015

Cohort/
Time*Treatment

8 30 0.67 .7113

TA B L E  2  Reverse torque linear mixed model treatment mean 
estimates by time results

Cohort/Time Treatment Mean

95% Confidence 
interval

Lower Upper

24 h Xenograft 1.3 0.6 2.0

Blood clot 1.4 0.7 2.1

TN- SM 22.2 5.3 39.0

10 days Xenograft 6.2 2.4 10.0

Blood clot 5.7 1.9 9.6

TN- SM 45.7 27.2 64.2

4 months Xenograft 77.8 40.2 115.4

Blood clot 88.7 51.1 126.3

TN- SM 104.7 86.3 123.2

9 months Xenograft 132.1 94.5 169.7

Blood clot 128.6 66.8 190.4

TN- SM 155.0 113.0 197.0

12 months Xenograft 101.5 59.5 143.5

Blood clot 140.7 78.8 202.5

TN- SM 171.8 134.2 209.4
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promoted bone formation. Taken together, this histological evidence 
supports the facts that the adhesive promotes bone formation, is 
significantly replaced by bone and increases osseointegration over 
time. Furthermore, these findings substantiate the increases in the 
removal torque values observed over time for the implants placed 
into, and surrounded by, the novel bone adhesive.

The histomorphometric analyses also reinforce the important 
observations noted above. For example, the length to the first con-
tact of bone or biomaterial along the implant surface in the bone 
adhesive sites is very small and reflects the fact that epithelium and 
connective tissue do not invade the bone adhesive nor is there a 
space formed between the adhesive and the implant. In fact, in a 
number of cases, bone forms over the top of the adhesive and re-
sults in a protective “cap” of bone over the adhesive. This is in stark 
contrast to the negative control and xenograft sites through nine 
months. Also, interesting is the marked increase in bone contact to 
the implant in the novel adhesive sites which goes from 4% bone 
at 10 days to 47% at 9 months and then continues to increase to 
56% at 12 months. This is greater than the bone formation observed 
around the control and xenograft sites at all time points (28% and 
32% for control and 34% and 45% for xenograft at 9 and 12 months, 
respectively), despite the initial presence of direct implant/adhe-
sive contact. These data support the ongoing dissolution of the 
novel bone adhesive over time and the osteoconductive nature of 
the adhesive leading to contemporaneous bone formation and os-
seointegration. In fact, the novel adhesive has been shown not to 
interfere with the formation of NB through the total area analysis, 
which demonstrated no statistically significant difference when 
compared to the xenograft and blood clot control groups. However, 
the novel adhesive did lead to a greater degree of mid- term implant 
osseointegration as indicated by the bone- to- implant contact pa-
rameter values, where it was significantly different from xenograft 
(p- value = 0.0376) at 4 months, although total mineralized bone in 
the ROI was not different. In addition, the novel adhesive was shown 
to prevent fibrous tissue infiltration from the coronal aspect of the 
implant as demonstrated by the first bone and first biomaterial dis-
tance measurements. At 10 days, the adhesive has been shown to 
produce a statistically significant lower average first contact dis-
tance compared with both xenograft and blood clot controls.

Another significant finding of this study was that a detailed re-
view of the histological specimens by a pathologist revealed that 
the novel bone adhesive did not result in a host inflammatory re-
sponse. This is likely due to the relatively simple composition of the 
novel mineral– organic biomaterial (Kirillova et al., 2018). It consists 
of calcium phosphate particularly in the form of tetracalcium phos-
phate, phosphoserine, and water. Calcium phosphate is associated 
with physiologic bone formation, while phosphoserine is a common 
metabolite found throughout the body. Therefore, there are no 
components that might cause an inflammatory or immune reaction 
and thus, as noted above, this novel material is an excellent osteo-
conductive scaffold for bone formation as observed in the histo-
logical specimens. These results occurred in a canine model where 
bone healing occurs faster than humans and, in a healed ridge using 

oversized osteotomies so that implants would not be initially stable. 
It is not known whether these results would be similar in human ex-
traction sites due to the rapid turnover of bone that occurs in the 
first 12 months following the loss of the tooth and periodontal liga-
ment (Schropp et al., 2003; Tan et al., 2012), as well as the rapid heal-
ing times in canine mandibles as compared to human. Additionally, 
as these implants were not restored as they would be in humans and 
the effects of loading on bone, turnover could not be assessed.

In conclusion, it must be remembered that osseointegration is 
the ultimate goal of placing an implant into bone. In addition, a highly 
desirable clinical goal (by both the patient and the surgeon) is to be 
able to place the dental implant immediately after tooth extraction 
in an ideal prosthetic position. This is not always possible currently 
as many such implants do not have adequate stability to allow for 
bone healing and osseointegration. In fact, Heinemann et al. (2015) 
state “Immediate implantation is only successful if the primary sta-
bility of the implant can be provided from residual bone in the socket 
after extraction.”

5  |  CONCLUSION

This report examines a novel injectable, osteoconductive, and re-
sorbable mineral– organic bone adhesive that has the properties and 
characteristics that could establish immediate stabilization of dental 
implants in sites lacking primary stability to dental implants. The data 
presented in this animal model demonstrate that the novel biomate-
rial not only stabilizes the implant when there is no initial stability 
from the HB, but also that this stabilization is continuous and robust, 
and that the gradual replacement of this biomaterial with bone yields 
a high level of osseointegration and ridge height and volume preser-
vation to a one- year time point in this unloaded canine model.
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