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Abstract

Objectives To examine factors influencing the primary stability of dental implants when stabilized in over-sized osteotomies
using a calcium phosphate-based adhesive cement was the objective.

Methods Using implant removal torque measurements as a surrogate for primary stability, we examined the influence of
implant design features (diameter, surface area, and thread design), along with cement gap size and curing time, on the
resulting primary implant stability.

Results Removal torque values scaled with implant surface area and increasing implant diameters. Cement gap size did not
alter the median removal torque values; however, larger gaps were associated with an increased spread of the measured val-
ues. Among the removal torque values measured, all were found to be above 32 Ncm which is an insertion torque threshold
value commonly recommended for immediate loading protocols.

Conclusion The adhesive cement show potential for offering primary implant stability for different dental implant designs. In
this study, the primary parameters influencing the measured removal torque values were the implant surface area and diam-
eter. As the liquid cement prevents the use of insertion torque, considering the relationship between insertion and removal
torque, removal torque can be considered a reliable surrogate for primary implant stability for bench and pre-clinical settings.
Clinical relevance At present, the primary stability of dental implants is linked to the quality of the host bone, the drill pro-
tocol, and the specific implant design. The adhesive cement might find applications in future clinical settings for enhancing
primary stability of implants under circumstances where this cannot be achieved conventionally.
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Dental implant stability is a critical parameter influencing
the overall success of dental implant treatments [1]. The
concept of dental implant stability is typically separated into
two regimes, namely, I) primary stability, characterized by
the purely mechanical interaction between the dental implant
and the host bone and II) secondary stability, characterized
by biological stabilization of the implant through the process
of osseointegration [2].

Research within the field of time-dependent stability
of dental implants suggests a positive correlation between
primary and secondary implant stability, meaning that high
primary stability is a strong indicator that the implant will
reach a high secondary stability [3]. However, this is a dou-
ble-edged sword as the compressive forces associated with
higher insertion torque values can lead to complications

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00784-023-04990-8&domain=pdf

Clinical Oral Investigations

such as microfractures, delayed healing, and marginal bone
resorption [3, 4].

While secondary stability (osseointegration) can be
determined via various methodologies, few methods exist
for gauging implant primary stability. Semi-qualitative radio
frequency analysis (RFA) and quantitative ultrasound (QUS)
methods yield information on the dampening properties
of the microenvironment in which the implant is situated,
or in other words, the stiffness of the implant/bone envi-
ronment [5, 6]. As a result, the readout produced by these
methods does not offer a true measure of the mechanical
interlocking of the implant in the bone. Contrarily, insertion
torque directly produces a quantitative measure (Ncm) of
the mechanical interlocking. As a result, insertion torque is
widely accepted as a surrogate measure for primary stability
of screw type dental implants, and it is frequently utilized for
determining if an implant is eligible for immediate loading
[7, 8]. But how would one determine primary stability when
no mechanical interlocking with bone is present at the time
of implant placement?

Using current treatment modalities, the major factors
affecting primary implant stability are the surgical protocol,
host bone quality and the macroscopic implant design [8].
Efforts to improve the primary stability of dental implants
in poor quality bone or with reduced thread engagement are
ongoing and, recently, a calcium phosphate-based cement
material, having glue-like properties, has been developed
[9-11]. This technology utilizes the reported properties of
the amino acid phosphoserine to facilitate adhesive bonding
between the cement components and, e.g., tissues and met-
als, under both wet and dry conditions. While this material
might hold the promise to enhance the primary stability of
dental implants, considering the glue-like nature and the fact
that the material is a viscous liquid at the time of implant
placement, insertion torque is no longer a suitable surro-
gate for evaluating the primary stability. Within the field of
dental research, removal torque has typically been used for
the assessment of secondary stability when comparing new
surface technologies or implant designs in pre-clinical stud-
ies. While this method is destructive, when applied to osse-
ointegrated implants, it comes with the benefit of a direct
mechanical readout (Ncm) [12-14]. Moreover, removal
torque has previously been used for assessing the stability
of implants placed with the aid of an adhesive cement for-
mulation. The study by Cochran et al. (2020) examined the
use of an adhesive cement for stabilizing minimally apically
engaged dental implant, in vivo, and used removal torque
as a surrogate measure for implant stability over a healing
period of up to 4 months [15]. Generally, adhesive-based
primary stability generation for dental implants is not well
represented in the literature and the imaginable parameters
that might contribute to the stability of the initial bond
have not been fully elucidated. It has been reported that
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the surface area of the bond interface is a key component
affecting bond strength [16]. For dental implants, surface
area is contingent upon 3 principal factors: implant length,
implant diameter, and implant geometry (thread-to-core
ratio and shape). Additionally, depending on the specific
adhesive being used, setting time has been reported to play
an important role in adhesive bond strength [17]. The aim
of the current study was to examine factors influencing the
primary stability of dental implants when stabilized in over-
sized osteotomies, using a calcium phosphate-based adhe-
sive cement. The examined factors were implant diameter,
length, and thread design along with cement setting time and
cement gap size. Moreover, the study focused on examining
the potential for using removal torque as a surrogate meas-
ure for adhesive bond strength, thereby developing a novel
indirect assessment of primary stability of dental implants
placed using the adhesive cement.

Materials and methods
Test setup

The in vitro bench setup utilized sawbone plates made of
polyurethane (Solid Foam, 30 PCF, Sawbones Europe AB,
Sweden) as a bone analogue. The bone plates were cut into
rectangular blocks measuring w: 20x A: 18 X : 130 mm.
Oversized cylindrical defects were then prepared in the saw-
bone blocks, having dimensions that would yield specific
gap sizes (d,,;,) between the defect wall (adhesive cement/
bone analogue interface) and the surface of the implant
(implant/adhesive cement interface), when placed in the
center of the defect, see Fig. 1. In the specific case, the term
“oversized” is used to describe conditions where both the

diameter and depth of the defect do not allow for the thread

./

Implant/Adhesive Cement Interface

Adhesive Cement/Bone Analogue Interface

Fig. 1 Illustration of the implant within the simulated, oversized oste-
otomy. The adhesive will completely fill the void between the adhe-
sive cement/bone analog and the implant/adhesive cement interfaces.
The dimension of the cement gap is determined by the distance dg,,
which is measured from the wall of the simulated osteotomy to the
first contact point of the implant thread
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of the implant to engage with the sawbone material; and
therefore, implant fixation is solely mediated through the
presence of the adhesive cement.

The adhesive cement (Biomimetic Innovations Ltd.,
Shannon, Ireland) is stored as a dry powder and prior to
implant placement 1 g of material was mixed with 250 ul of
milliQ water. Mixing was performed by stirring for approxi-
mately 10 s, using a spatula. At this point, the cylindrical
defects were filled with cement, followed by immediate
placement of the implants. Implant placements was per-
formed by submerging the endosteal segment of the implant
into the adhesive cement, while ensuring central placement
within the cylindrical defect. To ensure consistent placement
of the implants, an alignment jig was utilized, see Fig. 2.
Following implant placement, excess cement was removed
using a spatula and the sawbone/cement/implant assembly
was left to cure. Removal torque values were measured at
the designated time points, with the saw bone plate being
mounted in a vice to prevent rotation of the block. Torque-
out values were obtained using a torque meter (MARK-10,
BGI/STHS50, NY, USA). To reduce the impact from vari-
ations arising from, e.g., different mixing techniques, all
experiments were performed by the same operator.

Handling and curing time

During the preliminary work, performed in preparation for
this study, it was found that some level of expertise was

Fig.2 Illustration of the setup used to centrally align implants within
the over-sized osteotomies. The function of the different parts are as fol-
lows: The alignment bar (1) is holding the implants during placement.
The alignment bar is free to slide on the two guide rods (2), thus ensur-
ing alignment with the osteotomies. The two screws (3) on the alignment
bar allow for adjusting the depth at which the implant is placed within
the simulated osteotomies prepared in the sawbone plate (4). Following
placement, the jig is left in place until the time of measurement

needed to yield consistent results and that this was predomi-
nantly related to the mixing and the time window (1-2 min)
within which handling of the adhesive cement was possi-
ble, without disturbing the curing process. In order to better
understand the curing process, a time series was performed
to determine the mechanical properties following 2, 5, 10,
15, 30, and 60 min, and 24 h, after mixing had been initi-
ated. Additionally, a series of experiments was performed
to examining the potential for extending the working time
of the material by adding trisodium citrate. This was per-
formed at the same intervals by exchanging the entire water
volume with a 15% (w/v) solution of trisodium citrate
(Sigma-Aldrich, Germany) in milliQ water. Both series were
performed with a minimum of 8 samples per time point,
using Roxolid SLActive TL (4.1 X 4-mm implants (Institut
Straumann AG, Basel, Switzerland) and a cement gap size
d,,,) of 1.5 mm.

gap

Effect of cement gap size

To examine the influence of the cement gap size, i.e., the
distance from the surface of the implant (major diameter) to
the surface of the sawbone wall, within the defect, a series
of simulated osteotomies were prepared with diameters of
either 5.1, 6.1, 7.1, or 10.1 mm. The Roxolid SLActive TL
4.1 x4-mm implant (Institute Straumann AG, Basel, Swit-
zerland) was utilized for these experiments, yielding gap
sizes of either 0.5, 1.0, 1.5, or 3.0 mm. Based on the results
from the curing time series, the cement was allowed to set
for 15 min, prior to measuring the removal torque.

Influence of dental implant geometry

The influence of having dental implants with varying
dimensions and thread designs was investigated using the
implant types presented in Table 1. To allow for examining
the individual effects arising from implant length, diameter,
and thread design, implants were chosen to have a specific
correlation between their endosteal areas. For this part of
the study, all tests were performed with a cement gap size
of 1.5 mm.

Data analysis and statistics

Each data set comprises measurements from a minimum of
8 samples (n=28). Data from single time point experiments
is presented as boxplots with indication of median values
and inter quartile ranges. Whiskers represent the full range
of the data set, and no outliers have been excluded from
the data sets. Data from the time series experiments, with
and without the use of trisodium citrate, is presented as line
plots with median values represented by markers. Error bars
represent the full range of the data set. Independently from
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Table 1 Overview of and the correlation between the different implant types utilized to investigate the effect of dimensions and thread design on

the stability of the adhesive cement/implant interface

Implant type Diameter (mm) Length (mm) Endosteal area Correlation

(mm?)
TL 4.1 4 66.5 Same diameter with a 1:2 relation in surface area
TL 4.1 10 133.0
TLX 3.75 6 86.2 Same diameter with a 1:2 relation in surface area
TLX 3.75 12 170.1
TLX 4.5 10 179.6 Similar surface area to TLX 3.75x 12, but with a

wider diameter

the type of data representation, the non-parametric Wilcoxon
rank-sum test was employed to identify significant differ-
ences between data sets, as not all data sets adhered to a
normal distribution. To reach a normal distribution for all
data sets, a larger samples size would be appropriate for
further testing.

Results
Handling and curing time

In order to determine a single time point, at which assess-
ment of the mechanical strength of the sawbone/adhesive
cement/implant assemblies would be suitable, a time series
was performed. Here, the torque-out values were determined
at different time points, relative to initiating the mixing of
the adhesive cement. Additionally, a series of experiments
were included to investigate the potential for extending the
handling time of the material, by performing the same time
series with samples where the water fraction was replaced
by a solution of 15% (w/v) trisodium citrate in water. The
data from the time series is presented in Fig. 3. From the
data, the dependence of the curing time on the mechanical
strength of the material is evident. For the formulation with-
out trisodium citrate, at 2 min, the material appears solid
to the touch; however, the full strength has not been devel-
oped. The removal torque force is found to increase up to the
15 min time point at which the material has developed full
strength. This is evidenced by the plateauing of the removal
torque values. The use of trisodium citrate was found to
extent the working time of the mixed adhesive cement, and
at the 2-min time point, the material was still viscous. Sig-
nificant differences are observed between the two formula-
tions up until the 15-min time point after which the torque
out values reach a comparable level.

Excluding the 2-min time point for the trisodium citrate
formulation (material still viscous), independent of the spe-
cific formulation, failure was consistently found to occur at
the adhesive cement/implant interface. Following removal,
implants were found to have a dusty grey/white appearance
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Fig.3 Comparison between torque-out values obtained with cement
formulations comprising either water or an aqueous solution of 15%
trisodium citrate. As is evident from the curve, the effect of triso-
dium citrate is pronounced for the early time points (at 2 and 5 min,
p<0.01) and less pronounced at 10 and 15 min (p <0.05) before the
two formulations reaches a similar level, with no statistical differ-
ences, for the later time points

with the presence of localized islands of adhesive cement,
indicating a predominantly adhesive mode of failure, see
Fig. 4.

Cement gap size

The correlation between gap size and removal torque was
examined by preparing simulated osteotomies of varying
sizes, yielding gaps of either 0.5, 1, 1.5, or 3 mm. The data
presented in Fig. 5 was obtained using the formulation with-
out trisodium citrate, after 15 min of curing. For the different
gap sizes, no significant differences were found; however,
for gap sizes > 1 mm, a larger spread of the data is observed.

Influence of implant geometry

The data obtained from the experiments using implants with
different geometrical designs is presented in Fig. 6A. Again,
the experiment was performed using the pure water formu-
lation and torque-out was performed following 15 min of
curing. The predominant factors affecting the removal torque
was found to be the endosteal surface area and the implant
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Fig.4 Example of light optical microscopy image of a TL (4.1 x4 mm
implant following torque-out from the water based adhesive cement for-
mulation, following a curing time of 15 min. Based on the appearance of
the surface, the mode of failure is predominantly adhesive in nature
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Fig.5 Removal torque data obtained from the samples prepared with
various gap sizes using pure water, following 15 min of curing. While
there is no significant difference between the groups, it appears that
gap sizes > 1 mm are associated with a larger spread of the data points

diameter. The latter is evident when comparing the three
TLX implants and normalizing the measured torque values
with respect to the surface area, see Fig. 6B. Considering
the sequence of implant diameters (3.75, 4.1 and 4.5), the
linear dependence of torque with distance/diameter and the
observed significant difference between the TLX 3.75 and
the TL 4.1 implant variants, one would also have expected

a significant difference between TL 4.1 and TLX 4.5. This,
however, is not observed and might hint towards the spe-
cific thread design having an impact on the removal torque.
Generally, it appears that increasing diameter leads to higher
median torque values; however, this comes at the cost of an
increased spread of the data.

Discussion

The aim of the current study was to examine factors influenc-
ing the primary stability of dental implants when stabilized
in over-sized osteotomies, using a calcium phosphate-based
adhesive cement. The term over-sized refers to the implant
only being held in place by the cement with no engagement
of the implant thread with the bone analogue material.
As the adhesive cement is a viscous liquid at the point of
implant placement, the standard procedure of using insertion
torque to assess the primary stability of the implant is not
applicable. Instead, this study utilized removal torque meas-
urements as a surrogate measure for the primary stability,
to assess if this would be a reliable approach for validating
the in vitro performance of the adhesive cement. Moreover,
the study was designed to shed light onto which parameters
might influence the bonding-strength of the bone analogue
material/cement/implant assembly. Prior to diving into the
results, one important question remains—what would be
an appropriate acceptance criterion for the strength of the
bone analogue/cement/implant assembly as assessed through
removal torque measurements? Considering the trend
towards shorter implant treatment procedures, the ultimate
goal for the adhesive cement, in clinical settings, would be to
allow for immediate loading of the restoration. Using stand-
ard protocols, the current consensus is that implants placed
with an insertion torque > 32 Ncm are eligible for immediate
loading [18]. This is, however, still a matter of debate and
several studies suggest that insertion torque values signifi-
cantly below 32 Ncm does not exclude immediate loading
protocols and that it might even be beneficial for the healing
process [18, 19]. Independent of the specific insertion torque
value, the question about the relationship between insertion
and removal torque is raised—is there a direct correlation?
In line with earlier findings, the study by Yamaguchi et al.
(2015) studied the relationship between insertion torque and
removal torque of various implant designs and placed in
bone analogue materials. They found that the removal torque
values are typically lower than the corresponding insertion
torque value except for parallel walled implants. For this
implant type, no significant difference were found between
the insertion torque and removal torque values [20]. These
findings highlight the relevance of using removal torque
as a surrogate measure for primary implant stability, in a
pre-clinical setting. While the mechanical forces associated
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Fig.6 A Removal torque values obtained for the 5 different implant
geometries. The relation between implants having the same diam-
eter and thread design, but varying lengths, is found to be linear, as
the required torque is doubled when the surface area is doubled. B
Torque-out data normalized to the surface area of the implant. This

with adhesive cement-stabilized implants are very differ-
ent from conventionally stabilized implants (i.e., absence
of compressive forces for the cement stabilized implants),
the removal torque measurement still gauges the mechani-
cal interlocking of the implant, within the osteotomy. As a
result, it is considered relevant to benchmark the removal
torque against a widely accepted insertion torque value for
immediate loading protocols and, since the use of the adhe-
sive cement does not come with the risk of peri-implant
bone fractures, the worst case value of >32 Ncm would be
a relevant benchmark parameter for the further development
of the adhesive cement.

Understanding the properties of the adhesive cement,
and which parameters affect its behavior, is important for
the further development. To start this process, a time series
was prepared. This revealed that the material obtained its
optimal strength after approximately 15 min. However, the
handling of the material is limited to less than two min-
utes. Working with the material, it appeared that the ambi-
ent temperature has a major effect on the transition from
liquid to solid. Additionally, it was observed that the mix-
ing itself affects how long the material stays in its viscous
state, meaning that more vigorous mixing shortens the time
window in which the material can be handled. In the current
study, these challenges were handled by having one skilled
operator perform all experiments. However, for future stud-
ies, it would be advantageous to apply an automated mix-
ing procedure and performed under temperature-controlled
conditions. In relation to this, examining the potential for
expanding the handling period with the addition of, e.g.,
trisodium citrate could also be an interesting route to follow
further. The data from the current study indicates that it is
feasible to extend this time window, and it also indicates
that similar mechanical properties are obtained when the
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representation shows that the implant diameter is also a contributing
factor and hints towards some role of the thread design. Significant
differences are found when comparing data from the other groups to
the two TLX @3.75-mm implants. ~“p <0.01

material is allowed to terminally cure. It would be interest-
ing to expand these investigations by varying the trisodium
citrate concentration, to understand the impact on the mate-
rial setting time and strength.

The data obtained from the different gap sizes do not
show significant differences in median values; however, it
appears that larger gap sizes are accompanied by a larger
spread of the data. It is known from the literature that
increasing the layer thickness of an adhesive comes at the
cost of reduced strength [21]. This is thought to be a result
of an increased number of naturally occurring internal
defects, within the adhesive layer, leading to an increased
risk for a cohesive-type failure [16, 21]. From a first glance,
this knowledge contradicts the findings from the current
study as the mode of failure appear to be the same, inde-
pendent of the gap size. Considering that the implants
are torqued out, the cylindrical geometry of the implant/
adhesive cement assembly and the relationship between
torque and distance from the center of the implant, it is
reasonable to assume that a cohesive failure is most likely
to occur close to the surface of the implant. This, com-
bined with the potential for abrasion between the implant
and the cured adhesive cement during post-test retrieval of
the implant, might suggest that the actual failure mode is
more of a cohesive nature. To shed more light on the influ-
ence of layer thickness and failure mode, associated with
the adhesive cement, it would be interesting to evaluate the
removal torque in combination with, e.g., implant pull-out
or standardized adhesive tensile testing.

Looking into the impact of the different geometrical fac-
tors arising from the design of the implant, it is evident that
the two major contributing factors are the endosteal surface
area of and the diameter of the implant. Additionally, the
data suggests that the specific implant thread design might
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influence the primary stability of the implant. Here, the pro-
nounced threads of the TLX implant design appear to have
a negative impact on the measured removal torque. This is
hypothesized to be a combined effect of the relatively deep
and narrow space between the threads, compared to the
threads of the TL implant, and relatively high viscosity of
the adhesive cement mixture, potentially preventing optimal
contact between the adhesive and the full extended of the
implant surface. For future studies, it would be interesting
to further assess the impact of thread design and, moreover,
assess the impact of parameters such as tapering and self-
cutting geometries.

The translation of the findings from the current bench
study into an in vivo setting remains to be confirmed and,
in particular, the failure mode as healing progresses. Would
there, e.g., be some form of stability dip when an implant is
primarily stabilized by the adhesive cement? Additionally,
hypothesizing that the conversion of the adhesive cement
to bone would begin at the adhesive cement/bone interface,
more narrow gap sizes would lead to new bone at the implant
surface earlier and this may be detectable through assess-
ment of the implant removal torque at different time points.

Conclusion

For the tested dental implants, removal torque values
were found to increase with increasing surface area and
an increasing implant diameter was also associated with
increasing torque values. The specific thread design of the
implant appear to impact the resulting removal torque val-
ues. This, however, must be confirmed through testing a
wider range of implants. Considering the removal torque
values obtained for this study and the current consensus that
insertion torque values of 32 Ncm are suitable for immediate
loading protocols, the further development of this material
for clinical applications may hold the potential for reducing
the number of surgical interventions, associated with cur-
rent treatment protocols. As the viscous nature of the pre-
set cement prevents the use of insertion torque, taking the
general relationship between insertion and removal torque
into account, removal torque is considered a reliable sur-
rogate measure for primary implant stability for bench and
pre-clinical settings.
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