
Bone mechanical behavior around dental implants: Densification and 
deformation follow-up by in-situ computed tomography

Laura Preiss a,* , Rémy Gauthier a , Hervé Richard b, Loïc Courtois c,  
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A B S T R A C T

The state of bone tissue around dental implants is a crucial factor influencing their early clinical outcomes. 
Currently, this state is mainly defined by its primary stability, both in terms of biomechanical analysis and 
clinically. The clinical methods used for quantifying this stability—such as the Implant Stability Quotient (ISQ) 
and Insertion Torque (IT)—are indirect measures. While these methods provide insights into the overall me
chanical behavior of the bone-implant system, they do not account for the impact of implant morphology on the 
surrounding bone. The method presented here aims to analyze the peri-implant bone using image analysis and 
volume correlation techniques combined with computed tomography to assess the bone strain field and densi
fication resulting from dental implant placement. The study utilized two types of implants with distinct 
designs—one cylindrical and the other self-tapping—on five iliac crest bone samples harvested from butcher 
pigs. The results indicated that the self-tapping implant caused significantly greater bone densification near the 
implant compared to the cylindrical one (46% of densification in the first 30 μm, against 21% for cylindrical 
implant). Additionally, the volume of strained peri-implant bone appeared to be larger for the self-tapping 
implant (38% of the volume was mechanically affected above 0,5% VM strains for self-tapping implant, 
against 31% for the cylindrical implant), though this difference was not statistically significant. Furthermore, 
established descriptors from the literature struggled to effectively differentiate between the two implant types. 
Despite the study’s limitations, the proposed method shows promise for distinguishing implants based on the 
densification and deformation of peri-implant bone, and can serve as a complementary approach to standard ISQ 
and IT measurements.

1. Introduction

The success of dental implant surgery relies on the establishment of a 
strong and direct link between the implant’s outer surface and the sur
rounding bone, the so-called osseointegration (Brånemark et al., 1970). 
Osseointegration is the result of a biological process, including healing 
and remodeling mechanisms, taking place from implantation until a few 
months (Albrektsson and Johansson, 2001). Osseointegration is influ
enced by the inflammatory and immunological host response 
(Berglundh et al., 1994), the implant surface (Buser et al., 1991), and 
also by primary stability (Schwarz et al., 2007). In the early time of bone 
healing at the implant/bone interface, micromotions allowed by a low 
primary stability may limit the implant anchorage (Kohli et al., 2021; 

Moncler et al., 1997; Prendergast et al., 1997) and would be deleterious 
for bone healing and the further implant long terms stability (Chou and 
Müftü, 2013).

Although bone healing has been extensively studied (Davies, 1996, 
2003) and quantitative measurement techniques like histomorphometry 
consensually established, indicators of implant primary stability (peri
otest, insertion torque, Implant Stability Quotient - ISQ) (Al-Jetaily & 
Al-dosari, 2011; Atsumi et al., 2007; Meredith, 1998) are macroscopic 
and do not provide precise information on the local bone-implant 
interaction. Primary stability determined by insertion torque is highly 
intuitive and clinically accessible but is dependent of the implant 
external geometry and osteotomy size. In terms of biomechanics, an 
implant is considered to have primary stability if micromotions are 
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minimized at the bone-implant interface.
The peri-implant strain developed during implant placement is 

believed to influence this primary stability. For instance, it was shown 
that the force applied perpendicularly to the implant during implant 
press fitting procedure contributed to implant primary stability (Damm 
et al., 2017). Moreover, peri-implant tissue strain state will have an 
influence on its further mechanobiological response. In the context of 
dental implant, while the influence of an axial loading on the develop
ment of peri-implant strain is largely studied (Dantas et al., 2020; Du 
et al., 2015; Park et al., 2022; Wili et al., 2024; Zhou et al., 2020) there 
are still few studies on the influence of implant insertion on strain dis
tribution (Sotto-Maior et al., 2010; Udomsawat et al., 2019; Yang et al., 
2023). Moreover, while two of these studies are only based on numerical 
analyses (Sotto-Maior et al., 2010; Udomsawat et al., 2019), the last 
relies on digital image correlation, that corresponds to a 2D analysis 
(Yang et al., 2023). This might be explained by the lack of an experi
mental pipeline to follow bone architecture modification before and 
after the insertion of the implant.

In addition, peri-implant bone densification is also assumed to 
contribute to peri-implant bone healing (Apelt et al., 2004; Guillaume 
et al., 2021; He et al., 2017; Le Cann et al., 2019; Trisi et al., 2009) and to 
promote faster osseointegration (Huwais and Meyer, 2017; Lahens et al., 
2016; Lopez et al., 2017; Trisi et al., 2016). In the present work, 
osseodensification is defined as the competition between trabecular 
bone fragments formation and local trabecular compaction close to the 
implant surface, in trabecular region. The influence of such peri-implant 
densification on the implant primary stability is currently still discussed 
and might depend on the initial bone volume fraction (Almutairi et al., 
2018; Fanali et al., 2021; Padhye et al., 2020). The influence of osseo
densification around implants on the primary stability has already been 
investigated recently (Almutairi et al., 2018; Ferreira et al., 2023; Walid 
et al., 2019). While such densification was associated with a higher 
implant stability when inserted in polyurethane blocks (Fanali et al., 
2021), a densification did not improve the implant stability in ex vivo 
bone samples, especially for good bone quality (Almutairi et al., 2018; 
Ferreira et al., 2023). In these previous studies investigating the influ
ence of osseodensification on implant stability, the evaluation of the 
peri-implant densification is mainly performed through 2D histological 
sections (Padhye et al., 2020). These results suggest that not only pri
mary stability is involved in the biological evolution of peri-implant 
bone. In 3D, bone densification around dental implants has been docu
mented through microtomography but not precisely quantified (Fontes 
Pereira et al., 2023). Furthermore, conventional dental X-Ray imaging 
techniques lack the necessary resolution to accurately assess bone 
transformation close to the implant. To counter these constraints, 
high-resolution X-Ray computed tomography is generally used to 
investigate small scale features of dental implants and/or bone (Steiner 
et al., 2016). Accordingly, Ferreira et al. recently investigated the 
variation of bone volume fraction around an osteotomy applied through 
different methodologies (Ferreira et al., 2023). While this study showed 
different mechanisms of densification during osteotomy, no data were 
provided regarding trabecular bone densification after implant 
insertion.

To better understand how such osseodensification, in complement to 
primary stability, can improve dental implant early outcomes, it seems 
relevant to investigate the mechanisms of densification and its influence 
on bone behavior during the implant insertion in 3D. This work thus 
presents a novel ex vivo method based on high resolution X-Ray to
mography to quantitatively assess bone densification and locally 
induced strains associated to dental implant insertion. This new method 
enables in situ monitoring of these two parameters during the 
implantation.

2. Materials and methods

2.1. Model selection and samples preparation

2.1.1. Bone samples
Samples were taken from farm pig carcasses within 24–48 h of 

slaughter. The samples were cut in 12 × 12 mm2 prism shape from pig 
pelvis (ischium), chosen for its similarity with human jawbone and 
reliability in new implant design evaluation (Katranji et al., 2007; 
Merheb et al., 2010; Pearce et al., 2007; Porto et al., 2020). They were 
directly wrapped in Parafilm M®(Bemis Company Inc., USA) and stored 
at − 18 ◦C to prevent bone degradation awaiting the embedding day. 
Bone samples were removed from the freezer and placed in the holder 
for embedding in polyurethane and stored again at − 18 ◦C until the day 
of testing (see Fig. 1).

2.1.2. Dental implants
Two types of dental implants with different thread designs and 

insertion protocols were used. Implant A (Axiom® REG, Anthogyr, 
Sallanches, France) was a cylindrical implant supposed to be placed with 
extensive bone preparation while implant B (Axiom X3®, Anthogyr, 
Sallanches, France) was self-tapping, with sharp threads designed to cut 
the bone and anchor after minimal preparation (Fig. 2).

2.2. In situ implantation

2.2.1. Experimental set up
A picture of the testing jig is shown in Fig. 3. The setup was designed 

for reproducible site preparation and implant insertion. Vertical guides 
maintained a constant alignment between the site preparation tools, 
implant and osteotomy while the mass fixed below the contra-angle 
(100 g) ensured an engagement load for implant insertion similar to 
clinical conditions. Tests were carried out using the GE Phoenix v|tome| 
x tomograph (GE Sensing & Inspection Technologies Phoenix X|ray, 
Pforzheim, Germany). The scan parameters were as follows: tension of 
140 kV, current of 80 μA, 2400 projections, 500 ms of exposure time, 
copper filter 100 μm, voxel size 12x12x12 μm3.

2.2.2. Protocol

a. Bone samples selection

To allow for comparison, bone samples were selected based on their 
morphological criteria, i.e. bone volume fraction (BV/TV)/homogenei
ty/height.

For all samples, 3 scans were acquired: one of the ‘intact’, one of the 
‘pre-implant’ bone, after the first steps of drilling (see implantation 
protocol below) in which the osteotomy was filled with a Titanium pin 
and one of the ‘post-implant’ bone (performed after the implant inser
tion). The titanium pin was inserted into the implant site to replicate the 
artifacts caused by the contrast difference between titanium and bone, 
which will appear in the ‘post-implant’ scans (see ‘tomography protocol’ 
section). All three datasets were first registered to align undamaged 
bone within a sub-voxel accuracy (see Fig. 4).

After first applying a ‘non-local means’ filter (Gastal and Oliveiray, 
2012) to the ‘intact’ bone scans, an automatic thresholding algorithm 
(Otsu, 1979) was applied to obtain a binary map of bone. A local volume 
fraction of bone was then measured at each voxel location using a 
spherical kernel of size 100 voxels (ratio of ‘bone’ voxels divided by the 
total number of voxels). The resulting local bone volume fraction map, 
shown in Fig. 5-c, gives insight into the heterogeneous distribution of 
trabeculae throughout the bone sample as well as the bone character
istics at the implant location.

Additionally, a local thickness (Hildebrand and Rüegsegger, 1997) of 
the binary bone map was measured around the location of the drilled 
hole (6 mm by 6 mm region centered around the implant axis). 
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Trabeculae were filtered out, based on their thickness, in order to isolate 
the cortical bone region. As a result, a distribution and average of the 
cortical bone thickness could be measured (see Fig. 5-b) for each bone 
sample.

Samples homogeneity was first characterized by fast observations of 
the 3D volumes: samples with large pores (over 500 μm in diameter) 
were discarded. In terms of height, only bone samples in which insertion 
of a 12 mm long implant was possible were selected. A cortical thickness 
of around 1 mm is recommended, to be as close as possible to the human 
jawbone (Katranji et al., 2007). An effort was thus made to closely 
approach this objective, despite the available bones having variable 
cortical thicknesses.

As a result of these calculations/observations, 10 samples were 
chosen. Their characteristics are gathered in Table 1. Bones A1 to A5 
were implanted with dental implant A, while bones B1 to B5 were 
implanted with implant B. 

b. Implantation protocol

Drilling was performed following the clinical instructions: first drill 
with a diameter of 2 mm at 1500 rpm, then successively 2.4 mm, and 3 
mm (plus 3.6 mm for implant A) of diameter at 1000 rpm; using a dental 
contra-angle handpiece (ref 11750MLED). The depth of the implant hole 
corresponded to the length of the implant (in this case 10 mm and 12 
mm) plus 0.5 mm so that in the end the implant is placed in the clinically 
‘sub crestal’ suitable position, 0.5 mm underneath the surface. The 
hole’s diameter depended on the protocol used (3.6 mm for implant A, 3 
mm for implant B). This corresponds to the ‘pre-implant’ state. The 
implantation protocol for implants A and B was different: with an 
equivalent protocol, the diameter of the implantation pit was closer to 
the implant diameter for implant A (Fig. 2). This resulted in a more self- 
tapping implant B. 

c. Tomography protocol

The first stage of tomography was the ‘intact’ bone for bone pa
rameters evaluation. Then, the ’pre-implant’ volume was acquired. This 
step was essential because it allowed to access to the deformation field 
and densification state of the bone around the implant through image 
processing and volume correlation. It can be noticed that the implant 
well did not remain empty during this tomography. Indeed, it is known 

Fig. 1. Top left: Pig hip with sampling site (Mishra, 2020). Top right: bone sample after cutting and before embedding. Bottom: samples in the holder, here before impregnation 
in resin.

Fig. 2. Schematics of implants in their osteotomy sites (left: implant A, right: 
implant B).

Fig. 3. Tomography setup description.
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that during the tomography of titanium implants placed in the bone, 
artifacts due to the differences in attenuation between titanium and 
bone appear. To reproduce these artifacts and limit disturbance during 
the DVC measurements, a cylindrical titanium ’decoy’ (or pin) was thus 
inserted into the well during the ’pre-implant’ scan.

Once the ’pre-implant’ scan was performed, the insertion of the 
implant into the scanner, under the beam, was conducted. The rotation 
of the stage was deactivated, so that the insertion of the implant was 
filmed in 2D radiography during the entire descent of the implant 
(acquisition rate 3 frame/s). One example of an insertion is given as 
supplementary material. The insertion was carried out at 15 rpm, ac
cording to the protocol instructions, with the aid of a dental contra-angle 
handpiece (see Fig. 3). Implants were placed and their insertion torque 
did not exceed 80 N cm as recommended.

The last step of the experiment was to perform a tomography under 
the same conditions as the ’pre-implant’ volume to compare the bone 
properties before and after implantation (‘post-implant’ volume).

The whole protocol is summarized in Fig. 6.

2.3. Data processing

2.3.1. Implantation measurements
Based on the aligned pre (‘pre-implant’) and post (‘post-implant’) 

scans, a binary mask of the whole bone region surrounding the 

Fig. 4. Grayscale slice of a) ‘intact’ bone, b) ‘pre-implant’ bone and pin, and c) ‘post-implant’ bone.

Fig. 5. a) Grayscale cross-section showing the ‘intact’ data, b) Cortical bone thickness measurement shown on the ‘blue region’ shown on a), c) Local volume fraction 
measurement shown in the ‘green region’ shown on a).

Table 1 
Cortical thickness, d10 and bone volume fraction before and after implant 
insertion (average over 2 mm around the implant) for each bone sample. *: 
significant difference between implant A and B (p-value <0.05).

Bone 
sample

BVTVbefore 

insertion (%)
BVTVafter 

insertion 

(%)

Cortical 
thickness 
(mm)

IT 
(N. 
cm)

d10 

(μm)

Implant 
A

A1 27 30 1.12 51 111
A2 31 30 1.00 58 61
A3 30 29 0.89 56 100
A4 26 29 0.55 42 70
A5 30 34 0.86 68 106

Average 29 31 0.88* 55 90*

SD 2 2 0.20 9 20

Implant 
B

B1 25 29 0.40 41 292
B2 26 35 0.81 80 220
B3 39 46 0.39 80 401
B4 32 38 0.29 51 443
B5 33 38 0.30 58 434

Average 31 37 0.44* 62 358*

SD 6 6 0.20 17 87
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implantation zone was defined, excluding the cortical region and all 
bone beyond the implant tip (see Fig. 7-a).

After the implant insertion, the trabecular bone volume fraction 
(BVTVafter insertion, in %) around the implant was calculated on a volume 
of interest spreading 2 mm from the implant surface. This BV/TV was 
only measured on the trabecular region of the bone, the cortical layer 
was not considered. This represents a global picture of bone densifica
tion around the implant (Ferreira et al., 2023). Then, for all voxels 
belonging to this mask, an Euclidian distance map (see Fig. 7-a) was 
computed in which each voxel gets assigned a value corresponding to its 
closest distance to a free surface (here the hole/implant surface).

For increasing bins of 0.05 mm width (Fig. 7-b), an average grayscale 
value is measured for both the pre and post scans (see Fig. 7-c). Due to 

grayscale variations between scans (variation in titanium thickness 
leading to artifacts), the ‘post’ grayscale value was then corrected so that 
the value in the bulk of the bone, away from the implant (2 mm from 
implant surface) matches the ‘pre’ grayscale value (see Fig. 7-c). A 
densification percentage for each bin is calculated by comparing the 
post-implantation average grayscale value to the value corresponding to 
mineralized bone in the trabecular region. This reference value is 
defined as 110% of the peak grayscale value observed in the histogram, 
to account for the spread of the peak, on ‘pre-implant’ volume. Essen
tially, the densification is considered to be 100% if the post-implantation 
grayscale value reaches this reference.

Fig. 6. Test protocol steps.

Fig. 7. a) Distance map, b) cross-section of a 0.05 mm bin in blue (positioned at the red line in Fig. 7-a), c) Average grayscale measured for ‘pre’ and ‘post’ scans as a 
function of the distance to the implant surface.
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2.3.2. Volume correlation
The aligned pre and post grayscale datasets were also used to mea

sure a 3D displacements field via Digital Volume Correlation (DVC). The 
approach used here for Volume Correlation is known as an FE-based 
Global approach, which also includes mechanical regularization (Roux 
et al., 2008; Taillandier-Thomas et al., 2014). Measurements were 
conducted using the XDigitalVolumeCorrelation extension to the Avizo 
software (version 2023.2).

A 3D tetrahedral mesh was first prepared, covering the full region on 
which the correlation will be performed. As the size of the elements 
constituting the mesh is closely related to the characteristic length-scale 
of the bone microstructure, a suitable element size for this mesh was 
defined by performing an uncertainty analysis on an undeformed 
portion of the trabecular bone region, taken from an intact bone scan 
and a ‘pre-implant’ scan, far away from the drilled hole. A zero strain 
study was performed for increasing sizes of the tetrahedral elements 
making up the mesh. Fig. 8-a shows a plot of both the displacement and 
corresponding strain uncertainty as a function of the edge length of the 
tetrahedral mesh. It was decided to aim for a displacement uncertainty 
around 0.1 voxel and so the element size was set to 40 voxels, with a 
mechanical regularization length set to twice the average element size 
(80 voxels). This resulted in a strain; Fig. 8-b shows the resulting mesh 
for sample B1.

The DVC computation then resulted in a displacement field at each 
node of the mesh and the Green-Lagrange strain tensor was computed. 
Finally, the volumetric strain and Von Mises equivalent strain were 
obtained (FEA manual guide, n.d.) and combined with geometric de
scriptors such as the normalized height along the implant (from 0% at 
the apex of the implant tip to 100% at the top of the implant) and the 
distance to the implant surface, as measured from the Euclidian distance 
map.

2.4. Statistical analysis

Due to the low number of samples, the difference in densification 
between implants A and B were evaluated by applying the non- 
parametric Mann-Whitney. Linear regressions were applied to measure 
correlation between bone morphological parameters and the IT and ISQ. 
These statistical tests were done using R software (The R Foundation for 
Statistical Computing, Austria). A p-value <0.05 was considered as 
significant.

3. Results

3.1. Bone initial characterization

Bone volume fraction, under the cortical layer, and cortical thickness 
for the different samples are reported in Table 1. The average bone 
volume fraction was 29% for samples A1 to A5 and 31% for B1 to B5, 
with no significant difference. The cortical thickness was on average 
0.88 mm for A1 to A5 and 0.44 mm for B1 to B5 with a significant 
difference (p = 0.01).

3.2. Implant-related bone densification

The overall subcortical bone volume fraction in the peri-implant 
region, averaged within 2 mm thick VOI from the implant surface, is 
presented in Table 1 for both implant types. No statistical difference was 
found between implants A and B.

Fig. 8. a) Uncertainty plot, b) 3D Tetrahedral mesh (Yellow) defining the DVC computation region for sample B1.

Fig. 9. densification ratio as function of distance to implant for each implant 
type (mean value with min and max envelope for each type of implants, N = 5).
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The increase in the volume fraction of bone around the implants is an 
indicator of bone densification in trabecular area. From the pre- and 
post-implant CT scans, it was possible to calculate the bone densification 
as a function of the distance from the implant surface (Fig. 9). A high 
level of densification (>20%) was observed near the implant, gradually 
decreasing up to a distance of 1 mm from the implant surface.

The statistical analyses confirmed that the densification was signif
icantly higher for the implant B up to 500 μm (~40 voxels) from the 
implant surface (Table 2). The differences were non-significant for dis
tances larger than 600 μm.

Significant differences were measured between implants A and B in 
terms of densification, in particular close to the implant. To characterize 
this peri-implant bone densification, the d10 indicator was arbitrarily 
set, defined as the distance at which a densification ratio of 10% was 
measured. This indicator measures the capacity of an implant to increase 
the trabecular bone volume fraction in its vicinity (Table 1).

In relation to densification, bone debris were observed along the 
implant after its insertion (Fig. 10). Only debris disconnected from the 
trabecular network with a characteristic size exceeding 60 μm could be 
isolated through segmentation.

3.3. Bone deformation

3.3.1. Strain distribution
Volumetric strains were measured using DVC for each implant. 

Fig. 11 represents the volumetric deformations around each implant 
type. The implant was divided into four regions (from 0% to 100%, apex 
to neck), for which volumetric deformations were measured as a func
tion of the distance (in 0.5 mm bins) from the implant, from the surface 
to a distance of 2.5 mm.

A compressive strain is observed near the implant, which gradually 
decreases to zero with increasing distance from the implant surface. This 
effect is more pronounced for implant B. Fig. 11 highlights a variation 
along the height of implant B, showing a higher compressive strain near 
the implant neck.

3.3.2. Affected volume
A ‘mechanically-affected bone volume fraction’ was determined by 

calculating the ratio of voxels with a Von Mises strain exceeding 0.5% to 
the total number of voxels within a 2.5 mm radius of the implant surface. 
The 0.5% threshold was chosen to be five times the uncertainty in the 
measurement of strains (0.1%), and still relevant of the bone strains 
levels recorded in the literature (Cowin, 2001). Fig. 12 shows the strain 

repartition along and around the implant for both types of implants.
Fig. 13 shows that the volume of bone affected was greater when 

implant B was inserted (38%), compared to implant A (31%). No sig
nificant difference was measured between implants A and B. However, 
with the exception of Sample A1, that had the largest mechanically- 
affected volume, implants B affected systematically a larger bone vol
ume than implants A.

3.4. Association with ISQ and insertion torque

For Implant A, the d10 indicator was relatively stable (61 μm < d10,A 
< 111 μm), whereas the insertion torque (IT) values varied considerably 
(42 N cm < ITA < 68 N cm), and the ISQ remained between 66 and 73 
(see Fig. 14). The volumetric fraction of mechanically affected bone 
ranged from 23.6% to 45.9%. For Implant B, the d10 ranged from 220 to 
443 μm, the volumetric fraction of mechanically affected bone ranged 
from 31.6% to 42.8%, the insertion torque ranged from 41 to 80 N cm 
(with the contra-angle limited to 80 N cm, suggesting this value might 
have been underestimated), and the ISQ ranged from 48 to 79. Finally, a 
significant Pearson correlation was found between IT and BVTVafter 

insertion (r = 0.7, p-value = 0.03), but not with the ISQ. By including both 
the cortical thickness and the BVTVafter insertion in the linear regression, 
the correlation with IT was improved (r = 0.8, p-value = 0.008), No 
correlation was observed between cortical thickness and IT nor ISQ.

4. Discussion

4.1. Relevance of the method

Based on the literature, both peri-implant bone densification and 
deformation due to implant insertion are involved in peri-implant bone 
long term evolution and in the implant outcome. This study details a 
new micro-computed tomography driven method for evaluation of both 
bone densification and deformation that result from the placement of 
two morphologically distinct implants. This methodology permits robust 
measurements of bone response metrics compared to traditional 
methods (Saidin et al., 2012). Although peri-implant bone densification 
is suspected to improve the implant efficiency, particularly in 
low-density bones, standardized methods currently do not exist to 
quantify it. Previous studies evaluating the influence of osseodensifica
tion assessed densification by measuring the bone volume/area fraction 
around the implant (Ferreira et al., 2023; Padhye et al., 2020) inde
pendent of the initial bone quality. In the current study, the bone gray 
level after implant insertion is compared with the gray level before the 
insertion. In that way, this method is less sensitive to the initial bone 
density. Furthermore, the methodology allows an analysis as a function 
of the distance to the implant. For instance, the higher densification that 
is expected for a self-tapping implant design was quantified on implant B 
at different distance from its surface. The densification was still signif
icantly higher for implant B compared to implant An up to 500 μm from 
the implant surface, with an averaged densification of 6% and 1% 
respectively. Such in situ characterization allows definition of new 
markers (such as the d10) of the implant osseodensification considering 
both the bone volume fraction before and after the insertion and the 
distance to the implant. The markers Suggested in the current study 
were defined arbitrarily and their influence on the implant clinical 
outcomes need to be further validated through in vivo experimentations.

4.2. Densification and primary stability

Bone volume fraction was previously associated with an increased 
primary stability ex vivo (Padhye et al., 2020). Similarly, the current 
study also observed increased primary stability, as evidenced by the 
significant correlation between the bone volume fraction surrounding 
the implant (within a 2 mm distance from the implant surface) and the 
insertion torque. Although significant, it should be noted that the 

Table 2 
Densification ratio (in %) calculated over increasing breadth around the 
implant. *: significant difference between implant A and B (p-value <0.05).

Distance to the implant (voxels) 2.5 22.5 42.5 62.5 82.5

Distance to the implant (μm) 30 270 510 750 990

Bone sample Densification ratio (%)

Implant A A1 19 5 2 1 1
A2 19 2 0 0 0
A3 21 3 1 0 0
A4 20 3 2 2 1
A5 27 4 1 1 1

Average 21* 3* 1* 1 0

SD 3 1 1 1 1

Implant B B1 47 11 4 1 0
B2 24 8 2 1 1
B3 41 17 7 2 2
B4 49 16 9 4 2
B5 68 20 8 5 3

Average 46* 14* 6* 3 1

SD 14 4 3 2 1
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correlation remains modest (r = 0.7), and no correlation was identified 
with the ISQ.

It was established that the primary stability of an implant is pre
dominantly ensured by the cortical layer, even when of minimal thick
ness (Ruffoni et al., 2012). This result is in accordance with the 
significant correlation between IT and a combination between the 
BVTVafterinsertion and the cortical thickness, regardless of the implant 
geometry and considering that the cortical thickness was significantly 
different between the two sets of samples. On the other hand, no cor
relation with IT was observed when considering the d10. This suggests 
that this last parameter is not involved in the implant primary stability 
as defined clinically. Still, while BVTVafter insertion was not different be
tween A and B implants, d10 can be used to distinguish the two kinds of 
implant. The volume of mechanically affected bone and strain distri
bution provided additional insights. Implant B induced a larger affected 
bone volume with higher strain levels, particularly near its neck, sug
gesting a potentially greater stress transfer to the surrounding bone 
compared to Implant A (He et al., 2017; Trisi et al., 2016). No significant 

difference was observed, mainly because implant A1 presented a higher 
volume fraction with strain higher than 0.5%. This may be due to the 
poor positioning of the implant in the osteotomy: the implant was placed 
too deeply, in contact with the cortical bone at its apex, which led to a 
large proportion of bone modified and affected in its vicinity (Fig. 15). 
Additionally, implant A1 presented the largest cortical thickness. A real 
trend can nevertheless be seen but must be confirmed by increasing the 
number of samples.

4.3. Clinical relevance

The bone strains measured in the current study can hardly be used to 
further estimate the bone healing and remodeling process occurring 
around the implant. To the author’s knowledge, only few studies 
investigated the relationship between peri-implant strain induced by 
implant insertion and its primary stability (Hung et al., 2022; Yang et al., 
2023). In these two previous in silico studies, increasing strains in the 
peri-implant tissue after insertion is associated with the implant 

Fig. 10. example of bone fragments visualization for implant B. a: bone before implant insertion, b: bone after implant insertion, black arrows indicate isolated bone 
debris, c: 3D visualization of the debris repartition along the implant.

Fig. 11. left: implant division into four regions in height; right: volumetric strain repartition as a function of the distance to the implant (top: Implant A, bottom: 
Implant B).
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insertion torque. Furthermore, one of them is focused on trabecular bone 
(Yang et al., 2023) and the other on cortical bone (Hung et al., 2022). In 
the current experimental study, no correlation was observed between 
the insertion torque and data on the peri-implant strain. The low number 
of samples and the different implant geometries investigated can be an 
explanation. Despite this, the new method enabled to differentiate two 
implant designs with regard to the strain induced in the bone during 
their insertion. Such peri-implant strain after the implant insertion 
represents a static deformation and might result in bone resorption 
(Lanyon and Rubin, 1985). However, it can be seen as a new initial 
condition for this peri-implant tissue that will then be loaded, for 
instance during mastication. This residual strain induced by implant 
insertion is never considered in numerical models of bone load-induced 
remodeling around a dental implant, while bone cells involved in this 
remodeling, such as the osteocytes that are closely trapped within the 
mineralized matrix, might be affected by this deformation (Verbruggen 
et al., 2012). The current method cannot predict further biological 
processes occurring around the implant, but it allows to characterize the 

initial strain state around the implant. Such data can be used and 
implemented in future numerical model of peri-implant remodeling. 
Besides the compaction of bone trabeculae during implant insertion, 
bone densification could be partly attributed to the presence of bone 
fragments around the implant. These debris added mineralized bone in 
empty regions, resulting in a local increase in the volume fraction of 
bone and thus densification. They were created during the drilling 
process and the insertion of the implant. The debris could either be 
pushed to the edges by the implant thread or resulted from trabeculae 
being broken by the thread itself during implant insertion, with the 
pieces then distributed around the implant (Fig. 10). In this study, 
several pieces of debris could be identified, but due to artifacts caused by 
the high attenuation of titanium compared to bone, it was difficult to 
accurately segment them. Overall, only the largest fragments (over 60 
μm in diameter) could be detected, and only if they did not touch the 
trabecular network (Fig. 10-c). It has been suggested that bone frag
ments formed around an implant might promote bone formation (Shah 
and Palmquist, 2017). Depending on the size of such fragments, the 
osteocytes trapped with the mineralized matrix may have the capacity to 
communicate with the environment surrounding the bone fragments to 
promote new bone formation and repair the disrupted canaliculi by 
forming new connections with the new formed bone. However, the role 
of osteocytes in such bone healing process still needs to be further 
investigated. In the current study, the applied methodology allowed to 
observe some of these bone fragments around the bone. However the 
current spatial resolution did not allow to perform a rigorous morpho
logical analysis of these fragments. Further evaluation involving higher 
spatial resolution techniques will hence be performed.

The methodology described in the current study has been developed 
to provide additional indicators of the bone-implant mechanical in
teractions during in vitro studies to help optimizing dental implants 
regardless of the bone quality. In this regard, the method allows to 
measure the densification ratio as a function of the distance to the 
implant surface, that is the ratio between the bone volume faction before 
and after the implant insertion. This indicator has been able to differ
entiate a cylindrical implant (A) from a self-tapping implant (B) with a 
low number of samples. In addition, the volume fraction of peri-implant 
bone with a von Mises strain higher than 0.5% was determined as a 
complementary indicator, because of the known influence of strain on 
bone mechanobiology. While this latter indicator did not allow to sta
tistically differentiate implant A from implant B, a real tendency was 
obtained and will be further validated using higher resolution imaging 

Fig. 12. Von Mises strains repartition around dental implants for implant A (left) and implant B (right).

Fig. 13. Mechanically affected bone volume fraction (>0.5% VMstrain) for 
each bone; dashed lines: mean values per implant type.
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techniques. These new indicators can be used in complement to some 
standard characterization techniques, such as the IT or the ISQ, that 
were not able to differentiate the implants in this study. A perspective of 
this work could be the use of this new method to assess the effect of 
dental implant design and surgical protocols on the surrounding bone 
and serve as a reliable baseline measurement of the initial biomechan
ical stimuli for later in vivo comparison.

While the study provides valuable data on bone-implant interactions, 
it is important to acknowledge its limitations.

4.4. Limitations

The use of porcine bone, while partly similar to human jawbone, may 
not perfectly replicate human bone behavior, although this model is 
used in new implant designs evaluation (Pearce et al., 2007). Various 
models have been used in the assessment of biomechanical incidence of 
dental implant insertion into bone (Bryant, 1998; Holmes and Loftus, 
1997; Isidor, 2006; Sevimay et al., 2005). Synthetic polyurethane foam 
blocks (Sawbones, Vashon WA, USA) are commonly used in bench 
testing to evaluate surgical protocols. Photoelastic materials have also 
been used for comparative analyses of the stresses developed around 
various screw designs (Celik and Uludag, 2007; Dragoni, 1994; Goiato 
et al., 2009; Haraldson, 1980; Turcio et al., 2009).These models how
ever are not relevant to assess the structural modifications of bone 
induced by implant insertion nor the stress state obtained after these 
modifications.

Additionally, the in vitro nature of the study does not account for 
biological factors such as the immune response and bone remodeling 
dynamics in a living organism. Future studies aim to validate these 
findings in clinical settings and explore the long-term effects of different 
implant designs on bone osseodensification, strain distribution, health 
and stability.

Finally, the relatively poor time and spatial resolution, together with 
the shadowing of titanium did not allow to observe the phenomena close 
to the implant during the insertion. Better spatial and time resolution, 
such as synchrotron-radiation based micro-computed tomography, 
could allow to investigate bone behavior close to the implant during its 

placement.

5. Conclusion

Osseodensification and peri-implant bone deformation distribution 
are known to be clinically relevant in the field of dental implantology. In 
the current study, we developed a methodology based on in situ micro- 
computed tomography of a bone sample during dental implant inser
tion. The surrounding bone densification and deformation, measured 
comparing bone before and after the implant insertion, was used to 
distinguish two types of implants with different geometries, while no 
difference was found using conventional characterizations (insertion 
torque or ISQ). In conclusion, the new method presented appears as a 
complementary characterization method in order to evaluate the influ
ence of a geometry on the surrounding bone behavior that can be used 
for the development of new dental implants.
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alization. Rémy Gauthier: Writing – original draft, Validation, Formal 
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