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increasing with time in this sector.
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Purpose This scoping review was carried out to discover and compare all the possibilities the researchers have
thought of in the recent past to perform in silico studies on bone healing after implantation of dental implants.

Methods An electronic search was conducted in Pubmed, Web of Science, Science Direct and google scholar
database to find out related articles in dental peri-implant healing simulations from the period of 2010 until 2025.

Results In total, 40 articles were found relevant for this review. Different theories have been applied in the literature
to simulate the mechanobiology of bone healing. Success has been found in predicting bone healing via in silico
studies. The finite element was used often for these studies; however, the application of artificial intelligence is

Conclusions Insilico platforms provide a non-invasive and fast approach to study the bone healing process. They
can be used as an aid to predict peri-implant bone healing in dentistry. The rise of artificial intelligence in this sector
opens a new path, where these studies can be performed with high accuracy at an astounding fast pace. These
methods can be a boon to clinicians, patients as well as implant developers.

Keywords Bone healing, Dental implants, Osseointegration, In-silico study, Finite element method, artificial

Introduction

Dental implants are one of the prominent ways to restore
the missing tooth function and aesthetics. Thus, they
have become an integral component in the field of den-
tistry. However, there is always a risk of implant failure.
The challenge for the dental implant development is in
the expansion of understanding of all the aspects, which
influences its performance. The success of the dental
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implant relies on its capability to achieve osseointegra-
tion, which relies on the combination of biomechani-
cal and biological factors [1, 2]. Osseointegration is a
term coined by Branemark and his co-workers, which
is described as the ability of the implant to form a func-
tional and mechanical contact with the neighbouring
osseous tissue with the formation of interpositioned
connective tissue [3]. The crucial aspect of osseointegra-
tion lies in the healing and remodelling of the host bone
site where the implant has been placed via surgery [4].
The healing of these bones takes place through a chain
of events which is generally known as secondary bone
healing [5, 6]. The healing starts with the blood clot (soft
callus) formation and vascularization with the healing
gap. Afterwards, mesenchymal stem cells (MSCs) are
migrated towards healing callus from surrounding bone
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marrow, which under favourable conditions differenti-
ate and proliferates into osteoblasts, which further forms
woven bones, via osteogenesis. The final stage of this
process consists of bone remodelling, where the bone is
remodelled continuously via osteoblasts and osteoclasts
to achieve the rigidity and biomechanical stability of the
normal bone based on functionality and mechanical load-
ing [7, 8]. The optimal mechanical environment require-
ment for these different healing stages differs from each
other [9], given to that loading conditions (micro-strains)
needs to be modulated throughout the bone healing pro-
cess. If the loading conditions are unfavourable, MSCs
can differentiate into soft fibrous tissues that provide
minimal mechanical stability and can lead to implant fail-
ure [10]. Moreover, even on the bone remodelling stage
the amount and direction of loading is crucial, as uneven
loading can lead to bone resorption, causing implant fail-
ure and increased risk of fracture of the adjacent bones
[11, 12]. These loading scenarios can be influenced by a
variety of factors such as implant material, implant geom-
etry, surface properties of the implant, occlusal loads,
bone density of the patient etc [1-18]. Thus, the study of
peri-implant bone healing is important not only for a bet-
ter patient care, but also for the improvement of implant
design, choosing of right materials for implants etc.

In the past, various biological studies have been per-
formed to understand the mechanism behind the peri-
implant bone healing phenomenon [19-21]. However,
as osseointegration is a continuous biological process
involving the ever changing and complex bone remodel-
ling process, it is challenging to investigate it clinically.
Moreover, in vivo trials are expensive and involves ethi-
cal issues. Thus, in silico platforms to investigate bone
healing around dental implants is becoming progressively
attractive in this field.

Many theories have been developed in the recent past
to have a comprehensive look of the bone healing pro-
cess. Pauwels was one of the first author to propose tis-
sue differentiation based on mechanical stimulus [22]. He
proposed that hydrostatic compressive stress is a specific
stimulus for cartilage formation, whereas distortional
shear stress is a specific stimulus for fibrous connec-
tive tissue formation; bone formation only begins after
mechanical stabilization via soft tissues. Along with time,
several other bone-healing models have been developed
by the researchers [23-28]. A comprehensive review
about existing bone healing models can be found in fol-
lowing literature reviews: [29, 30]. However, these models
are typically used for modelling long bone fracture heal-
ing [31-36]. From time to time, these models have also
been used for dental implant applications. Thus, the aim
of this review is to find out the latest trends in the recent
past for modelling the dental peri-implant bone healing
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process and to figure out the advantages and disadvan-
tages of these different methods.

Method

Focus question

“What in silico possibilities are available for dental peri-
implant bone healing/remodelling investigations?”

Literature search

An electronic search was conducted in Pubmed, Web of
Science, Science Direct and google scholar database to
find out related articles in dental peri-implant healing
simulations. Additional data were also gathered via ran-
dom and unstructured hand search was also performed
based on the experience of the authors.

Inclusion criteria

Only the articles where bone healing or remodelling was
simulated for dental peri-implant bone and were open
access were taken in this study. In total, 40 articles were
found relevant for the review.

Exclusion criteria

The exclusion criteria were as follows: non-english pub-
lication and duplicated articles. Along with that, studies
where FEM simulations were used only for the determi-
nation of mechanical conditions were also excluded from
the review.

Screening

In order to investigate the relevance of focus question
in the recent studies we collected the data from 2010 to
2025 and following keywords were used: “dental peri-
implant FEM simulation’, “dental peri-implant bone heal-
ing simulation’, “dental peri-implant in silico studies’,
“dental peri-implant bone remodelling” As a result, 314
articles were found. Additionally, via, citation searching
and hand search 23 more relevant articles were found.
The detailed description of the methodology can be
found in Fig. 1.

Data classification

Based on the data, the relevant works have been classified
based on the applied methodology: Strain energy density
based models, strain based models, tissue-differentiation
theory based models, and artificial intelligence based
models. To get the detailed list of all the articles taken in
this study, see the supplementary material.

In silico possibilities findings

A variety of bone healing/remodelling algorithms have
been used in the last 15 years to simulate the dental peri-
implant bone healing. These studies generally applied
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Fig. 1 The systematic review flowchart of the study selection process (PRISMA flowchart [37]). N stands for the number of publications

Table 1 Different simulation methodologies applied for bone
healing/remodelling simulations in the literature
Applied Functioning process

model

Refer-
ences

Strain energy
density based

Bone density change is correlated to strain

energy density of the relevant area. Threshold  [38—
is defined in the model. 51]
Bone denstiy change is correlated to micro-

strain values of the relevant area. Threshold is  [16-

Strain based

defined in the model. 58]
Tissue-differen-  Differentiation of mesenchymal stem cells [6,7],
tiation theory  into different cell types (fibrous tissue, 59-
based cartilage, immature bone, mature bone or [63]

resorption) is dependent on the combination

of different strain conditions.

Predictive models are developed by train-

ing Al via patient data. Al-based Surrogate [64-
models are also developed to expedite the 70]
simulation time for bone healing models.

Artificial intel-
ligence based

Finite element method (FEM) for their investigations.
The models found in the literature has been summarized
in Table 1. In the following section, these major algo-
rithm applied in the literature have been discussed.

Strain energy density based models

Strain energy density (SED) based models are the most
sought-after ones in the dental field. The model has been
first proposed by Huiskes et al. where SED has been
defined as the mechanical stimulus, whose threshold
decides increase, decrease or no change in bone density,
see Fig. 2 [71]. A variety of equations has been used in the

literatures to define the remodelling rate in their studies
[38—43]. Generally, the Young’s Modulus of the bone is
also related to the density via empirical relationships in
these studies.

In a recent study, S. Roy et al. studied the influence
of volume fraction (VF) of hydroxyapatite in the bone
remodelling potential of Titanium-hydroxyapatite func-
tionally graded material using SED algorithm [42]. To
have a realistic model for simulation, they developed
a 3D model from the computed tomography (CT) scan
data of a 40-year-old individual. Bone remodelling algo-
rithm applied in this study were as follows:

(%) = ; ) _
’“’zm* (1+6)2 Atk if o > (1+0)E
. _yp®
Ap(k) = 0, if (1-0)E< W (1)
W (k>§ (1+4)=
whg = 1=OE AW, if g < (1-6)E

Where, Ap is change in apparent density, ¥ is SED,
w is remodelling constant and was set to 60 and 120
(month.g/cm®), £ is the remodelling reference value and
was set to 0.000036 J/g.cm™3, At is the duration of the
remodelling process, and 9 is the the extent of lazy zone
and was set to 10% in this study (k) indicates the k™ itera-
tion in the simulation cycle.

Density was updated via Euler’s forward integration
algorithm:

p D = () L A p () (2)
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Fig. 2 Change in bone density due to SED based mechanical stimulus (p is density, t is time and U is strain energy)

The changes in density corresponded to change in the
Young’s modulus of bone. Here they applied different
empirical relationship for cortical and cancellous bone:

Ecortical = —23.93 + 24p (3)
Ecancetious = 2349/) 215 (4)

They found out that the increase in the VF of Hydroxy-
apatite in the composite led to a better bone remodelling
by decreasing the stress shielding effect and promoting a
more uniform stress distribution.

In another study J. Du et al. investigated the potential
of SED based algorithms to determine the causes behind
bone density decrease after tooth extraction surgeries,
via 2D simulations [41]. They applied slightly different
bone remodelling algorithm in their work:

~0.05p, comtomtte, | ©rS <8
(S = (1= 6) So) BAL, bone loss, f<°r<f ’_<§§SO
p=< 0. equilibrium, ?L(;li+66)>5;,< (5)
(S — (14 ) So) BAt, bone growth, f;;r <(15+<6 gu
0.05p, i?::ii::ﬁftll,-ate, for 5>)8.

where S is the reference mechanical stimulus (SED per
unit bone mass in this case), S; and S, are lower and
upper limits of mechanical stimulus, J is the half width
of the lazy zone, B is the remodelling rate constant and
At is the time step. They related the change in density to
Young’s modulus via the single equation given by Carter
and Hayes [72]:

E=Cp? (6)

They compared the change in bone density distribution
in their computation, with the cone beam computed
tomography (CBCT) in vivo data. The simulation pre-
dicted similar density distribution for both healthy and
missing tooth scenario, see Fig. 3. Other researchers have
performed similar studies, where with the help of SED
based models, they were able to predict peri-implant
bone remodelling after dental implant placements [8,
38, 39, 46-49] as well as the influence of dental implant
design and positioning on bone remodelling [44, 45].

In his doctoral thesis, S. Celik proposed further modi-
fication of SED based models for dental implants, where
even density change at the early stage of healing can be
modelled [51]. He calculated the local change in density
using the equation given by J. Li et al. [50]. :

dp

dt {
where B and D are constants, S is SED, k is the thresh-
old value of the stimulus, and w is the width of the lazy
zone. He divided the tissue in several types such as con-
nective tissue, soft callus, intermediate callus and stiff
callus. For the remodelling of these different tissue types,
different values of k and different value range of densities
were taken. This study provided a possibility to simulate
the different stages of peri-implant bone healing. How-
ever, in this study no realistic cases were taken to verify
the model. Thus, it is important to validate this model
with realistic scenarios to make it accessible for clinical
studies.

0, if S e [1-—w)k, (14 w)k]
B(S — k) — D(S —k)?, otherwise @
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Fig.3 Comparison between CBCT images with computed density distribution via SED algorithm in the work from Du et al. (a) a mesial-distal CBCT image
for a region of mandible containing canine, lateral incisor and central incisor; (b) computed density distribution for a 3-tooth model at last iteration step;
(c) a mesial-distal CBCT image for a section of mandible with a missing tooth; (d) computed density distribution for a single-tooth model at last iteration
step. Similarity in the density distribution in both cases can be seen. It is reprinted from an open access Journal [41]
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Strain based models

Apart from SED based model, strain based model given
by H. Frost [25] have also been applied in the dental field
[16-58]. Similar to SED based models, in these models
strain values are defined as the mechanical stimulus or
changes in the bone densities correlate to the strain dis-
tribution in the system.

In a recent study, H. Mehboob et al. applied the Frost’s
theory to investigate the impact of porous implants on
peri-implant healing [56]. They developed a simpli-
fied model of mandible bone, where they calculated the
octahedral shear strain distribution in the peri-implant
bone for different implant cases under normal chew-
ing force. They took Ti6Al4V bulk implant as control
and compared it with the Ti6Al4V implants with differ-
ent porosities. They took two bone cases in their study:
healthy bone and the osteoporotic bone. In addition, two

25000 Bone fracture
74

Bone damage

3000

Physiological overload

1500

Adapted state

Microstrain (pe)

1000

Bone atrophy
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scenarios were taken: full osseointegration, where bone
and implant are in total contact and partial osseointe-
gration, where relative contact with bone and implants
are allowed. The healing window applied in the study
can be seen in Fig. 4. It was found out that the porosities
improved the strain distribution range for healthy bone
in partial and full osseointegration cases for better bone
healing. However, for osteoporotic bone it was seen that
all the implants led to conditions where bone damage is
highly possible. Thus, this works gives the insights that
even though porous implants can improve the bone heal-
ing, in the case of osteoporotic bones biting forces also
needs to be managed, so that the patients do not suffer
from implant failures.

> +

Change in Bone Mass

Fig.4 The bone-healing window based on Frost’s mechanostat theory applied in the study by Mehboob et al. It is reprinted from an open access Journal

[56]
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Tissue-differentiation theory based models

Apart from density based theories, tissue differentia-
tion theories for bone healing such as the one given by
L. Claes et al. [23] and the poroelastic theory given by P.
Prendergast et al. [24] have also been applied in dentistry
[6, 7, 59—63]. These theories predict the differentiation of
mesenchymal stem cells into different tissue types such
as fibrous tissue, cartilage, immature bone, mature bone
or resorption/destruction based on the biomechanical
conditions. In a recent study, A. Kung et al. combined
the poroelastic theory for bone healing and SED based
bone remodelling theory to predict the long-term peri-
implant bone healing [63]. The modelling algorithm
applied for this hybrid model can be seen in Fig. 5. This
model showed good correlation with the results found in
the experimental studies. Thus, tissue differentiation the-
ory based models carry the potential to have an in-depth
analysis of the early stage bone healing process.

Artificial intelligence based models

With the advancement in artificial intelligence (AI), its
application has been increasing at a fast pace in dentistry
[73]. In the recent years, several works have been done
to predict the peri-implant bone condition at different
stages via deep learning network (DLN) based models
[64-70]. J. Cha et al. successfully developed a convolu-
tional neural network (CNN) to predict the peri-implant
bone loss using periapical radiograph images [67]. A
region-based CNN was trained using 708 periapical
radiograph images (508 for training, 100 for validation
and 100 for testing), where the key points at the interface
between bone and implant were chosen as the region of
interest for training. Using the detected keypoints on the

Short-term Healing

Beginning of
regeneration phase (£,=0)

-
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radiographic images, the CNN models determined the
extent of bone loss. Interestingly, the level of detection of
CNN reached the level of diagnosis given by the experts.
In another interesting work, P Kung et al. developed
a DLN to predict the peri-implant bone healing under
different dental implants, patient’s age and gender, and
occlusal forces [70]. Initially, the bone healing simulation
results were obtained via FEM model, where the poro-
elastic theory based bone healing model was applied.
These results were fed to DLN for training. Afterwards
DLN was tested as a surrogate for the FE calculation.
DLN was able to predict the results that can be obtained
in FEM with 97.23% accuracy. Moreover, the computa-
tion time with DLN was significantly shorter than that of
FEM. Where, FEM model took an hour to predict tissue
differentiation throughout 35 days, DLN needed only 50 s
to achieve that result. This study showed the high poten-
tial Al holds to provide insights on peri-implant bone
healing prediction, which can expedite the implant devel-
opment as well as assist the dental implant treatment.

Discussion

Bone healing is a complicated phenomenon, which
depends on a multitude of factors. To replicate bone
healing in in silico environment, various methodologies
can be applied. This could be phenomenological such as
strain based or SED based models. In such models the
apparent density of bone is correlated with empirical
equations, which are intelligently developed by observ-
ing the real healing scenarios. The researchers have been
able to quantitatively verify the validity of these models
with the real patient data. These models are predomi-
nantly used to measure bone remodelling. However, in

Long-term Healing

. FEM
FEM Update material | /=70« Geometry . hrA
« Geometry properties * Loading
+ Loading i * Material properties
* Material properties
+ Stem cell migration Smoothing Attiactor Remodeling
procedure . :
= Stimulus, K(r) stimulus, S(r)
I 1 —
Biophysical stimuli New stem cell Rule of ,| Bone remodeling
- Octahedral shear strain concentration L - teo algorithm
- Fluid flow distribution mlx‘ure v
I New
bone density
New tissue 7
Mechario= phenotype Updated material | |
T i
regulation properties

algorithm

L, =100
Equilibrium
bone remodeling

Fig. 5 The bone-healing algorithm applied in the study by Kung et al. It is reprinted from an open access journal [63]
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Fig. 6 The computational time needed to calculate tissue differentiation for 900 cases by FEM vs. DLN in the study by Kong et al. It is reprinted from an

open access journal [70]

recent years, the equations are also developed to mea-
sure the density change in the early stage of bone healing
for the dental field. The major challenge in such models
is the determination of empirical values in the equation.
These values differ in various literatures; thus, a consen-
sus needs to be established for the successful application
of such models in the dental field.

On the other hand, tissue-differentiation theories
applied mechanobiology for bone healing modelling.
The proliferation and differentiation of mesenchymal
cells into various tissue types are based on the mechani-
cal conditions. These models have been successfully
used in various literatures for bone healing simulations.
The major challenge for such models is the accurate
determination of right mechanical conditions for tis-
sue differentiation. The validation of the values applied

in the literature for tissue differentiation is challenging
to perform in experimental conditions. Moreover, the
major tissue differentiation theories given by Claes [23]
and Prendergast [24] provide different mechanical con-
ditions for bone healing. Thus, these models need to be
compared and validated for different clinical scenarios
to accurately determine the optimal mechanobiological
conditions for dental bone healing.

The application of AI has shown great improvement
in the further development of bone healing models. On
one hand, Al can help in the prediction of peri-implant
bone loss via radiographic images and on the other hand,
they can also be trained to be used as surrogate models to
perform bone healing simulations at a much faster speed
than that of conventional FEM techniques. Such methods
can be of great help for the clinicians, not only in patient
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care but also for the determination of accurate implant
strategy. However, Al needs to be further improved and
properly trained with experienced professionals for the
betterment in this field.

Conclusion

This review illustrated the various in silico possibilities
to simulate the peri-implant bone healing process. The
SED based models have been the most popular method
found in the literature to simulate the density change
of the bone with time. However, for the initial stages of
bone healing, tissue-differentiation theory based mod-
els have been most often used. The comparison of these
techniques with clinical data have been done in the lit-
erature, where good predictability has been shown. With
the further development of Al it has also been used in
this sector recently. It has shown great promise in the lit-
erature to replace the FEM based model, given to its fast
and accurate prediction. Overall, in silico studies provide
great insights on the peri-implant bone healing condi-
tions, which needs to be readily applied in the dental
implant development to expedite the process along with
providing fresh perspectives for designing the implants.
For clinicians, these models can aid in providing accurate
treatment to patients, especially in cases where the risk of
implant failure is high.
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VF Volume Fraction

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540729-025-00659-x.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Author contributions
Conceptualization: GN and BA; Methodology: GN; writing-original draft
preparation: GN; Writing-review and editing: GN and BA.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Data availability
No datasets were generated or analysed during the current study.

(2025) 11:69

Page 9 of 11

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 12 May 2025 / Accepted: 11 November 2025
Published online: 23 November 2025

References

1. Valera-Jiménez JF, Burguefo-Barris G, Gomez-Gonzalez S, Lépez-Lépez J,
Valmaseda-Castellon E, Ferndndez-Aguado E. Finite element analysis of nar-
row dental implants. Dent Mater. 2020;36(7):927-35.

2. TiossiR, Lin L, Conrad HJ, Rodrigues RCS, Heo YC, de Mattos M. A digital
image correlation analysis on the influence of crown material in implant-
supported prostheses on bone strain distribution. J Prosthodont Res.
2012;56(1):25-31.

3. Branemark PI, Hansson BO, Adell R, Breine U, Lindstrom J, Hallén O, et al.
Osseointegrated implants in the treatment of the edentulous jaw. Experience
from a 10-year period. Scand J Plast Reconstr Surg Suppl. 1977;16:1-132.

4. Branemark Pl. Osseointegration and its experimental background. J Prosthet
Dent. 1983;50:399-410.

5. Elhawary H, Baradaran A, Abi-Rafeh J, Vorstenbosch J, Xu L, Efanov JI. Bone
healing and inflammation: principles of fracture and repair. Semin Plast Surg.
2021;35(3):198-203.

6. Chou HY, MGftu S. Simulation of peri-implant bone healing due to immediate
loading in dental implant treatments. J Biomech. 2013;46(5):871-8.

7. Irandoust S, MUftu S. The interplay between bone healing and remodeling
around dental implants. Sci Rep. 2020;10(1).

8. Parks, Park J, Kang |, Lee H, Noh G. Effects of assessing the bone remodel-
ing process in Biomechanical finite element stability evaluations of dental
implants. Comput Methods Programs Biomed. 2022;221.

9. Mawci¢ B, Antoli¢ V. Optimal mechanical environment of the healing bone
fracture/osteotomy. Int Orthop. 2012,36:689-95.

10. Huiskes R, Van Driel WD, Prendergast PJ, Sgballe K. A Biomechanical regula-
tory model for periprosthetic fibrous-tissue differentiation. J Mater Sci Mater
Med. 1997,8:785-8.

11. Brunski JB. Biomechanical factors affecting the Bone- dental implant inter-
face. Clin Mater. 1992;10(1):153-201.

12.  Robau-Porrua A, Gonzalez JE, Rodriguez-Guerra J, Gonzalez-Mederos P,
Navarro P, de la Rosa JE, et al. Biomechanical behavior of a new design of
dental implant: influence of the porosity and location in the maxilla. J Mater
Res Technol. 2024;29:3255-67.

13. Khan AS, Wong FSL, McKay 1J, Whiley RA, Rehman IU. Structural, Mechanical,
and biocompatibility analyses of a novel dental restorative nanocomposite. J
App! Polym Sci. 2012;127(1):439-47.

14.  Soodmand |, Becker AK, Sass JO, Jabs C, Kebbach M, Wanke G, et al. Heteroge-
neous material models for finite element analysis of the human mandible
bone - A systematic review. Volume 10. Heliyon: Elsevier Ltd; 2024.

15. Hasan |, Mit A, Der Mathematisch-Naturwissenschaftlichen G. Computational
simulation of trabecular bone distribution around dental implants and the
influence of abutment design. on the Bone Reaction for Implant-Supported
Fixed Prosthesis; 2011.

16.  Mehboob H, Mehboob A, Abbassi F, Ahmad F, Samad Khan A, Miran S.
Bioinspired porous dental implants using the concept of 3D printing to
investigate the effect of implant type and porosity on patient’s bone condi-
tion. 2021; Available from: https://www.tandfonline.com/doi/epub/https://d
0i.0rg/10.1080/15376494.2021.1971347

17. Al-Hassani E, Al-Hassani F, Najim M. Effect of polymer coating on the osseoin-
tegration of CP-Ti dental implant. AIP Conf Proc. 2018;1968.

18. Marcian P, Wolff J, Horckova L, Kaiser J, Zikmund T, Bordk L. Micro finite ele-
ment analysis of dental implants under different loading conditions. Comput
Biol Med. 2018;96:157-65.


https://doi.org/10.1186/s40729-025-00659-x
https://doi.org/10.1186/s40729-025-00659-x
https://www.tandfonline.com/doi/epub/
https://doi.org/10.1080/15376494.2021.1971347
https://doi.org/10.1080/15376494.2021.1971347

Nayak and Al-Nawas International Journal of Implant Dentistry

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Romanos G, Toh CG, Siar CH, Swaminathan D, Ong AH, Donath K; et al. Peri-
Implant bone reactions to immediately loaded Implants. An experimental
study in monkeys. J Periodontol. 2001;72(4):506-11.

Duyck J, Vandamme K, Geris L, Van Oosterwyck H, De Cooman M, Vander-
sloten J, et al. The influence of micro-motion on the tissue differentiation
around immediately loaded cylindrical turned titanium implants. Arch Oral
Biol. 2006;51(1):1-9.

Grandi T, Guazzi P, Samarani R, Grandi G. Clinical outcome and bone healing
of implants placed with high insertion torque: 12-month results from a multi-
center controlled cohort study. Int J Oral Maxillofac Surg. 2013;42(4):516-20.
Pauwels F. Eine neue theorie tber Den Einfluf mechanischer Reize

auf die differenzierung der stfitzgewebe. Z Anat Entwicklungsgesch.
1960;121:478-515.

Claes L, Heigele CA. Effects of mechanical factors on the fracture healing
process. Clin Orthop Relat Res. 1999,3555:5132-47.

Lacroix D, Prendergast PJ. A mechano-regulation model for tissue differentia-
tion during fracture healing: analysis of gap size and loading. 35, J Biomech.
2002.

Frost HM. Bone mass and the mechanostat: A proposal. Anat Rec.
1987:219(1):1-9.

Isaksson H, van Donkelaar CC, Huiskes R, Ito K. A mechano-regulatory bone-
healing model incorporating cell-phenotype specific activity. J Theor Biol.
2008;252(2):230-46.

Checa S, Prendergast PJ. A Mechanobiological model for tissue differentiation
that includes angiogenesis: A lattice-based modeling approach. Ann Biomed
Eng. 2009;37(1):129-45.

Weinans HH, Huiskes R, Grootenboer H. The behavior of adaptive bone-
remodeling simulation models. J Biomech. 1992,25:1425-41.

Borgiani E, Duda GN, Checa S. Multiscale modeling of bone healing: toward
a systems biology approach. Frontiers in Physiology. Volume 8. Frontiers
Research Foundation; 2017.

Wang M, Jiang G, Yang H, Jin X. Computational models of bone fracture heal-
ing and applications: a review. Biomedizinische Technik. Volume 69. Walter de
Gruyter GmbH; 2024. pp. 219-39.

Nayak GS, Roland M, Wiese B, Hort N, Diebels S. Influence of implant base
material on secondary bone healing: an in silico study. Comput Methods
Biomech Biomed Engin [Internet]. 2024;1-9. Available from: https.//www.tan
dfonline.com/doi/full/https://doi.org/10.1080/10255842.2024.2338121

Braun BJ, Orth M, Diebels S, Wickert K, Andres A, Gawlitza J et al. Individual-
ized determination of the mechanical fracture environment after tibial
exchange Nailing—A Simulation-Based feasibility study. Front Surg. 2021;8.
Mehboob A, Mehboob H, Ouldyerou A, Barsoum I. Computational Biome-
chanical analysis of Ti-6Al-4V porous bone plates for lower limb fractures.
Mater Des. 2024;240:112842.

Foster AL, Moriarty TF, Zalavras C, Morgenstern M, Jaiprakash A, Crawford R, et
al. The influence of Biomechanical stability on bone healing and fracture-
related infection: the legacy of Stephan Perren. Injury. 2021;52(1):43-52.
Geris L, Gerisch A, Sloten J, Vander, Weiner R, Van Oosterwyck H. Angio-
genesis in bone fracture healing: A bioregulatory model. J Theor Biol.
2008,251(1):137-58.

Quinn C, Kopp A, Vaughan TJ. A coupled computational framework for bone
fracture healing and Long-term remodelling. Investigating the Role of Inter-
nal Fixation on Bone Fractures; 2021.

Page MJ, Moher D, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al.
PRISMA 2020 explanation and elaboration: updated guidance and exemplars
for reporting systematic reviews. Volume 372. The BMJ: BMJ Publishing
Group; 2021.

LiW, Lin D, Rungsiyakull C, Zhou S, Swain M, Li Q. Finite element based bone
remodeling and resonance frequency analysis for osseointegration assess-
ment of dental implants. Finite Elem Anal Des. 2011;47(8):898-905.

Lin D, Li Q, Li W, Duckmanton N, Swain M. Mandibular bone remodeling
induced by dental implant. J Biomech. 2010;43(2):287-93.

Lin CL, Lin YH, Chang SH. Multi-factorial analysis of variables influencing the
bone loss of an implant placed in the maxilla: prediction using FEA and SED
bone remodeling algorithm. J Biomech. 2010;43(4):644-51.

SuK, Yuan L, Yang J, Du J. Numerical simulation of mandible bone remodel-
ing under tooth loading: A parametric study. Sci Rep. 2019;9(1).

Rajaeirad M, Fakharifar A, Posti MHZ, Khorsandi M, Watts DC, Elraggal A, et al.
Evaluating the effect of functionally graded materials on bone remodeling
around dental implants. Dent Mater. 2024;40(5):858-68.

Bourauel C, Celik S, Keilig L, Hasan I. Bone remodelling around den-

tal implants based on functional loading. In: BSSM 13th International

(2025) 11:69

45.

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

58.

59.

60.

61.

62.

63.
64.

65.

Page 10 of 11

Conference on advances in Experimental Mechanics [Internet]. Southamp-
ton, United Kingdom; 2018. Available from: https://www.researchgate.net/pu
blication/327423361

Wang C, Li Q, Mcclean C, Fan Y. Numerical simulation of dental bone remod-
eling induced by implant-supported fixed partial denture with or without
cantilever extension. Int J Numer Method Biomed Eng. 2013;29(10):1134-47.
Rungsiyakull C, Chen J, Rungsiyakull P, Li W, Swain M, Li Q. Bone's responses
to different designs of implant-supported fixed partial dentures. Biomech
Model Mechanobiol. 2015;14(2):403-11.

Assoratgoon |, Wan B, Tenkumo T, Sato T, Kawata T, Putra RH et al. Three-
dimensional in vivo and finite element analyses of peri-implant bone remod-
eling after superstructure placement. J Prosthet Denstistry. 2025;133(6).
Wang C, Fu G, Deng F. Difference of natural teeth and implant-supported
restoration: A comparison of bone remodeling simulations. J Dent Sci.
2015;10(2):190-200.

Chou HY, Muftu S. Peri-implant Bone Remodeling Around an Extraction
Socket: Predictions of Bone Maintenance by Finite Element Method [Inter-
net]. 2012. Available from: https.//www.researchgate.net/publication/230590
517

Hernandez-Rodriguez Y, Lekszycki T. Finite memory model of bone healing in
analysis of moving interface between mandible tissue and bone substitute
material after tooth implant application. Continuum Mech Thermodyn.
2023;35(3):991-8.

Li J, Li H, Shi L, Fok ASL, Ucer C, Devlin H, et al. A mathematical model for
simulating the bone remodeling process under mechanical stimulus. Dent
Mater. 2007;23(9):1073-8.

Salih C. Simulation of Bone Remodeling Process around Dental Implant Dur-
ing the Healing Period [Internet]. [Bonn]; 2021. Available from: https://www.r
esearchgate.net/publication/364658341

Eser A, Tonuk E, Akca K, Dard MM, Cehreli MC. Predicting bone remodeling
around tissue- and bone-level dental implants used in reduced bone width. J
Biomech. 2013;46(13):2250-7.

Field C, Li Q Li W, Thompson M, Swain M. A comparative mechanical and
bone remodelling study of all-ceramic posterior inlay and onlay fixed partial
dentures. J Dent. 2012;40(1):48-56.

Lee HC, Tsai PI, Huang CC, Chen SY, Chao CG, Tsou NT. Numerical Method for
the Design of Healing Chamber in Additive-Manufactured Dental Implants.
Biomed Res Int. 2017;2017.

Martinello PA, Cartagena-Molina AF, Capelletti LK, Fernandes BV, Franco APG,
de Mercuri O. EGF, Adding Mechanobiological cell features to finite element
analysis of an immediately loaded dental implant. Eur J Oral Sci. 2024;132(4).
Mehboob H, Ouldyerou A, ljaz MF. Biomechanical Investigation of Patient-
Specific Porous Dental Implants: A Finite Element Study. Applied Sciences
(MDPI). 2023;13(12).

Mehboob H, Mehboob A, Abbassi F, Ahmad F, Khan AS, Miran S. Bioinspired
porous dental implants using the concept of 3D printing to investigate the
effect of implant type and porosity on patient’s bone condition. Mech Adv
Mater Struct. 2022:29(27):6011-25.

Ouldyerou A, Aminallah L, Merdji A, Mehboob A, Mehboob H. Finite element
analyses of porous dental implant designs based on 3D printing concept to
evaluate Biomechanical behaviors of healthy and osteoporotic bones. Mech
Adv Mater Struct. 2022;30(11):2328-40.

Babayi M, Ashtiani MN, Emamian A, Ramezanpour H, Yousefi H, Mahdavi M.
Peri-implant cell differentiation in delayed and immediately-loaded dental
implant: A Mechanobiological simulation. Arch Oral Biol. 2023;151.

Rousseau N, Chabrand P, Destainville A, Richart O, Milan JL. Mechanobio-
logical model to study the influence of screw design and surface treat-
ment on osseointegration. Comput Methods Biomech Biomed Engin.
2022;25(3):273-89.

Smolin A, Eremina G, Martyshina I, Xie J. Biomechanics of osseointegration of
a dental implant in the mandible under shock wave therapy: in Silico study.
Materials. 2024:17:24.

Li MJ, Kung PC, Chang YW, Tsou NT. Healing pattern analysis for dental
implants using the mechano-regulatory tissue differentiation model. Int J
Mol Sci. 2020,21(23):1-13.

Kung PC, Chien SS, Tsou NT. A hybrid model for predicting bone healing
around dental implants. Materials. 2020;13(12):1-15.

Huang N, Liu P YanY, Xu L, Huang Y, Fu G, et al. Predicting the risk of dental
implant loss using deep learning. J Clin Periodontol. 2022;49(9):872-83.
Lyakhov PA, Dolgalev AA, Lyakhova UA, Muraev AA, Zolotayev KE, Semerikov
DY. Neural network system for analyzing statistical factors of patients for
predicting the survival of dental implants. Front Neuroinform. 2022;16.


https://www.tandfonline.com/doi/full/
https://www.tandfonline.com/doi/full/
https://doi.org/10.1080/10255842.2024.2338121
https://www.researchgate.net/publication/327423361
https://www.researchgate.net/publication/327423361
https://www.researchgate.net/publication/230590517
https://www.researchgate.net/publication/230590517
https://www.researchgate.net/publication/364658341
https://www.researchgate.net/publication/364658341

Nayak and Al-Nawas International Journal of Implant Dentistry

66.

67.

68.

69.

70.

Gelik B, Celik ME. Automated detection of dental restorations using deep
learning on panoramic radiographs. Dentomaxillofacial Radiol. 2022;51(8).
Cha JY, Yoon HI, Yeo IS, Huh KH, Han JS. Peri-implant bone loss measurement
using a region-based convolutional neural network on dental periapical
radiographs. J Clin Med. 2021;10(5):1-12.

Oh'S, Kim YJ, Kim J, Jung JH, Lim HJ, Kim BC et al. Deep learning-based pre-
diction of osseointegration for dental implant using plain radiography. BMC
Oral Health. 2023;23(1).

Zhang C, Fan L, Zhang S, Zhao J, Gu Y. Deep learning based dental implant
failure prediction from periapical and panoramic films. Quant Imaging Med
Surg. 2023;13(2):935-45.

Kung PC, Hsu CW, Yang AC, Chen NY, Tsou NT. Prediction of bone healing
around dental implants in various boundary conditions by deep learning
network. Int J Mol Sci. 2023:24(3).

(2025) 11:69

71.

72.

73.

Page 11 of 11

Huiskes R, Weinans H, Grootenboer HJ, Dalstra M, Fudala B, Slooff TJ. Adaptive
bone-remodeling theory applied to prosthetic-design analysis. J Biomech.
1987:20(11-12):1135-50.

Carter DR, Hayes WC. The compressive behavior of bone as a two-phase
porous structure. J Bone Joint Surg Am Volume. 1977,59(7):954-62.

Altalhi AM, Alharbi FS, Alhodaithy MA, Aimarshedy BS, Al-saaib MY et al. Al
jfshar RM,. The Impact of Artificial Intelligence on Dental Implantology: A
Narrative Review. Cureus. 2023.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿In Silico possibilities to understand peri-implant bone healing- state of the Art
	﻿Abstract
	﻿Introduction
	﻿Method
	﻿Focus question
	﻿Literature search
	﻿Inclusion criteria
	﻿Exclusion criteria
	﻿Screening
	﻿Data classification

	﻿﻿In silico﻿ possibilities findings
	﻿Strain energy density based models

	﻿Strain based models
	﻿Tissue-differentiation theory based models
	﻿Artificial intelligence based models

	﻿Discussion
	﻿Conclusion
	﻿References


