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Large segmental bone defects represent a clinical challenge for which current treatment

procedures have many drawbacks. 3D-printed scaffolds may help to support healing,

but their design process relies mainly on trial and error due to a lack of understanding

of which scaffold features support bone regeneration. The aim of this study was to

investigate whether existing mechano-biological rules of bone regeneration can also

explain scaffold-supported bone defect healing. In addition, we examined the distinct

roles of bone grafting and scaffold structure on the regeneration process. To that

end, scaffold-surface guided migration and tissue deposition as well as bone graft

stimulatory effects were included in an in silico model and predictions were compared

to in vivo data. We found graft osteoconductive properties and scaffold-surface guided

extracellular matrix deposition to be essential features driving bone defect filling in a 3D-

printed honeycomb titanium structure. This knowledge paves the way for the design

of more effective 3D scaffold structures and their pre-clinical optimization, prior to their

application in scaffold-based bone defect regeneration.

Keywords: mechano-biology, bone defect healing, 3D-printed scaffold design, bone tissue engineering, tissue

regeneration, bone graft

INTRODUCTION

Large segmental bone defects represent a clinical challenge for which current treatment procedures
(e.g., autologous bone grafting, Masquelet technique, BMP-2) present several drawbacks such as
the need for an additional surgery, limited graft availability, donor site morbidity or side effects
(Roddy et al., 2018). 3D-printed scaffolds are appealing alternatives due to their versatility in
the design process and ease to customize to the patient-specific defect situation. In pre-clinical
studies, several 3D-printed scaffolds have shown their potential to support bone defect healing
(Cobos et al., 2000; Reichert et al., 2012; Lovati et al., 2016; Shah et al., 2016; Pobloth et al.,
2018; Reznikov et al., 2019); however, their translation to the clinical setting remains challenging
(Hollister, 2009; Hollister and Murphy, 2011). One of the reasons is a lack of understanding of how
known influencing features of 3D-printed scaffold structure (e.g., pore size, geometry, stiffness,
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curvature, material) independently and together impact the
biology of the regeneration process (Hollister, 2009; Metz et al.,
2020). Therefore, current scaffold design processes are mainly
based on trial and error approaches. An in-depth understanding
of how structural design parameters impact each other and
the biology of bone defect healing appears mandatory to allow
predictive healing to occur. Specifically, a 3D-printed bone
scaffold should not aim to replace the missing bone identically
but rather to provide a suitable environment for bone to regrow.
Computer modeling (benchmarked against in vivo data) could
help unraveling the principles of bone defect regeneration and
allow a pre-operative planning of a patient own scaffolding
strategy and thus the optimization of a 3D-printed customized
scaffold enabling bone defect healing.

In silico mechano-biological models have been previously
extensively developed and validated against in vivo data for
successful bone healing, using both continuous approaches
(Lacroix and Prendergast, 2002; Isaksson et al., 2006, 2007;
Burke and Kelly, 2012) and agent-based models (Byrne et al.,
2011; Checa et al., 2011; Vetter et al., 2012; Repp et al.,
2015; Borgiani et al., 2019). Some of these models have also
been used to investigate scaffold-supported bone regeneration
(Byrne et al., 2007; Sanz-Herrera et al., 2008; Checa and
Prendergast, 2010; Sun et al., 2013; Liu et al., 2019) and
the interaction between scaffold design properties and tissue
regeneration for bone (Bashkuev et al., 2015; Boccaccio et al.,
2016) or cartilage applications (Kelly and Prendergast, 2006).
However, to the authors’ knowledge, their predictive capability
has never been tested against experimental data. Moreover,
most of these models have ignored or highly simplified any
mechanical or biological interaction between the scaffold and the
regeneration process.

Experimentally, several scaffold design features have been
shown to play an essential role in bone ingrowth and defect
regeneration, e.g., the scaffold’s material properties (Lichte et al.,
2011), porosity or pore size (Bose et al., 2012). In addition,
it has been suggested that scaffolds act as a template along
which the bone regeneration process occurs (Cipitria et al., 2012;
Pobloth et al., 2018). Specifically, it has been postulated that a
scaffold surface can guide cell migration and tissue deposition
processes (Kellomäki et al., 2000; Sengers et al., 2007; Cipitria
et al., 2012; Werner et al., 2018), however, the relative role of
scaffold guidance for bone regeneration remains largely unclear.

To identify key design features of 3D-printed scaffolds
in defect regeneration is challenging since biomaterials are
usually not used alone but in combination with bone grafting
or BMP-2 to increase the success rate of the bone defect
regeneration (Viateau et al., 2007; Pobloth et al., 2018). It
is thought that cells (pre-osteoblasts and/or osteoprogenitors)
contained in a bone graft contribute to healing and that
bone grafts have osteoconductive (guiding new bone ingrowth)
and osteoinductive (enhancing bone deposition) properties
(Finkemeier, 2002), however, how these properties contribute
to the overall healing process remains poorly understood. Until
now, a systematic analysis of these bone graft stimulatory features
is lacking, as well as the understanding of which of the 3D-printed
scaffold features are essential in bone defect regeneration.

The aim of this study was (1) to investigate the potential of an
existing bone regeneration mechano-biological computer model
to explain scaffold-supported bone healing and (2) to investigate
the relative contribution of scaffold guidance and bone graft
stimulation to bone regeneration within a scaffold. To do this,
new features were implemented in a mechano-biological in silico
model for bone healing (Checa et al., 2011) to describe graft-
and scaffold-supported bone regeneration and tested against
in vivo data.

MATERIALS AND METHODS

Simulated in vivo Experiments
A previously described in vivo study (Pobloth et al., 2018) was
used to compare in silico predictions to in vivo observations of
large bone defect tissue patterning. Details of the experimental
study design are only briefly described here. A large tibial
bone defect in sheep was used to study bone defect healing.
To investigate the role of scaffold overall stiffness on bone
regeneration, 12 sheep underwent a 4 cm osteotomy in the right
tibia that was filled with a relatively soft or stiff customized 3D
printed titanium scaffold. Scaffolds had a honeycomb structure,
identical topology but different strut thicknesses (1.2 or 1.6 mm)
leading to overall soft (0.84 GPa) or stiff (2.88 GPa) scaffolds. The
osteotomy was held in place using a steel locking compression
plate. In addition, autografts taken from the iliac crest were
crushed and filled into the scaffold pores before implantation.
Radiographs were performed every 4 weeks to evaluate progress
in bone defect regeneration. The animals were sacrificed 24 weeks
post-surgery, tibia was harvested and histomorphometrical
analysis was performed on a mid-sagittal cut to visualize bone
and cartilage formation within the defect. In this study, the
soft scaffold was used to investigate the influence of scaffold
guidance and bone graft stimulation on scaffold-supported bone
regeneration. Therefore, all parameter analyses were done for the
soft scaffold configuration. Only the model with best prediction
capabilities was then tested in the stiff scaffold configuration.

In silico Baseline Bone Regeneration
Model
A previously described and experimentally validated bone
regeneration computer model was used (Checa et al., 2011).
The computer model couples agent-based and finite element
(FE) models to simulate bone growth within the healing region
as depicted in Figure 1. This framework will be referred to
as “baseline model” in the following and described in sections
“Agent-Based Model” and “Finite Element model.”

Agent-Based Model

An agent-based model accounting for cellular activities
(proliferation, apoptosis, migration, and differentiation) was
implemented in C++. The callus space was discretized into a
3D grid (spacing 100 µm) in which each point was occupied
by maximum one of the following cell phenotypes: progenitor
cell, fibroblast, chondrocyte, mature osteoblast or immature
osteoblast. Since the distance between agents was larger than the
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FIGURE 1 | Bone regeneration computer model flowchart.

expected cell size, a single agent would actually contain several
cells as well as the corresponding extracellular matrix. Therefore,
cells and tissues were identified in the model.

Unless specified differently, progenitor cells were initially
seeded along the periosteum and in the marrow cavity, occupying
30% of all free positions. They were implemented to migrate
randomly at amean speed of 30µm/h (Appeddu and Shur, 1994).
Cell differentiation toward another phenotype was possible once
the progenitor cell was mature (more than 6 days), depending
on a mechano-regulation algorithm based on shear strain and
fluid velocity (Huiskes et al., 1997; Prendergast et al., 1997)
with threshold values following Lacroix and Prendergast (Lacroix
and Prendergast, 2002; Table 1). Cells and corresponding tissues
being identified, the simulated differentiation included thematrix
deposition process.

All cell phenotypes were allowed to proliferate providing
that their surrounding mechanical microenvironment was
appropriate (depending on the mechano-regulation thresholds)
or would undergo apoptosis otherwise, with proliferation and
apoptosis rates given in Table 2.

Finite Element Model

A biphasic poroelastic finite element (FE) model of the 4
cm tibial osteotomy was developed in ABAQUS/CAE v.6.12
(Simulia, Rhode Island) based on an idealized geometry: intact
bone extremities were modeled as hollow cylinders (radius
10 mm) representing the cortical bone shell (2.5 mm thick) and
containing the bone marrow cavity (radius 7.5 mm). The callus
was obtained by rotating a circle arc of maximum thickness
10 mm at mid-height, and overlapping 10mm over intact cortical
bone extremities. The scaffold geometries were imported from
original CAD files of the scaffolds used in the experimental setup.
The steel fixation plate was also imported from a CAD file while
the eight steel screws were approximated as beam elements with
circular section (Figure 2A).

All biological tissues were modeled as poroelastic materials
with properties given in Table 3. Titanium and steel were
considered linear elastic materials, with Young’s modulus 104 and
210 GPa, respectively, and Poisson’s ratio 0.3.

Mechanical loading conditions aimed to simulate the peak
load under normal walking conditions: a proximal-distal axial
load (compression) of 1,372 N [corresponding to 2 body
weights (BW)] and an anterior-posterior moment (bending) of
17.125 Nm (corresponding to 0.025 BWm at the fixed end of
an intact bone) (Duda et al., 1997) were applied on the bone
proximal extremity, the distal being constrained in rotation and
translation (encastre). Pore pressure was constrained to be zero
on the poroelastic materials’ outer surface (callus, cortical bone
and marrow). The screws were fixed to the plate using multi-
point constraints of type beam. Tie constraints were defined
between callus and intact bone extremities, implant and callus,
and intact bone and screws.

The model was meshed using second-order elements of the
following types: hexahedral elements of average size 2.5 mm for
the cortical bone, the bone marrow and the plate; beam elements
of size 1 mm for the screws; and tetrahedral elements of average
size 0.7 mm for the callus and the scaffold.

The callus was initially filled with granulation tissue. The
FE model was updated iteratively to account for extracellular
matrix (ECM) deposition and tissue mechanical property
changes in the callus following a rule of mixtures (Lacroix
et al., 2002): the mechanical properties of the different
cell types present in an element of the FE model were
averaged to compute the material properties of the element
(Table 3). To account for the delay in actual ECM deposition,
each element’s properties were averaged over the last 10
iterations, namely 10 days (Lacroix and Prendergast, 2002).
The FE model was next run in ABAQUS/Standard v.6.12
(Simulia, Rhode Island) to compute the corresponding mechano-
regulation stimulus.
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TABLE 1 | Mechano-regulation algorithms for progenitor cell differentiation.

Stimulus: S =
γ

a
+

v

b
γ: shear strain, v: fluid velocity

a = 0.0375a, b = 0.003 mm/sa

Bone resorption Mature bone Immature bone Cartilage Fibrous tissue

Thresholdsa,b S ≤ 0.01 0.01 < S ≤ 0.53 0.53 < S ≤ 1 1 < S ≤ 3 3 < S

a(Huiskes et al., 1997). b(Lacroix and Prendergast, 2002).

Simulation of the Bone Graft Stimulatory
Effects
The baseline bone healing algorithm was modified to account
for three potential biological stimulatory effects of the bone graft
present in the scaffold pores (Figures 2C, 3A,B and Table 4):

1. Osteoconductive effects (guiding new bone ingrowth)
(Finkemeier, 2002) were modeled by limiting progenitor
cell migration and/or proliferation after a latency period
(15 days) to the regions containing graft. This latency
period was defined to account for the fact that progenitor
cells would stop being biologically active after a few days
without a biological stimulus.

2. Osteoinductive effects (enhancing bone deposition)
(Finkemeier, 2002) were modeled by increasing the rate
of progenitor cell differentiation toward osteoblasts from
0.3 to 0.5 in the regions containing graft. In this case,
progenitor cell migration and proliferation were limited to
the latency period defined above.

3. Bone graft-contained progenitor cells (Finkemeier, 2002)
were modeled by the initial seeding of progenitor cells in
0.1% of the available graft volume. A 15-days latency period
was also implemented in this case.

Those effects were investigated both independently and in
the following combinations: osteoconductive and osteoinductive
effects without and with bone graft-contained progenitor cells.

Additionally, a hypothetical case corresponding to the absence
of any stimulatory effect of the graft was simulated by
implementing a latency period in the baseline simulation, after
which both progenitor cell migration and proliferation would
stop. This “non-stimulated bone regeneration model” served as
a new baseline to investigate further effects.

Simulation of Scaffold-Surface Guidance
Two features were implemented to investigate the role of scaffold-
surface guidance (Sengers et al., 2007; Cipitria et al., 2012;

TABLE 2 | Cell activity rates (adapted from Checa et al. (2011).

Cell type Proliferation

rate (/day)

Apoptosis

rate (/day)

Differentiation

rate (/day)

Migration

speed (µm/h)

Progenitor cells 0.6a 0.05a 0.3a,1 30b

Fibroblasts 0.55a 0.05a – –

Chondrocytes 0.2a 0.1a – –

Osteoblasts 0.3a 0.16a – –

1Unless specified differently. a(Isaksson et al., 2008). b(Appeddu and Shur, 1994).

Werner et al., 2018) on bone regeneration (Figures 2B, 3C,D
and Table 4):

1. Surface-guided migration: a progenitor cell was allowed to
migrate to a randomly picked new position only if at least
one of the new position’s neighboring points was occupied
by tissue (bone, cartilage, fibrous tissue) or scaffold. This
assumes that a progenitor cell can only migrate along
an existing tissue or scaffold-surface and not within the
granulation tissue.

2. Surface-guided extracellular matrix (ECM) deposition: a
progenitor cell was allowed to differentiate into a new
phenotype and thus deposit the corresponding tissue only
if at least one of its neighboring positions was occupied by
tissue or scaffold. This assumes that new tissue deposition
cannot happen within granulation tissue but needs a
substrate (pre-existing tissue, scaffold) to attach to.

These two features were compared to the non-stimulated bone
regeneration model (as explained in section “Simulation of the

Bone Graft Stimulatory Effects”) and in combination with graft
osteoconductive effects (section “Simulation of the Bone Graft

Stimulatory Effects”). Since in vivo tissue formation was not
observed along the plate (Pobloth et al., 2018), the plate was not
simulated to provide any guidance in any of the cases.

Output Analysis
Computer model predictions were compared to X-ray and
histological data. Therefore, algorithms were developed to
extract similar images as computer model output. In addition,
quantification of the regenerated bone was compared to
histological measures.

Output for X-ray-Like Image Prediction

To compare the time evolution of the bone healing process within
the scaffolds, X-ray-like images were computationally generated
at the same time points than experimentally: 0, 4, 8, 12, 16, 20, and
24 weeks. Neglecting the surrounding soft tissues and their X-ray
scattering, the images were obtained using the Beer-Lambert law:

I = I0e
−kx

with I the observed intensity, I0 the initial intensity (an arbitrary
value 1 was chosen for normalization), k the material attenuation
coefficient and x the material thickness (Bushberg, 2012). Taking
the grid spacing (100 µm) of the agent-based model for x and
the attenuation coefficients defined by the NIST,1 the attenuation
over all crossed grid points in the X-ray beam direction was

1https://physics.nist.gov/PhysRefData/XrayMassCoef/tab4.html
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FIGURE 2 | Model setup description. (A) Finite element model of the 4 cm osteotomy with a zoom within scaffold pores. The color code given on the left shows the

different materials defined at the initial time point (after implantation). (B) Scaffold-surface guidance effects. (C) Bone graft stimulatory effects.

TABLE 3 | Tissue material properties (adapted from Checa et al., 2011).

Granulation tissue Fibrous tissue Cartilage Immature bone Mature bone Cortical bone Marrow

Young’s modulus (MPa) 0.2 2 10 1,000 17,000 17,000 2

Permeability (10−14 s.m4/N) 1 1 0.5 10 37 0.001 1

Poisson’s ratio 0.167 0.167 0.3 0.3 0.3 0.3 0.167

Bulk modulus grain (MPa) 2,300 2,300 3,700 13,940 13,940 13,920 2,300

Bulk modulus fluid (MPa) 2,300 2,300 2,300 2,300 2,300 2,300 2,300

summed, thereby revealing the corresponding radiograph. The
contrast was then adapted to be as close as possible to the
experimental images.

Output for Histological-Like Image Prediction

Histology-like images were extracted from the computer model
predictions to compare with the experimental histology images
obtained at 24 weeks post-surgery using Safranin Orange/von
Kossa staining. To do so, the predicted tissue distribution in the
mid-sagittal plane was represented with 100 µm-sided pixels in
colors similar to the staining: black for bone, dark red for cartilage
and light red for fibrous tissue. Zones without any tissue were left
white, while intact bone, scaffold and fixation plate were depicted
in gray nuances. To allow comparison between different in silico
predictions, the images were generated at the same time points as
the X-ray pictures: 4–24 weeks, with a 4-week interval.

Quantification of Predicted Bone Tissue Area in the

Mid-Sagittal Plane

To allow for a quantitative comparison, the relative bone tissue
area on the mid-sagittal plane was evaluated after 24 weeks.
The experimental histology pictures were segmented for bone
(in black) using ImageJ (Abramoff et al., 2003), after closing
the pores (as they are not predicted by the bone regeneration
computer model presented here). In the predicted histology-like
images of bone healing, the lattice points of the mid-sagittal

plane occupied by bone were counted at time point 24 weeks.
This quantification was conducted only for the simulation cases
showing a prediction qualitatively close to the experimental
pictures, e.g., with a completely healed defect after 24 weeks. The
quantifications are given as a percentage of the available surface
in three different regions of interest (lateral, medial and central)
described in Figure 4A.

RESULTS

The output obtained for the baseline model and the non-
stimulated bone regeneration model were compared to the
experimental data (section “Baseline Simulation”). Then, the
results of the addition of bone graft stimulatory effects and
scaffold-surface guidance features were investigated individually
and in combination to compare them between each other and to
the experimental data (as summarized in Table 4).

Baseline Simulation
When a previously validated bone healing algorithm for
uneventful bone healing (Checa et al., 2011) was used, the bone
defect regeneration across a large defect (4 cm) filled with a
titanium scaffold (Pobloth et al., 2018) could not be predicted.
The experimentally observed bone tissue formation patterns in
the defect were neither reproduced in their dynamics nor by
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FIGURE 3 | Pseudo-code for the newly implemented features. (A) Graft stimulatory effect on progenitor cell migration. (B) Graft stimulatory effect on progenitor cell

proliferation. (C) Surface-guided migration. (D) Surface-guided extracellular matrix deposition.

comparing the end time point (24 weeks) (Figures 5A–D and
Supplementary Figure S1). The baseline bone healing algorithm
predicted large amounts of regenerated bone that occupied most
of the callus volume and capped the bone marrow cavities
proximally and distally. However, in vivo an opening of the
bone marrow cavity was observed and bone formation occurred
mainly within the scaffold pores. A smaller amount of bone
was observed in vivo on the medial side (under the plate)
while more bone formation bridging the defect was observed
on the lateral side (Figure 4B). This difference was not detected
by the in silico predictions. Furthermore, the amount of bone
in the central region of interest was largely overestimated:
72% instead of 35% (Figure 4B). In vivo, tissue formation
was characterized by fibrocartilage patterning or endochondral
ossification along the scaffold struts that was hardly predicted by
the bone healing algorithm in silico. In addition, the bone healing
algorithm predicted a dynamic filling process with bridging of the

defect after roughly 18 weeks, whereas experimentally bridging
occurred on average after 12 weeks. After 18 weeks, the computer
model algorithm predicted significant bone remodeling that was
not observed in vivo.

If the stimulatory effects were taken out in the baseline bone
healing algorithm (non-stimulated bone regeneration model:
progenitor cell migration and proliferation stopped after a 15-
days latency period; Figure 5E), healing was largely impaired,
resulting in non-union and capping of the bone marrow cavities.

Bone Graft Stimulatory Effects in
Scaffold-Supported Bone Regeneration
Making graft presence a prerequisite for progenitor cell
migration or proliferation (bone graft osteoconductive
effects: Figures 6A,B) resulted in bone growth patterning
confined within the scaffold pores. However, it did not reproduce
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TABLE 4 | Summary of the bone healing simulations and their characteristics.

Simulation name Scaffold

configuration

Figure Latency

period

Graft stimulatory effects Surface guidance features

Baseline model Soft 5D

4B (2)*

No None None

Non-stimulated bone regeneration model Soft 5E Yes None None

Graft stimulatory effect on cell migration Soft 6A

4B (3)*

Yes Osteoconductive None

Graft stimulatory effect on cell proliferation Soft 6B

4B (4)*

Yes Osteoconductive None

Graft stimulatory effect on cell differentiation Soft 6C Yes Osteoinductive None

Combined graft osteoconductive and osteoinductive effects Soft 6D

4B (5)*

Yes Osteoconductive + osteoinductive None

Bone graft-contained progenitor cells Soft 6E

4B (6)*

Yes Initial seeding of progenitor cells None

Combined bone graft-contained progenitor cells with

osteoconductive and osteoinductive effects

Soft 6F

4B (7)*

Yes Osteoconductive + osteoinductive +

initial seeding of progenitor cells

None

Surface-guided migration with non-stimulated bone

regeneration

Soft 7A Yes None Surface-guided migration

Surface ECM deposition with non-stimulated bone

regeneration

Soft 7B Yes None Surface ECM deposition

Surface-guided migration with bone graft osteoconductive

effects

Soft 7C Yes Osteoconductive Surface-guided migration

Surface ECM deposition with bone graft osteoconductive

effects

Soft 7D

4B (8)*

Yes Osteoconductive Surface ECM deposition

Surface ECM deposition with bone graft osteoconductive

effects

Stiff 8B Yes Osteoconductive Surface ECM deposition

*The number in parentheses refers to the bar chart reference number for the simulation case on Figure 4B.

the experimentally observed differences in bone regeneration
between medial (under the plate) and lateral sides (Figure 4B).
The dynamics of the simulated osteoconductive effects was
slightly slower than the baseline simulation (bridging achieved
after ca. 20 weeks), and consequently slower than in vivo (average
bridging after 12 weeks).

Enhancing progenitor cell differentiation into osteoblasts
in regions containing graft (bone graft osteoinductive effects:
Figure 6C) did not have much impact when compared to the
non-stimulated bone regeneration model, leading to similar
patterning and very slow regeneration process.

When combining bone graft osteoconductive and
osteoinductive effects (Figure 6D), the patterning resulting
from isolated osteoconductive effects was further enhanced,
eventually confining bone deposition within the scaffold pores
and achieving bridging in ca. 20 weeks. In particular, the central
ROI quantification fitted well the experimental data: 41 vs.
35% (Figure 4B). However, not only did the final patterning
not reproduce the medial-lateral difference observed in vivo,
but it also led to a marrow cavity capping by regenerated bone
consistently not seen in vivo.

Modeling the filling of the scaffold with bone grafting as
an additional source of progenitor cells (Figure 6E) resulted
in a much faster process, bridging being predicted after 10
weeks. Different from the experimental results was the very
homogeneous growing process, bone being predicted across the
whole defect length simultaneously instead of growing from
the bone osteotomy cuts as observed in vivo on X-ray images
(Figure 5B). Besides, bone was overpredicted in the medial

and central ROIs (Figure 4B). If the bone healing algorithm
included all three graft stimulatory affects (bone graft-contained
progenitor cells, osteoconductive and osteoinductive properties)
(Figure 6F), bone bridging was predicted after 9 weeks. In
addition, the bone marrow channel opened, and a trend to more
bone formation on the lateral side compared to the medial side
(under the plate) could be observed: 69 and 63% instead of 59
and 34% in the simulated and experimental images, respectively
(Figure 4B). The central ROI prediction of 55% was within the
range of the experimental measures (maximal value of 58%).
However, the healing process was very homogeneous through the
entire defect instead of starting from the bone osteotomy cuts.

Scaffold-Surface Guidance Features in
Scaffold-Supported Bone Regeneration
Surface guidance features further slowed down the impaired
regeneration predicted in the non-stimulated bone regeneration
model, confining bone growth mostly to the scaffold pores
(Figures 7A,B). Both cases resulted in a non-union, and marrow
cavity capping was observed due to osteoblast proliferation and
consequent bone deposition.

Combining surface guidance features with bone graft
osteoconductive effects (Figures 7C,D and Supplementary

Figure S1) resulted in a better patterning at the end of the
regeneration process, with bone being confined to the scaffold
pores. Thus, the central ROI quantification was close to the
experimental measures: 40 vs. 34% (Figure 4B). However, there
was hardly no difference between medial and lateral bone
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FIGURE 4 | Bone area quantification in the mid-sagittal plane. (A) Regions of interest. (B) Percentage quantification in the experiment (the error bar shows the

minimal and maximal values among the six animals) and in various simulation cases referred to in the legend on the bottom.

volumes (60% bone area in both cases), contrary to in vivo
(Figure 4B). The surface ECM deposition feature (Figure 7D)
resulted in a slightly slower process than the baseline simulation
(bridging in 22 weeks), while the surface-guided migration
(Figure 7C) predicted non-union after 24 weeks, what did not
match the in vivo observations.

Surface ECM Deposition and Bone Graft
Osteoconductive Effects in the Stiff
Scaffold
When applying the simulation setup with graft osteoconductive
effects and surface ECM deposition to the stiff scaffold design
(Figure 8), the regeneration process was very similar to the soft
scaffold design (Figure 7D). It did not show the differences

observed in vivo, namely a significantly slower process (bridging
in at least 24 weeks) and less regenerated bone. In particular,
when quantifying the bone proportion in the ROIs defined in
Figure 4, proportions of 57, 56, and 36% were predicted by the
model in the lateral, medial and central ROIs, respectively, while
experimentally they were in average of 44, 25, and 21%.

DISCUSSION

3D printed scaffolds appear as a promising alternative for the
treatment of large bone defects; however, until now there is
little understanding of the mechano-biological rules driving
scaffold-supported bone regeneration. In this study, we analyzed
whether a previously validated bone healing algorithm could
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FIGURE 5 | Bone healing dynamics over time: (A) in vivo, X-ray images (anteroposterior); (B) in silico, simulated X-ray images (anteroposterior) using the baseline

bone healing algorithm (Checa et al., 2011); (C) in vivo, 24-week histology image (mid-sagittal), Safranin Orange/von Kossa staining; (D) in silico, simulated histology

pictures (mid-sagittal) with baseline simulation; (E) in silico, simulated histology pictures (mid-sagittal) in the non-stimulated bone regeneration model. The color code

for the simulated histology pictures is given on the right.

predict scaffold-supported bone defect healing to identify
specific mechano-biological factors which might differ between
these modes of bone regeneration. The new bone defect
healing algorithm introduced in the present work revealed
specific mechanisms behind scaffold-supported bone healing.
Our findings illustrate the relevance of (1) scaffold surfaces as
a guide for bone defect regeneration and (2) the stimulatory
role of autologous bone grafting as filling for such scaffolds.
Both features taken together allowed to mimic the experimentally
observed bone tissue patterning in a large bone defect supported
by a titanium scaffold and autologous bone grafting, both
qualitatively and quantitatively.

Although already used to predict bone regeneration within
scaffolds (Sanz-Herrera et al., 2008; Checa and Prendergast,
2010; Boccaccio et al., 2016), most of the existing mechano-
biological computer models had never been validated against
experimental data. In this study, we implemented an existing

computer model of bone regeneration which had been validated
for uneventful bone healing (Lacroix and Prendergast, 2002;
Checa et al., 2011) and tested its potential to predict bone
regeneration within a large bone defect in sheep supported
with a titanium scaffold (Pobloth et al., 2018). Our results
show that mechano-biological models of uneventful bone
regeneration are not able to explain scaffold-supported bone
regeneration. For the specific experimental setup investigated in
this study, our simulations showed an overestimation of the bone
formation, with different dynamics and patterning from those
observed experimentally.

Based on experimental observations of limited bone formation
in untreated large bone defects (Mehta et al., 2012), an activity
latency period (15 days) for progenitor cells was implemented
in the baseline model to simulate a hypothetical case of
non-stimulated bone regeneration. Simulation results led to
non-union with bone marrow cavity capping, as observed in
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FIGURE 6 | Bone graft stimulatory effects on scaffold-supported bone regeneration: (A) graft stimulatory effect on cell migration (osteoconductivity); (B) graft

stimulatory effect on cell proliferation (osteoconductivity); (C) graft stimulatory effect on cell differentiation; (D) combined graft osteoconductive and osteoinductive

effects; (E) bone graft-contained progenitor cells; (F) combined bone graft-contained progenitor cells with osteoconductive and osteoinductive effects. The color

code is given on the right.

experimental studies on non-unions (Mehta et al., 2011; Schlundt
et al., 2018). This approach has been already used to model
impaired healing in silico (Borgiani, 2020).

In this study, two novel features were introduced in a pre-
existing bone healing algorithm: the bone graft stimulatory
effects and the scaffold-surface guidance features. Although the
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FIGURE 7 | Surface guidance features: (A) surface-guided migration with non-stimulated bone regeneration; (B) surface ECM deposition with non-stimulated bone

regeneration; (C) surface-guided migration with bone graft osteoconductive effects; (D) surface ECM deposition with bone graft osteoconductive effects. The color

code is given on the right.

FIGURE 8 | Stiff scaffold (strut width 1.6 mm)—surface ECM deposition with bone graft osteoconductive effects.

exact composition and effect of autologous bone grafts are
not well known and described yet, it has been hypothesized
that they are an additional source of progenitor cells (direct
effect on bone formation) and present osteoconductive and
osteoinductive properties (indirect effect on bone formation),
thus guiding the regeneration process and enhancing bone

deposition (Finkemeier, 2002). To the authors’ knowledge, the
relative contribution of those potential effects has not been
investigated yet with the help of in silico modeling. We found
here that bone graft-contained progenitor cells would lead to
a bone healing process different to the one observed in vivo:
predictions showed concurrent bone growth throughout the
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entire defect at the same pace and not from the intact bone
extremities, as seen in X-ray images. Additional graft stimulatory
effects might be related to the presence of proteins enhancing
the recruitment and activity levels of the progenitor cells. Thus,
the osteoconduction of the graft was described by a limitation of
progenitor cell migration and proliferation to regions containing
graft, what led to a regeneration process confined within the
scaffold pores. When combining osteoinductive (progenitor cell
enhanced differentiation into bone) and osteoconductive effects
with graft-contained progenitor cells, a good agreement between
in silico and in vivo results in terms of final bone patterning
was achieved, however, the dynamics of the healing did not
reproduce experimental findings with bridging starting from
the intact extremities. To the author’s knowledge, only one
other group included graft features within an in silico model
for bone regeneration: Sanz-Herrera et al. (2008) accounted for
enhanced osteoconduction in a grafted scaffold via a better cell
adhesion efficiency. Here, our results suggest that bone graft
osteoconductive effects play a major role for the regeneration
of the bone, while graft-contained progenitor cells do not seem
major actors in this healing process.

Second, scaffold-surface guidance effects on bone regeneration
were investigated, assuming that the scaffold provides a template
on which tissue is preferentially deposited and/or along which
progenitor cells preferentiallymigrate. Structured scaffold surface
was indeed shown to guide the bone regeneration process in
experimental studies (Cipitria et al., 2012; Berner et al., 2014;
Pobloth et al., 2018). This is however dependent on the type of
scaffold, coating and surgical approach: Reichert et al. (2011),
for instance, reported a bone regeneration process happening
mostly from the endosteal side and within the bone marrow.
Here, using surface ECM deposition in addition to the bone graft
osteoconductive effects resulted in bone healing predictions that
were closer to the experimental data. Only few computer models
have previously investigated the effect of scaffold guidance on
bone regeneration. Schmitt et al. compared computer model
predictions with histological images of mandible regeneration to
study bone ingrowth within a titanium scaffold (Schmitt et al.,
2016). They obtained good correlation in the bone patterning
within the scaffold pores using a diffusion-based setup coupled
with a mechanical framework (principal stresses). However,
they took only progenitor cells and ossification into account
(without including any other phenotype) and restricted the
study to 2D. The isolated effect of scaffold guidance (without
bone graft) was also investigated by Paris et al. (2017). They
developed a computer model to predict soft and mineralized
tissue formation within a PCL 3D-printed scaffold as guided by
scaffold surface curvature. They showed that curvature could
account for the collagen and mineralized bone tissue patterning
observed ex vivo. However, the model only investigated non-
healing sample groups. In this study, using a computer model
of bone regeneration, we investigated the mechanisms behind
scaffold-supported bone healing.

Although our model was able to predict bone tissue formation
within one of the scaffold designs investigated in vivo (the
soft one) when implementing a combination of bone graft
osteoconductive effects and surface ECM deposition, the same
model failed to reproduce the experimental observations for the

stiff scaffold configuration. Computer model predictions of bone
healing within the stiff scaffold did not show good agreement
with experimental observations, predicting neither less bone than
in the soft one, nor the significantly slower dynamics. A reason
for that could be that the stiff scaffold has a bigger surface
area (ca. 1,000 mm2 vs. 840 mm2), so that the surface guidance
features of our model may favor the healing in its presence.
This suggests that the stiffer mechanical environment might have
stronger effects not included in the current model, such as a
mechanically driven influence on cellular migration (Lo et al.,
2000; Von Offenberg Sweeney et al., 2005; Dietrich et al., 2018)
or proliferation (Hannafin et al., 2006; Saha et al., 2006; Moreo
et al., 2008). Further work is required to investigate which of those
mechanisms can explain the in vivo differences.

Our approach of modeling bone defect healing has also
limitations and does not explain all experimental observations.
First, there was no or very limited bone growth under the
fixation plate (medial side) experimentally (Pobloth et al., 2018),
which was not predicted so extensively in silico. One reason
for the differential growth might be the lower strains in this
region leading to strain shielding. However, the differences in
the predicted mechanical signals between the medial and lateral
sides were not enough to lead to predictions of different bone
healing patterns in both sides, suggesting that there might be
additional effects not taken into account, such as a biological
reaction to the plate or disrupted soft tissues due to the surgery.
Second, most of the animals showed a fibrocartilage layer
around the scaffold struts that was hardly seen in silico. This
phenomenon could also be explained by mechanics, because
higher strains directly around the scaffold struts would result in
a fibrocartilage favorable stimulus. Those might not be captured
in our model due to a too coarse finite element mesh. In
addition, a biological reaction to the surface might also account
for the lack of bone direct attachment, known to be highly
dependent on the surface chemical treatment (Soares et al.,
2018; Su et al., 2018; Pippenger et al., 2019) and topography
(Davies et al., 2013; Liddell et al., 2017). Lastly, some limitations
of the model should be mentioned: revascularization was not
included in the model as elsewhere (Checa and Prendergast,
2010; Burke and Kelly, 2012) but was assumed to be sufficient
not to slow down the regeneration process. Vascularization of
scaffolds for large bone defects is generally limited and remains
a key challenge in bone tissue engineering (Laschke et al.,
2006; Bose et al., 2012; Stratton et al., 2016; Bienert, 2019),
what could partially contribute to observed healing patterns.
Future studies should further investigate the relative effect of
angiogenesis on scaffold-supported healing. Lastly, a strong
remodeling was predicted in silico in the baseline model due
to the high sensitivity of the model to slight strain changes
around the mature bone formation to resorption limit. This
is however not likely to happen in vivo. Future in silico
models should investigate the mechanical regulation of bone
remodeling during healing.

To summarize, here we presented new model features
for a coupled multiscale mechano-biological model for bone
regeneration to predict scaffold-supported bone regeneration,
including bone graft stimulatory effects (osteoconduction,
osteoinduction, source of progenitor cells) and scaffold-surface
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guidance features. We showed that a combination of bone
graft osteoconductive effects and scaffold-surface guided ECM
deposition could explain the patterning and healing dynamics
observed in an in vivo scaffold-supported large bone defect
regeneration study. Validated in silico models of scaffold-
supported bone regeneration are a powerful tool for the
prediction of the healing outcome of a given large bone defect
with a specific scaffold. Rather than mimicking intact bone
mechanical properties and internal structure, scaffold design
should make use of such in silico modeling approaches allowing
for a yet missing a priori evaluation of scaffold performance in
enhancing the natural bone regeneration process.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher. The computer model source files were made
available on the following repository: https://github.com/camille-
PM/mechanobio_bone.

AUTHOR CONTRIBUTIONS

SC and GD designed the study. CP-M developed in silicomodels
and collected the data. CP-M and SC interpreted the data
and drafted the manuscript. All authors read and revised the
manuscript and approved its content.

FUNDING

This work was supported by MINES ParisTech – PSL Research
University (France). We acknowledge support from the German
Research Foundation (DFG) and the Open Access Publication
Fund of Charité – Universitätsmedizin Berlin.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.585799/full#supplementary-material

REFERENCES

Abramoff, M., Magalhães, P., and Ram, S. J. (2003). Image processing with ImageJ.

Biophotonics Int. 11, 36–42.

Appeddu, P. A., and Shur, B. D. (1994). Molecular analysis of cell surface beta-

1,4-galactosyltransferase function during cell migration. PNAS 91, 2095–2099.

doi: 10.1073/pnas.91.6.2095

Bashkuev, M., Checa, S., Postigo, S., Duda, G., and Schmidt, H. (2015).

Computational analyses of different intervertebral cages for lumbar spinal

fusion. J. Biomech. 48, 3274–3282. doi: 10.1016/j.jbiomech.2015.06.024

Berner, A., Woodruff, M. A., Lam, C. X. F., Arafat, M. T., Saifzadeh, S., Steck, R.,

et al. (2014). Effects of scaffold architecture on cranial bone healing. Int. J. Oral

Maxillofac. Surg. 43, 506–513. doi: 10.1016/j.ijom.2013.05.008

Bienert, M. (2019). Angiogenesis in bone tissue engineering. J. Stem. Cell Res. Med.

3, 1–2. doi: 10.15761/JSCRM.1000129

Boccaccio, A., Uva, A. E., Fiorentino, M., Lamberti, L., and Monno, G. (2016). A

mechanobiology-based algorithm to optimize the microstructure geometry of

bone tissue scaffolds. Int. J. Biol. Sci. 12, 1–17. doi: 10.7150/ijbs.13158

Borgiani, E. (2020). Multiscale in Silico Model to Investigate Compromised

Bone Healing Conditions. Technische Universität Berlin. doi: 10.14279/

DEPOSITONCE-10604

Borgiani, E., Figge, C., Kruck, B., Willie, B. M., Duda, G. N., and Checa, S. (2019).

Age-related changes in the mechanical regulation of bone healing are explained

by altered cellular mechanoresponse. J. Bone Miner. Res. 34, 1923–1937. doi:

10.1002/jbmr.3801

Bose, S., Roy, M., and Bandyopadhyay, A. (2012). Recent advances in bone tissue

engineering scaffolds. Trends Biotechnol. 30, 546–554. doi: 10.1016/j.tibtech.

2012.07.005

Burke, D. P., and Kelly, D. J. (2012). Substrate stiffness and oxygen as

regulators of stem cell differentiation during skeletal tissue regeneration:

a mechanobiological model. PLoS One 7:e40737. doi: 10.1371/journal.pone.

0040737

Bushberg, J. T. (ed.) (2012). The Essential Physics of Medical Imaging, 3rd Edn,

Philadelphia, PA: Lippincott Williams &Wilkins.

Byrne, D. P., Lacroix, D., Planell, J. A., Kelly, D. J., and Prendergast, P. J. (2007).

Simulation of tissue differentiation in a scaffold as a function of porosity,

Young’s modulus and dissolution rate: application of mechanobiological

models in tissue engineering. Biomaterials 28, 5544–5554. doi: 10.1016/j.

biomaterials.2007.09.003

Byrne, D. P., Lacroix, D., and Prendergast, P. J. (2011). Simulation of fracture

healing in the tibia: mechanoregulation of cell activity using a lattice modeling

approach. J. Orthop. Res. 29, 1496–1503. doi: 10.1002/jor.21362

Checa, S., and Prendergast, P. J. (2010). Effect of cell seeding and mechanical

loading on vascularization and tissue formation inside a scaffold: a mechano-

biological model using a lattice approach to simulate cell activity. J. Biomech.

43, 961–968. doi: 10.1016/j.jbiomech.2009.10.044

Checa, S., Prendergast, P. J., and Duda, G. N. (2011). Inter-species investigation of

themechano-regulation of bone healing: comparison of secondary bone healing

in sheep and rat. J. Biomech. 44, 1237–1245. doi: 10.1016/j.jbiomech.2011.

02.074

Cipitria, A., Lange, C., Schell, H., Wagermaier, W., Reichert, J. C., Hutmacher,

D.W., et al. (2012). Porous scaffold architecture guides tissue formation. J. Bone

Miner. Res. 27, 1275–1288. doi: 10.1002/jbmr.1589

Cobos, J. A., Lindsey, R. W., and Gugala, Z. (2000). The cylindrical titanium

mesh cage for treatment of a long bone segmental defect: description of a new

technique and report of two cases. J. Orthop. Trauma 14, 54–59.

Davies, J. E., Ajami, E., Moineddin, R., and Mendes, V. C. (2013). The roles

of different scale ranges of surface implant topography on the stability

of the bone/implant interface. Biomaterials 34, 3535–3546. doi: 10.1016/j.

biomaterials.2013.01.024

Dietrich, M., Le Roy, H., Brückner, D. B., Engelke, H., Zantl, R., Rädler, J. O.,

et al. (2018). Guiding 3D cell migration in deformed synthetic hydrogel

microstructures. Soft Matter. 14, 2816–2826. doi: 10.1039/C8SM00018B

Duda, G. N., Eckert-Hübner, K., Sokiranski, R., Kreutner, A., Miller, R., and

Claes, L. (1997). Analysis of inter-fragmentary movement as a function of

musculoskeletal loading conditions in sheep. J. Biomech. 31, 201–210. doi:

10.1016/S0021-9290(97)00127-9

Finkemeier, C. G. (2002). Bone-grafting and bone-graft substitutes. J. Bone Joint

Surg. 84, 454–464.

Hannafin, J. A., Attia, E. A., Henshaw, R., Warren, R. F., and Bhargava, M. M.

(2006). Effect of cyclic strain and plating matrix on cell proliferation and

integrin expression by ligament fibroblasts. J. Orthop. Res. 24, 149–158. doi:

10.1002/jor.20018

Hollister, S. J. (2009). Scaffold design and manufacturing: from concept to clinic.

Adv. Mater. 21, 3330–3342. doi: 10.1002/adma.200802977

Hollister, S. J., and Murphy, W. L. (2011). Scaffold translation: barriers between

concept and clinic. Tissue Eng. Part B Rev. 17, 459–474. doi: 10.1089/ten.teb.

2011.0251

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 November 2020 | Volume 8 | Article 585799

https://github.com/camille-PM/mechanobio_bone
https://github.com/camille-PM/mechanobio_bone
https://www.frontiersin.org/articles/10.3389/fbioe.2020.585799/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.585799/full#supplementary-material
https://doi.org/10.1073/pnas.91.6.2095
https://doi.org/10.1016/j.jbiomech.2015.06.024
https://doi.org/10.1016/j.ijom.2013.05.008
https://doi.org/10.15761/JSCRM.1000129
https://doi.org/10.7150/ijbs.13158
https://doi.org/10.14279/DEPOSITONCE-10604
https://doi.org/10.14279/DEPOSITONCE-10604
https://doi.org/10.1002/jbmr.3801
https://doi.org/10.1002/jbmr.3801
https://doi.org/10.1016/j.tibtech.2012.07.005
https://doi.org/10.1016/j.tibtech.2012.07.005
https://doi.org/10.1371/journal.pone.0040737
https://doi.org/10.1371/journal.pone.0040737
https://doi.org/10.1016/j.biomaterials.2007.09.003
https://doi.org/10.1016/j.biomaterials.2007.09.003
https://doi.org/10.1002/jor.21362
https://doi.org/10.1016/j.jbiomech.2009.10.044
https://doi.org/10.1016/j.jbiomech.2011.02.074
https://doi.org/10.1016/j.jbiomech.2011.02.074
https://doi.org/10.1002/jbmr.1589
https://doi.org/10.1016/j.biomaterials.2013.01.024
https://doi.org/10.1016/j.biomaterials.2013.01.024
https://doi.org/10.1039/C8SM00018B
https://doi.org/10.1016/S0021-9290(97)00127-9
https://doi.org/10.1016/S0021-9290(97)00127-9
https://doi.org/10.1002/jor.20018
https://doi.org/10.1002/jor.20018
https://doi.org/10.1002/adma.200802977
https://doi.org/10.1089/ten.teb.2011.0251
https://doi.org/10.1089/ten.teb.2011.0251
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Perier-Metz et al. Scaffold-Supported Bone Regeneration Computer Model

Huiskes, R., Van Driel, W. D., Prendergast, P. J., and Søballe, K. (1997).

A biomechanical regulatory model for periprosthetic fibrous-tissue

differentiation. J. Mater. Sci. Mater. Med. 8, 785–788.

Isaksson, H., Comas, O., van Donkelaar, C. C., Mediavilla, J., Wilson, W., Huiskes,

R., et al. (2007). Bone regeneration during distraction osteogenesis: mechano-

regulation by shear strain and fluid velocity. J. Biomech. 40, 2002–2011. doi:

10.1016/j.jbiomech.2006.09.028

Isaksson, H., Donkelaar, C. C., van Huiskes, R., and Ito, K. (2006). Corroboration

of mechanoregulatory algorithms for tissue differentiation during fracture

healing: comparison with in vivo results. J. Orthop. Res. 24, 898–907. doi:

10.1002/jor.20118

Isaksson, H., van Donkelaar, C. C., Huiskes, R., and Ito, K. (2008). A mechano-

regulatory bone-healing model incorporating cell-phenotype specific activity.

J. Theor. Biol. 252, 230–246. doi: 10.1016/j.jtbi.2008.01.030

Kellomäki, M., Niiranen, H., Puumanen, K., Ashammakhi, N., Waris, T., and

Törmälä, P. (2000). Bioabsorbable scaffolds for guided bone regeneration and

generation. Biomaterials 21, 2495–2505. doi: 10.1016/S0142-9612(00)00117-4

Kelly, D. J., and Prendergast, P. J. (2006). Prediction of the optimal mechanical

properties for a scaffold used in osteochondral defect repair. Tissue Eng. 12,

2509–2519. doi: 10.1089/ten.2006.12.2509

Lacroix, D., and Prendergast, P. J. (2002). A mechano-regulation model for

tissue differentiation during fracture healing: analysis of gap size and loading.

J. Biomech. 35, 1163–1171. doi: 10.1016/S0021-9290(02)00086-6

Lacroix, D., Prendergast, P. J., Li, G., and Marsh, D. (2002). Biomechanical model

to simulate tissue differentiation and bone regeneration: application to fracture

healing.Med. Biol. Eng. Comput. 40, 14–21. doi: 10.1007/BF02347690

Laschke, M. W., Harder, Y., Amon, M., Martin, I., Farhadi, J., Ring, A., et al.

(2006). Angiogenesis in tissue engineering: breathing life into constructed tissue

substitutes. Tissue Eng. 12, 2093–2104. doi: 10.1089/ten.2006.12.2093

Lichte, P., Pape, H. C., Pufe, T., Kobbe, P., and Fischer, H. (2011). Scaffolds for bone

healing: concepts, materials and evidence. Injury 42, 569–573. doi: 10.1016/j.

injury.2011.03.033

Liddell, R., Ajami, E., and Davies, J. (2017). Tau (τ): a new parameter to assess

the osseointegration potential of an implant surface. Int. J. Oral Maxillofac.

Implants 32, 102–112. doi: 10.11607/jomi.4746

Liu, L., Shi, Q., Chen, Q., and Li, Z. (2019). Mathematical modeling of bone in-

growth into undegradable porous periodic scaffolds undermechanical stimulus.

J. Tissue Eng. 10:2041731419827167. doi: 10.1177/2041731419827167

Lo, C.-M.,Wang, H.-B., Dembo,M., andWang, Y. (2000). Cell movement is guided

by the rigidity of the substrate. Biophys. J. 79, 144–152. doi: 10.1016/S0006-

3495(00)76279-5

Lovati, A. B., Lopa, S., Recordati, C., Talo, G., Turrisi, C., Bottagisio, M., et al.

(2016). In vivo bone formation within engineered hydroxyapatite scaffolds in

a sheep model. Calcif. Tissue Int. 99, 209–223. doi: 10.1007/s00223-016-0140-8

Mehta, M., Checa, S., Lienau, J., Hutmacher, D., and Duda, G. (2012). In vivo

tracking of segmental bone defect healing reveals that callus patterning is related

to early mechanical stimuli. Eur. Cells Mater. 24, 358–371. doi: 10.22203/eCM.

v024a26

Mehta, M., Schell, H., Schwarz, C., Peters, A., Schmidt-Bleek, K., Ellinghaus, A.,

et al. (2011). A 5-mm femoral defect in female but not in male rats leads to a

reproducible atrophic non-union. Arch. Orthop. Trauma Surg. 131, 121–129.

doi: 10.1007/s00402-010-1155-7

Metz, C., Duda, G. N., and Checa, S. (2020). Towards multi-dynamic mechano-

biological optimization of 3D-printed scaffolds to foster bone regeneration.

Acta Biomater. 101, 117–127. doi: 10.1016/j.actbio.2019.10.029

Moreo, P., García-Aznar, J. M., and Doblaré, M. (2008). Modeling mechanosensing

and its effect on the migration and proliferation of adherent cells. Acta

Biomater. 4, 613–621. doi: 10.1016/j.actbio.2007.10.014

Paris, M., Götz, A., Hettrich, I., Bidan, C. M., Dunlop, J. W. C., Razi, H., et al.

(2017). Scaffold curvature-mediated novel biomineralization process originates

a continuous soft tissue-to-bone interface. Acta Biomater. 60, 64–80. doi: 10.

1016/j.actbio.2017.07.029

Pippenger, B. E., Rottmar, M., Kopf, B. S., Stübinger, S., Torre, F. H. D., Berner, S.,

et al. (2019). Surface modification of ultrafine-grained titanium: influence on

mechanical properties, cytocompatibility, and osseointegration potential. Clin.

Oral Implants Res. 30, 99–110. doi: 10.1111/clr.13396

Pobloth, A.-M., Checa, S., Razi, H., Petersen, A., Weaver, J. C., Schmidt-Bleek,

K., et al. (2018). Mechanobiologically optimized 3D titanium-mesh scaffolds

enhance bone regeneration in critical segmental defects in sheep. Sci. Transl.

Med. 10:eaam8828. doi: 10.1126/scitranslmed.aam8828

Prendergast, P. J., Huiskes, R., and Søballe, K. (1997). Biophysical stimuli on cells

during tissue differentiation at implant interfaces. J. Biomech. 30, 539–548.

doi: 10.1016/S0021-9290(96)00140-6

Reichert, J. C., Cipitria, A., Epari, D. R., Saifzadeh, S., Krishnakanth, P., Berner, A.,

et al. (2012). A tissue engineering solution for segmental defect regeneration in

load-bearing long bones. Sci. Transl. Med. 4:141ra93. doi: 10.1126/scitranslmed.

3003720

Reichert, J. C., Wullschleger, M. E., Cipitria, A., Lienau, J., Cheng, T. K., Schütz,

M. A., et al. (2011). Custom-made composite scaffolds for segmental defect

repair in long bones. Int. Orthop. 35, 1229–1236. doi: 10.1007/s00264-010-

1146-x

Repp, F., Vetter, A., Duda, G. N., and Weinkamer, R. (2015). The connection

between cellular mechanoregulation and tissue patterns during bone

healing. Med. Biol. Eng. Comput. 53, 829–842. doi: 10.1007/s11517-015-1

285-8

Reznikov, N., Boughton, O. R., Ghouse, S., Weston, A. E., Collinson, L.,

Blunn, G. W., et al. (2019). Individual response variations in scaffold-guided

bone regeneration are determined by independent strain- and injury-induced

mechanisms. Biomaterials 194, 183–194. doi: 10.1016/j.biomaterials.2018.

11.026

Roddy, E., DeBaun, M. R., Daoud-Gray, A., Yang, Y. P., and Gardner, M. J.

(2018). Treatment of critical-sized bone defects: clinical and tissue engineering

perspectives. Eur. J. Orthop. Surg. Traumatol. 28, 351–362. doi: 10.1007/s00590-

017-2063-0

Saha, S., Ji, L., de Pablo, J. J., and Palecek, S. P. (2006). Inhibition of human

embryonic stem cell differentiation by mechanical strain. J. Cell. Physiol. 206,

126–137. doi: 10.1002/jcp.20441

Sanz-Herrera, J. A., Garcia-Aznar, J. M., and Doblare, M. (2008). A mathematical

model for bone tissue regeneration inside a specific type of scaffold. Biomech.

Model Mechanobiol. 7, 355–366. doi: 10.1007/s10237-007-0089-7

Schlundt, C., Bucher, C. H., Tsitsilonis, S., Schell, H., Duda, G. N., and Schmidt-

Bleek, K. (2018). Clinical and research approaches to treat non-union fracture.

Curr Osteoporos. Rep. 16, 155–168. doi: 10.1007/s11914-018-0432-1

Schmitt, M., Allena, R., Schouman, T., Frasca, S., Collombet, J. M., Holy, X., et al.

(2016). Diffusion model to describe osteogenesis within a porous titanium

scaffold. Comput. Methods Biomech. Biomed.Eng. 19, 171–179. doi: 10.1080/

10255842.2014.998207

Sengers, B. G., Taylor, M., Please, C. P., and Oreffo, R. O. C. (2007). Computational

modelling of cell spreading and tissue regeneration in porous scaffolds.

Biomaterials 28, 1926–1940. doi: 10.1016/j.biomaterials.2006.12.008

Shah, F. A., Omar, O., Suska, F., Snis, A., Matic, A., Emanuelsson, L., et al.

(2016). Long-term osseointegration of 3D printed CoCr constructs with an

interconnected open-pore architecture prepared by electron beammelting.Acta

Biomater. 36, 296–309. doi: 10.1016/j.actbio.2016.03.033

Soares, P. B. F., Moura, C. C. G., Chinaglia, C. R., Zanotto, E. D., Zanetta-Barbosa,

D., and Stavropoulos, A. (2018). Effect of titanium surface functionalization

with bioactive glass on osseointegration: an experimental study in dogs. Clin.

Oral Implants Res. 29, 1120–1125. doi: 10.1111/clr.13375

Stratton, S., Shelke, N. B., Hoshino, K., Rudraiah, S., and Kumbar, S. G. (2016).

Bioactive polymeric scaffolds for tissue engineering. Bioact. Mater. 1, 93–108.

doi: 10.1016/j.bioactmat.2016.11.001

Su, E. P., Justin, D. F., Pratt, C. R., Sarin, V. K., Nguyen, V. S., Oh, S., et al. (2018).

Effects of titanium nanotubes on the osseointegration, cell differentiation,

mineralisation and antibacterial properties of orthopaedic implant surfaces.

Bone Joint J. 100-B, 9–16. doi: 10.1302/0301-620X.100B1.BJJ-2017-0

551.R1

Sun, X., Kang, Y., Bao, J., Zhang, Y., Yang, Y., and Zhou, X. (2013). Modeling

vascularized bone regeneration within a porous biodegradable CaP scaffold

loaded with growth factors. Biomaterials 34, 4971–4981. doi: 10.1016/j.

biomaterials.2013.03.015

Vetter, A., Witt, F., Sander, O., Duda, G. N., andWeinkamer, R. (2012). The spatio-

temporal arrangement of different tissues during bone healing as a result of

simple mechanobiological rules. Biomech. Model Mechanobiol. 11, 147–160.

doi: 10.1007/s10237-011-0299-x

Viateau, V., Guillemin, G., Bousson, V., Oudina, K., Hannouche, D., Sedel, L.,

et al. (2007). Long-bone critical-size defects treated with tissue-engineered

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 November 2020 | Volume 8 | Article 585799

https://doi.org/10.1016/j.jbiomech.2006.09.028
https://doi.org/10.1016/j.jbiomech.2006.09.028
https://doi.org/10.1002/jor.20118
https://doi.org/10.1002/jor.20118
https://doi.org/10.1016/j.jtbi.2008.01.030
https://doi.org/10.1016/S0142-9612(00)00117-4
https://doi.org/10.1089/ten.2006.12.2509
https://doi.org/10.1016/S0021-9290(02)00086-6
https://doi.org/10.1007/BF02347690
https://doi.org/10.1089/ten.2006.12.2093
https://doi.org/10.1016/j.injury.2011.03.033
https://doi.org/10.1016/j.injury.2011.03.033
https://doi.org/10.11607/jomi.4746
https://doi.org/10.1177/2041731419827167
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1007/s00223-016-0140-8
https://doi.org/10.22203/eCM.v024a26
https://doi.org/10.22203/eCM.v024a26
https://doi.org/10.1007/s00402-010-1155-7
https://doi.org/10.1016/j.actbio.2019.10.029
https://doi.org/10.1016/j.actbio.2007.10.014
https://doi.org/10.1016/j.actbio.2017.07.029
https://doi.org/10.1016/j.actbio.2017.07.029
https://doi.org/10.1111/clr.13396
https://doi.org/10.1126/scitranslmed.aam8828
https://doi.org/10.1016/S0021-9290(96)00140-6
https://doi.org/10.1126/scitranslmed.3003720
https://doi.org/10.1126/scitranslmed.3003720
https://doi.org/10.1007/s00264-010-1146-x
https://doi.org/10.1007/s00264-010-1146-x
https://doi.org/10.1007/s11517-015-1285-8
https://doi.org/10.1007/s11517-015-1285-8
https://doi.org/10.1016/j.biomaterials.2018.11.026
https://doi.org/10.1016/j.biomaterials.2018.11.026
https://doi.org/10.1007/s00590-017-2063-0
https://doi.org/10.1007/s00590-017-2063-0
https://doi.org/10.1002/jcp.20441
https://doi.org/10.1007/s10237-007-0089-7
https://doi.org/10.1007/s11914-018-0432-1
https://doi.org/10.1080/10255842.2014.998207
https://doi.org/10.1080/10255842.2014.998207
https://doi.org/10.1016/j.biomaterials.2006.12.008
https://doi.org/10.1016/j.actbio.2016.03.033
https://doi.org/10.1111/clr.13375
https://doi.org/10.1016/j.bioactmat.2016.11.001
https://doi.org/10.1302/0301-620X.100B1.BJJ-2017-0551.R1
https://doi.org/10.1302/0301-620X.100B1.BJJ-2017-0551.R1
https://doi.org/10.1016/j.biomaterials.2013.03.015
https://doi.org/10.1016/j.biomaterials.2013.03.015
https://doi.org/10.1007/s10237-011-0299-x
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Perier-Metz et al. Scaffold-Supported Bone Regeneration Computer Model

grafts: a study on sheep. J. Orthop. Res. 25, 741–749. doi: 10.1002/jor.2

0352

Von Offenberg Sweeney, N., Cummins, P. M., Cotter, E. J., Fitzpatrick, P. A.,

Birney, Y. A., et al. (2005). Cyclic strain-mediated regulation of vascular

endothelial cell migration and tube formation. Biochem. Biophys. Res. Commun.

329, 573–582. doi: 10.1016/j.bbrc.2005.02.013

Werner, M., Kurniawan, N. A., Korus, G., Bouten, C. V. C., and Petersen, A.

(2018). Mesoscale substrate curvature overrules nanoscale contact guidance to

direct bone marrow stromal cell migration. J. R. Soc. Interface 15:20180162.

doi: 10.1098/rsif.2018.0162

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Perier-Metz, Duda and Checa. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 November 2020 | Volume 8 | Article 585799

https://doi.org/10.1002/jor.20352
https://doi.org/10.1002/jor.20352
https://doi.org/10.1016/j.bbrc.2005.02.013
https://doi.org/10.1098/rsif.2018.0162
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Mechano-Biological Computer Model of Scaffold-Supported Bone Regeneration: Effect of Bone Graft and Scaffold Structure on Large Bone Defect Tissue Patterning
	Introduction
	Materials and Methods
	Simulated in vivo Experiments
	In silico Baseline Bone Regeneration Model
	Agent-Based Model
	Finite Element Model

	Simulation of the Bone Graft Stimulatory Effects
	Simulation of Scaffold-Surface Guidance
	Output Analysis
	Output for X-ray-Like Image Prediction
	Output for Histological-Like Image Prediction
	Quantification of Predicted Bone Tissue Area in the Mid-Sagittal Plane


	Results
	Baseline Simulation
	Bone Graft Stimulatory Effects in Scaffold-Supported Bone Regeneration
	Scaffold-Surface Guidance Features in Scaffold-Supported Bone Regeneration
	Surface ECM Deposition and Bone Graft Osteoconductive Effects in the Stiff Scaffold

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


