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Abstract

The definition of the muscle insertion surface (MIS) is often simplified in micro-finite element (micro-FE) models despite
its potential impact on the predictions of mechanical properties that are relevant to bone adaptation. This study investigated
the effect of MIS size on local strain energy density (SED) in the mouse tibia. Micro-FE models of six mouse tibiae were
developed from micro-CT images, and loading conditions were derived from musculoskeletal simulations of trotting gait.
For the seven muscles with the highest contributions to tibial loading, three MIS configurations were tested: full anatomical
surface, 50% reduced surface, and a single-node application. A total of 198 micro-FE models were run, both for individual
muscle applications and multi-muscle configurations at key instants of the stance phase. SED values were compared across
MIS conditions using the mean absolute difference, normalised by the median, mean, or 95th percentile of the SED. Sig-
nificant differences in SED were observed between MIS configurations, with the largest effects near the MIS and boundary
conditions. The effect of MIS modification on SED values was heterogeneous across the different muscles, highlighting the
importance of anatomical features. Even with multiple muscle loading, SED differences exceeded 20% in most comparisons.
These results demonstrate that simplifications of the MIS, especially to single-node applications, can considerably alter local
SED predictions and are likely to compromise the accuracy of bone adaptation models. Accurate representation of the MIS is
therefore essential for reliable mechanoregulation analysis and should be prioritised in multiscale models of skeletal loading.

Keywords Micro-finite element analysis - Strain energy density - Musculoskeletal modelling - Muscle insertion surface -
Bone mechanoregulation

1 Introduction

Osteoporosis is a progressive skeletal disorder characterised
by decreased bone mass and microarchitectural deteriora-
tion, leading to reduced bone strength and increased fracture
risk (Gkastaris et al. 2020; Lorentzon et al. 2022; Rach-
ner et al. 2011). It poses a major public health challenge,
especially in ageing populations, due to its high prevalence
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(Salari et al. 2021) and the significant burden associated
with osteoporotic fractures (Lorentzon et al. 2022; Shen
et al. 2022). Despite the availability of anti-osteoporosis
(anti-resorptive or bone anabolic) pharmacological treat-
ments, their long-term efficacy and safety remain limited,
often failing to fully restore bone integrity (Shane et al.
2014; Yeam et al. 2018). One reason for this limitation lies
in the complex mechanisms underlying bone remodelling,
which are influenced by different mechanical and biological
stimuli (Bonewald 2011; Frost 2003; Martin et al. 1998).
Mechanical loading plays a central role in bone adapta-
tion, as it regulates the bone remodelling process through
local mechanical stimuli such as effective strain, prin-
cipal strain, strain energy density (SED) (Cheong et al.
2021), and gradients of SED (Scheuren et al. 2020). To
better understand these processes, integrated experimental
and computational approaches have been developed that
combine motion capture, multi-body dynamic modelling
(MBD), and finite element (FE) modelling to estimate

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10237-026-02078-2&domain=pdf

59 Page2of13

T.Valerio et al.

in vivo mechanical loading on human bones (Altai et al.
2021; Phillips et al. 2015; Valente et al. 2017). However,
the development of such approaches to the mouse is lim-
ited due to experimental and computational challenges,
despite the large amount of preclinical data available for
assessing new combined treatments.

Mouse models are widely used in bone research to study
new interventions for skeletal diseases, because of their
genetic manipulability, relevance to human bone physiol-
ogy and (re)modelling, and the possibility of controlling
their environment (Elefteriou and Yang, 2011). While in
mice, the bone microstructure can be well characterised
by using in vivo micro-computed tomography (micro-CT)
(Bouxsein et al. 2010; Van’T Hof and Dall’Ara, 2025),
other parameters, such as the joint forces, cannot be meas-
ured experimentally. High-resolution micro-CT images
can be used to create high-fidelity personalised biome-
chanical models of individual bones (micro-finite element,
micro-FE, models). However, developing accurate multi-
scale biomechanical simulations in mice remains challeng-
ing due to their small size, limited experimental data, and
high computational costs. For example, only a few studies
have investigated muscle forces in mice during trotting
(Akay et al. 2014; Charles et al. 2018, 2024). While these
studies have highlighted the variability and importance of
the different muscle forces in the mouse hindlimb, their
effect on the local bone deformation, the main trigger for
bone adaptation, remains unexplored.

Micro-FE models have been developed over the past
decade to estimate the bone mechanical properties and
local deformation of the mouse tibia. These models have
been shown to accurately predict the apparent mechanical
properties and local deformation of bone (Oliviero et al.
2018; Oliviero et al. 2021a, b), and are highly sensitive to
the direction of joint forces (Farage-O’Reilly et al. 2024).
However, their use remains predominantly limited to simu-
lating simple knee joint forces, ignoring the effect of muscle
forces, which may affect the bone deformation and conse-
quent bone adaptation to mechanical stimuli. Merging MBD
and micro-FE models for the mouse hindlimb is essential to
better understand how bone adaptation is affected by real-
istic mechanical loading driven by muscle and joint forces.
Nevertheless, a critical aspect of such implementations is
accurately representing how muscle forces are transmit-
ted to the bone, especially the area over which these forces
act, known as the muscle insertion surface (MIS). While
muscle forces in FE models are often applied to a single
node or small area (Seo et al. 2014; Speirs et al. 2007), this
simplification may significantly affect the local mechani-
cal stimuli (i.e. SED) predicted within the bone, as was
previously demonstrated for the human femur (Polgar et al.
2003). However, the effect of this simplification has never
been investigated for mouse models.
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The aim of this study was to investigate the sensitivity
of MIS on the local SED values estimated from micro-FE
models of the mouse tibia. This study contributes to refin-
ing multiscale modelling pipelines for murine studies and
offers guidance to improve the physiological relevance of
biomechanical simulations in mice.

2 Methods
2.1 Overview of the approach

The main steps of the approach are briefly illustrated in
Fig. 1, with further details provided below. Subject-specific
micro-FE models of the right tibia from six mice were cre-
ated using previously collected micro-CT images. The MIS
for each model was determined by registering a template
based on contrast-enhanced micro-CT (CE-micro-CT)
images that clearly showed muscles and their insertions.
Each MIS was manually defined from these images, then a
mesh morphing technique was applied to transfer the MIS
onto each micro-FE model. Realistic muscle forces were
estimated by combining MBD modelling with previously
acquired experimental data (Charles et al. 2018, 2024) and
applied to each micro-FE model. The effect of distributing
muscle forces over three different MISs on the local SED
values predicted by the micro-FE models was studied for
each muscle. This sub-study (Fig. 1h) aimed at identifying
for which muscles the definition of realistic or simplified
MIS played an important role in the calculation of the SED
values and distributions from the micro-FE model. Addi-
tional simulations incorporating all major muscle forces
were then performed to evaluate the effect of combined
muscle forces on the local SED values and how they were
affected by modifying multiple MISs at the same time. This
sub-study (Fig. 1i) aimed at understanding the potential
interaction between different MISs for different muscles
when they were inputted in more complex (and more real-
istic) micro-FE models including multiple loading forces.

2.2 Calculation of muscle forces

A previously developed MBD model of the mouse
hindlimbs (Charles et al. 2018, 2024) was used to estimate
the muscle forces acting on the tibia during trotting. Both
hindlimbs were included, and each limb consisted of 42
muscles and 7 degrees of freedom. The model was driven
by using one set of joint angles of the mouse hindlimbs
representing average trotting kinematics measured on 44
trials involving five C57BL/6 male six-week-old mice
(Charles et al. 2018). Net joint moments around each
unlocked degree of freedom were predicted using inverse
dynamics in Opensim v4.5 (Seth et al. 2018). The muscle
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Fig.1 Summary of the modelling pipeline used in this study to evaluate the effect of the muscle insertion surface (MIS) on the strain energy

density (SED) values calculated with the micro-FE models of the mouse tibia
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forces of the 23 muscles having an insertion point on the
tibia were then predicted using static optimisation, with
the objective function of minimising the square of the
muscle activations sum at each time of the trotting phase.
The applied external loads (i.e. ground reaction forces)
for the static optimisation simulation were derived from
(Charles et al. 2018).

For the sensitivity analysis, only the seven muscles that
individually contributed more than 5% to the total muscle
force were considered: tibialis anterior (TA), semimem-
branosus (SM), flexor digitorum longus (FDL), extensor
digitorum longus (EDL), semitendinosus (ST), gracilis
anterior (GA), and the quadriceps (QUAD, considered as
the combined group of rectus femoris, vastus medialis,
vastus lateralis, and vastus intermedius). The forces pro-
duced by these seven muscles during the stance phase and
the timing of their peak magnitudes are shown in Fig. 2.
A sensitivity analysis of the MIS area was performed for
each of these muscles to assess its influence on the SED
distributions computed using the micro-FE models.

2.3 Generation of micro-FE models of the mouse
tibia

Micro-FE models were developed from in vivo micro-CT
images acquired in a previous study (Roberts et al. 2020),
validated against biomechanical experiments (Oliviero
et al. 2018; Oliviero, Roberts, et al., 2020),Query and
used to evaluate the effect of different joint loading condi-
tions on the structural and local properties of the mouse
tibia (Farage-O’Reilly et al. 2024, 2025). Briefly, the
right tibiae of six female C57BL/6 mice were scanned
at 18 weeks of age using a VivaCT80 scanner (Scanco
Medical, Briitisellen, Switzerland), following ovariec-
tomy performed at 14 weeks of age (see Roberts et al.
2020 for more information about scanning parameters).
Bone voxels were segmented from the background using
a single-level thresholding method, with the threshold
set as the midpoint between the peaks corresponding to
bone and background in the histogram of image attenu-
ation values (Cheong et al. 2021; Oliviero et al. 2018).

a Muscle forces estimated from the multibody dynamic model
25T ! T ' =g ! ' 1
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I | / | Semimembranosus I
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Fig.2 Evolution of the muscle forces during the stance phase of the mouse for the seven muscles selected in this study (a) and their respec-
tive anatomical location (b) in the model of (Charles et al. 2018). These muscle forces were estimated at each frame of the trotting phase of the
mouse by using the MBD model presented by (Charles et al. 2016; 2018). The input data used for estimating these forces were a set of joint
angles and ground reaction forces representative of the average trend observed in 44 trials. The stance phase corresponds to the period when the
right foot of the mouse is in contact with the force plate placed on the ground to measure the ground reaction force. The maximum values visible
on the graph (a) correspond to the force applied on each micro-FE model used in this study. The dashed lines represent the instants selected to
test the effect of multiple MIS. The acronym used to indicate the location of the muscles (b) corresponds to the acronym previously defined
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Micro-FE models were generated by converting each bone
voxel into a linear 8-node hexahedral element. Voxels not
connected to the main structure through at least one sur-
face were removed. Bone was modelled as an isotropic,
linear elastic, and homogeneous material with a Young’s
modulus of 14.8 GPa and a Poisson’s ratio of 0.3. The
SED distribution (nodal values) was calculated in each
tibia in function of the loading obtained during the stance
phase, by applying the muscle forces on the correspond-
ing MIS (Sect. 4).

2.4 Determination of the MIS area

The MIS area of the seven muscles selected in this study was
determined from a 3D model of the bones and muscles of
the mouse right hindlimb, obtained from CE-micro-CT scan
(Chatles et al. 2016). The CE-micro-CT image was acquired
from a cadaveric C57BL/6 female 117 days old mouse
(between 16 and 17 weeks of age, similar to the age of the
mice used to create the micro-FE models in this study). The
3D model was previously obtained by manually segmenting
the images and by creating a triangular surface mesh (aver-
age triangle edge=0.1 mm) by using the Mimics software
(Materialise Inc., Leuven, Belgium) (Charles et al. 2016).
The triangular faces of the surface mesh of the tibia close
to the muscle insertion visible in the CE-micro-CT image
were manually selected (Fig. 1b). A template model of the
mouse tibia with the corresponding MIS was thus created
from this process. To determine the same MISs in the six
micro-FE models of the mouse tibiae selected in this study,
the template model was rigidly registered to each micro-FE
model (Fig. 1). The registration was performed by using
the iterative closest point algorithm (Besl & McKay 1992)
implemented in MATLAB R2024a. Given the similarity in
age (18 weeks vs. 16—-17 weeks) and tibia length (average
difference of 1.3%) between the mice used for the micro-
FE models and those scanned with CE-micro-CT imaging,
no scaling correction was applied. To compensate for any
geometrical differences between the tibiae, the nodes of the
micro-FE models closest to the corresponding MIS in the
CE-micro-CT image were identified by setting a distance
threshold between 0.1 mm and 0.3 mm. In order to analyse
the effect of the MIS area on the micro-FE outputs, three
different MISs were identified for each considered muscle:
entire MIS (MIS_100%), a MIS shrunk by 50% (MIS_50%),
or the node located at its centre (MIS_1n).

2.5 Micro-FE model simulations

For each of the seven selected muscles, micro-FE simula-
tions were performed using three different MIS conditions,

on each of the six mouse tibiae. For each muscle, the maxi-
mum force estimated by the MBD model during the stance
phase of trotting was applied (see Fig. 2), with all other
muscle forces set to zero. The orientation of the applied
muscle force was determined using an OpenSim plugin
(Van Arkel et al. 2013), which calculates the orientation
of the effective force applied to the bone, considering
all muscle trajectories. A total of 126 micro-FE simula-
tions were run (6 tibiae, 3 MISs, 7 muscles). Moreover,
in order to evaluate the potential interactions between
muscles, three simulations for each tibia for the different
MISs were run by including all selected muscles at four
different instants of the stance phase: at 5% of the stance
phase (when the FDL muscle force is the highest), at 30%
of the stance phase (when the QUAD, FDL, TA, and GA
muscle forces are high), at 55% of the stance phase (when
the QUAD muscle force is the highest), and at 95% of the
stance phase (when the EDL muscle force is the highest)
(Fig. 2). This analysis included an additional 72 simula-
tions (6 tibiae, 3 MISs, 4 instants of the stance phase),
leading to a total of 198 simulations for the whole study.
All simulations were run using Abaqus 2018 (Dassault
Systemes Simulia, RI, USA) on the University of Shef-
field; High Performance Computing Clusters (Stanage).
From each simulation, the nodal SED values were calcu-
lated. Considering that the mesh of the three micro-FE
models created for one mouse was the same for each of
the three considered MISs, the mean absolute differences
of the nodal SED values (MAD_SED) between two of the
three different conditions were calculated (MIS_100% vs
MIS_50%; MIS_50% vs MIS_1n; MIS_100% vs MIS_1n).
To prevent artefacts due to the boundary conditions from
influencing the analysis, the nodes corresponding to 150%
of the original MIS were excluded from the calculation of
SED values. To compare the results across mice and for
different muscles, the MAD_SED values were normalised
using three metrics: the median SED value calculated for
all nodes in one reference condition; the mean SED value
calculated for all of the nodes in one reference condition;
the 95th percentile of the SED values calculated for all
nodes in one reference condition. The last two normalisa-
tion metrics were chosen to evaluate the effect of different
MIS values on the highest values of SED, more likely to
be associated with bone apposition (Cheong et al. 2021).
In all cases, the MIS with the largest number of nodes
(MIS_100% or MIS_50%) was selected as the reference
condition. The normalised difference was then averaged
across all nodes of the model and compared for the dif-
ferent conditions. This process is summarised by the fol-

lowing equation, with N being the number of nodes, SEDi1
being the SED value for the node i for the first condition,
SED; being the SED value for the node i for the second
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condition, and SEDref being normalisation factor (median,
mean or 95th percentile of the SED) for the reference
condition:

SED’

SED}
x 100 (1)

N
1

N -

SED = N ; SEDref

This difference in SED values AZ”ED was calculated for
each muscle for which the effect of the single muscle MIS
was evaluated, and for the simulations performed by includ-
ing multiple muscles. These metrics were then averaged
across the different mouse tibiae and means and standard
deviations (SD) were calculated. For each tested configura-
tion (each muscle for each tibia, and each instant for each

tibia for the multiple simulations),
2.6 Statistical Analysis

Friedman tests were performed to test if the configura-
tions MIS_100%, MIS_50%, and MIS_1n had a significant
impact on the SED values. The distribution obtained for
each simulation was also tested to confirm if the distribu-
tion followed a Pareto distribution or not. This was done
by calculating the Maximum Likelihood Estimation fol-
lowed by the Kolmogorov—Smirnov test, as recommended
by the Clauset-Shalizi-Newman procedure (Clauset et al.
2009). The post-processing, statistical tests, and the design
of each plot presented in the results (frequency plot of
each simulation, heatmap of SED difference location
for each node of the tibia) were performed using MAT-
LAB R2024a. The statistical significance level was set at
a=0.05.

3 Results
3.1 MIS area

The MIS values obtained after mesh morphing were
as follows: 0.75+0.26 mm2 for the QUAD muscle,
5.27 +0.33 mm?2 for the TA muscle, 0.67 +0.26 mm?2 for
the SM muscle, 0.04 +0.01 mm2 for the EDL muscle,
0.48 +0.12 mm?2 for the FDL muscle, 1.88 +0.06 mm?2 for
the ST muscle, and 3.74 +0.28 mm?2 for the GA muscle.

3.2 Effect of MIS area on SED for each muscle
independently

The Pareto distribution was confirmed for each simulation
performed (P> 0.05) (Fig. 3). The percentage differences
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among the normalised SED values for the three MIS config-
urations are summarised in Table 1 and Fig. 4. Specifically,
when normalised by the median, the SED differences ranged
from 66.3 to 397.1% for the MIS_100% versus MIS_50%
comparison, from 152.5 to 1,643.3% for MIS_50% versus
MIS_1n, and from 205.3 to 2,459.0% for MIS_100% ver-
sus MIS_1n. When normalised by the mean, the differences
varied from 10.8 to 56.8%, 27.7-548.4%, and 33.9-596.0%,
respectively. Normalisation by the 95th percentile yielded
differences ranging from 2.7 to 17.5% for MIS_100% ver-
sus MIS_50%, 6.8—150.5% for MIS_50% versus MIS_ 1n,
and 8.4-172.1% for MIS_100% versus MIS_1n. In all com-
parisons, the SED differences were statistically significant
(p<0.0001). A heatmap showing the anatomical distribution
of the largest SED differences within the tibia is presented
in Fig. 5.

3.3 Effect of MIS area on SED for multiple muscles

The median absolute difference of SED (MAD_SED), nor-
malised by the median SED, ranged from 96.9 to 217.2%
across the stance phase for the MIS_100% versus MIS_50%
comparison, from 864.0 to 308,470.0% for MIS_50% versus
MIS_1n, and from 1135.2 to 489,760.0% for MIS_100%
versus MIS_1n. When normalised by the mean SED, the
MAD_SED ranged from 22.2 to 61.4%, 243.1-95,589.0%,
and 323.6-122,050.0%, respectively. Normalisation by the
95th percentile yielded values ranging from 5.0 to 19.7%,
81.4-30,069.0%, and 102.4-34,199.0% for the same com-
parisons. The full set of percentage differences in SED for
each normalisation method, comparison, and stance phase
instant is presented in Table 2. For each comparison (i.e.
SED distributions across the three MIS conditions at all time
points and for all tibiae), statistical testing confirmed highly
significant differences (p <0.0001).

4 Discussion

The objective of this study was to determine the effect of
muscle insertion surface (MIS) definition on local strain
energy density (SED) values obtained from micro-FE mod-
els of the mouse tibia. To this end, micro-FE models of six
mouse tibiae were developed from micro-CT images, and the
MIS of the seven muscles contributing most to tibial loading
were identified and applied in the simulations.

Significant differences in local SED values were observed
across all comparisons (MIS_100%, MIS_50%, and MIS_1n)
for each muscle, indicating a substantial effect of MIS size
on SED distribution throughout the tibia. While such dif-
ferences are somewhat expected, particularly for muscles
with large insertion areas, this finding clearly demonstrates
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Fig.3 SED distribution for each muscle of one of the six tibiae simulated. This figure shows the Pareto distribution obtained for each configura-
tion justifying the choice of analysing the median, mean and 95th percentile of the SED values. Subfigures highlight the differences between the
distributions of the SED values calculated for the micro-FE with different MISs

that applying muscle forces at single nodes (MIS_1n) is not
appropriate when accurate estimation of local mechanical
stimuli is required. This is especially relevant for bone adap-
tation models based on mechanoregulation.

The largest discrepancies in SED were observed near the
MIS and in proximity to the fixed boundary conditions at the
distal tibia (Fig. 5). This spatial pattern is consistent with the
anatomical distribution of muscles, which generally span

Table 1 Percentage SED differences among the different MIS cases, reported for each muscle (mean +SD calculated for the six mouse tibiae).
All differences were found to be significant (p <0.0001)

QUAD TA SM EDL FDL ST GA
Differences normalised by the median (%)
MIS_100% versus MIS_50% 397.1+106.3 91.1+6.2 193.3+28.6 158.9+29.8 66.3+47.7 190.0+25.8 70.2+3.2
MIS_50% versus MIS_1n 1188.9+115.5 917.2+297.1 1078.5+341.0 282.7+70.7 152.5+103.4 1643.3+512.9 1578.3+546.5
MIS_100% versus MIS_In ~ 1294.8+165.6 12453+411.1 985.7+3349 377.9+48.3 2053+135.7 2459.0+811.6 2012.7+703.8
Differences normalised by the mean (%)
MIS_100% versus MIS_50% 56.8+8.0 432434 533+48 252+3.7 10.8+6.0 33.9+24 20.5+0.8
MIS_50% versus MIS_1n 147.7+16.7 495.1+161.1 228.8+79.1 44.6+103 27.7+169 390.8+123.0 548.4+192.6
MIS_100% versus MIS_In  189.6+18.5 593.1+198.2 278.3+100.9 60.8+10.0 339+194 4433+1423 596.0+211.3
Differences normalised by the 95th percentile (%)
MIS_100% versus MIS_50% 17.5+2.7 125+1.2 152+2.1 59+09 27+1.6 7.5+0.6 4.8+0.2
MIS_50% versus MIS_1n 432457 150.5+48.9 71.2+22.7 102+2.6 6.8+4.4 91.7+289 138.7+49.0
MIS_100% versus MIS_In  58.4+6.4 172.1+57.7 78.2+26.9 143+2.6 84+52 98.9+£32.0 +50.5
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Fig.4 Normalised SED differ-
ences among the three different
MIS conditions tested for each
muscle independently. The
normalised SED difference
reported here corresponds to the
difference calculated with Eq. 1.
The differences obtained by the
three normalisation methods are
presented here, including (a) the
normalisation by the median of
the SED values in the reference
condition, (b) the mean of the
SED values, and (c) the 95th
percentile of the SED values.
The reference condition was the
condition MIS_100%, except
for the comparison between
MIS_50% and MIS_1n, where
MIS_50% was considered as the
reference condition. The values
presented here correspond to
the mean values obtained for the
six tibia micro-FE models, and
the bar represents the associated
standard deviation
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from the midshaft to the proximal region of the tibia. As a
result, altering the MIS of proximal muscles significantly
changes their moment arms, thereby impacting loading con-
ditions, particularly in the distal tibia.

The impact of MIS variation on SED differed across
muscles. For example, modifying the MIS of the quadriceps
(QUAD) resulted in SED changes 6-8 times greater than
those for the flexor digitorum longus (FDL), despite rela-
tively similar MIS sizes and magnitude of the muscle forces.
This surprising result may be explained by the anatomical
locations of these muscles and the moments they apply to
the tibia, which could amplify their effect on SED values.
Nonetheless, percentage differences in SED were consist-
ently large across all muscles and MIS comparisons. The
smallest difference, 66.3%, normalised by the median, was
observed for FDL when comparing MIS_100% to MIS_50%,
and is still notably high. To the authors’ knowledge, only a
previous study performed on the human femur (Polgar et al.
2003) compared the effect of using a realistic MIS_100%
or nodal MIS_1n on the outputs of homogenised FE mod-
els. In that study small average SED differences between
the two cases (~25%) were reported, compared to the much
higher effects found in our study for the mouse tibia. This
difference could be explained by considering the much dif-
ferent microstructure of the human femoral bone and the
mouse tibia and the type of mesh used in the FE models
(linear hexahedral elements in this study versus quadratic
tetrahedral elements in that study). For example, the thin
cortical bone in mice and the small element size used in
this study could amplify the effect of the differences found
between the models where the force is distributed on a large
surface and the simplified model where the force is applied
in one node or in a smaller MIS. These results underscore
the need to model each muscle’s full MIS accurately when
estimating local SED distributions, which are essential for
informing bone adaptation models based on mechanical
loading (Cheong et al. 2021; Levchuk et al. 2014; Pereira
et al. 2015). The influence of MIS modification on multi-
ple muscles remains non-negligible throughout the stance
phase (Table 2). Even when percentage differences in
SED values due to changes in multiple MIS definitions
are comparable to those observed for individual muscles,
differences exceeding 20% were found in all cases except
when SED values were normalised to the 95th percentile.
This suggests that inaccuracies in MIS definition may be
less critical when mechanoregulation models are driven by
high SED thresholds. Furthermore, the specific form of the

mechanoregulation law implemented in computational bone
adaptation models can mitigate the effects of large SED dif-
ferences. For instance, a model that caps bone formation at
a given SED threshold would naturally reduce the influence
of extreme local SED values resulting from MIS simplifica-
tions. Notably, recent studies have shown that multiscale
bone adaptation models can predict bone apposition in the
mouse tibia with high accuracy when SED thresholds are
set around the median SED values consistent with those
reported in this study (Cheong et al. 2021). Therefore, in
these cases, the use of realistic MISs is critical. Previous
studies to predict bone adaptation in the mouse tibia using
local mechanical stimuli calculated from micro-FE models
have demonstrated that bone formation is strongly mecha-
noregulated, with up to 50-90% of bone apposition being
related to SED (Cheong et al. 2020). However, these models
are typically based on the mechanostat theory and imple-
mented as threshold-driven mechanoregulation laws, where
the biological response depends on whether the mechanical
stimulus exceeds specific formation or resorption thresholds
rather than on its magnitude. As such, the model is very sen-
sitive to SED values around these thresholds. While previous
studies have not explicitly quantified the effect of percentage
variations in SED on predicted bone adaptation, the differ-
ences observed in the present study due to different muscle
insertion surfaces (differences of 20-60% or higher) are
likely to be sufficient to shift regions of bone tissue across
these thresholds, thereby altering predicted spatial patterns
of bone adaptation. It should be noted that the observed large
percentage differences in SED can be due to the low SED
values in regions of the tibia, leading to large relative dif-
ferences that do not necessarily reflect substantial absolute
SED changes. However, the trends observed in this study
were consistent across different normalisation approaches,
including median and 95th percentile scaling, suggesting
that the reported differences are not solely driven by low
baseline values. This is confirmed by the observation of sig-
nificant SED differences also in regions exhibiting moderate
to high SED values (Fig. 5), which are more relevant for
bone mechanoregulation. Therefore, the overall conclusions
regarding the sensitivity of SED distributions to MIS defini-
tion remain robust.

Some limitations should be considered for this study. First,
the micro-FE models developed combined 3D models gener-
ated from micro-CT acquisitions performed on female mice
with muscle forces estimated from gait analysis performed on
male mice. This difference can affect the loading conditions
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«Fig.5 3D heatmap of the anatomical location of the largest SED dif-
ferences for each muscle simulated independently. This figure shows
the normalised SED difference obtained for each node of the tibia
for one of the six micro-FE models used. The high SED differences
visible in the proximal part of the tibia (in yellow) correspond to the
anatomical location of the MIS of each muscle, respectively. These
graphs show the normalisation by the mean, but the heatmaps remain
very similar when using the other two normalisation techniques. In
the same way, the heatmaps of the differences between the MIS_50%
and MIS_1n conditions are not presented in this graph but are similar
to the difference between MIS_100% and MIS_1n. The SED distribu-
tion for the condition MIS_100% is also visible on the left-hand side
of each sub-plot

implemented in the micro-FE models and the size and shape
of the considered MIS. However, it is likely that the effect
on the estimated SED values will remain similar. The lack of
literature data on muscle and joint forces in female and male
mice makes it difficult to understand the effect of this limita-
tion on the final results. However, the data recently collected
in our laboratory (unpublished data) on the three-dimensional
kinematic and ground reaction force data on female C57BL/6
mice between 18 and 22 weeks of age, showed similar pat-
terns and values as those collected in (Charles et al. 2018) on
C57BL/6 6-week-old male mice. Future work will integrate
information about muscle geometry, bone geometry, kin-
ematics and ground reaction force on the same mice. Another
limitation is the fact that only one speed of trotting gait was
simulated in the MBD models (0.59 m.s~!, Charles et al 2018).
Predicting muscle forces generated at different trotting speeds,

which would likely include different joint kinematics, could
result in different muscle forces and therefore different SED
values. It should be noted that a linear micro-FE model with
isotropic and homogeneous material properties was used for
this study. This model has been previously validated against
biomechanical experiments for the predictions of structural
mechanical properties (Oliviero, Owen, et al., 2021a) and local
deformation (Oliviero et al. 2018), showing that assumptions
of material homogeneity at this dimensional scale are rea-
sonable (Oliviero, Roberts, et al., 2021b). Moreover, when
these models have been coupled to mechanoregulation laws,
good predictions of bone apposition in the mouse tibia were
found (Cheong et al. 2020). However, the effect of the MIS
reported in this study could potentially differ if implemented
with a more complex model including the fibula or using more
complex constitutive laws (e.g. anisotropy, nonlinearities,
poroelasticity).

Despite these limitations, this study is the first to quantify
the effect of varying MIS sizes on SED values in micro-FE
models of the mouse tibia. The findings clearly show that over-
simplifying MIS implementation by using smaller insertion
areas or point loads can lead to substantial errors in estimating
local mechanical stimuli. Future research should focus on the
importance of individualising MIS in finite element models
and determining how accurately the surface must be defined
to predict bone adaptation over time, particularly in the context
of musculoskeletal diseases and related interventions.

Table 2 Percentage SED differences among the different MIS cases (mean =+ SD calculated for the six mouse tibiae) for the four instants of the
stance phase (SP) simulated (5, 30, 55, and 95%). This table shows the results obtained for the modification of the MISs for the seven muscles

simultaneously
5% of SP 30% of SP 55% of SP 95% of SP
Differences normalised by the median (%)
MIS_100% versus MIS_50% 217.2+33.1 179.8+14.1 96.9+6.0 140.6+11.7
MIS_50% versus MIS_1n 864.0+193.4 30 8470.0+ 152 720.0 4780.7+399.7 75 407.0+35 880.0

MIS_100% versus MIS_1n 1135.2+169.7

489 760.0+243 310.0

7271.2+580.1 121 050.0+57 613.0

Differences normalised by the mean (%)

MIS_100% versus MIS_50% 61.4+8.2 449+42 222+1.0 533+54

MIS_50% versus MIS_1n 243.1+53.0 93 589.0+46 890.0 1476.0+37.2 34 306.0+16 260.0

MIS_100% versus MIS_1n 323.6+64.0 122 050.0+62 118.0 1664.3 +38.0 45 892.0+21 746.0
Differences normalised by the 95th percentile (%)

MIS_100% versus MIS_50% 19.7+3.0 126 +1.1 5.0+0.3 133+1.7

MIS_50% versus MIS_1n 81.4+13.8 30 069.0+ 14 559.0 361.0+13.5 9496.1+4509.7

MIS_100% versus MIS_1n 102.4+12.0 34199.0+16 554.0 3729+14.2 11 539.0+5476.1
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