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A B S T R A C T

Bone cells contribute to tumour metastasis by producing biochemical factors that stimulate tumour cell homing
and proliferation, but also by resorbing bone matrix (osteolysis) that releases further stimulatory factors for
tumour growth in a vicious cycle. Changes in the local mechanical environment of bone tissue occur during early
metastasis, which might activate mechanobiological responses by resident bone cells (osteocytes) to activate
resorption (osteoclasts) and thereby contribute to tumour invasion. The objective of this study is to investigate
whether bone osteolysis is driven by early changes in the bone mechanical environment during metastasis by (a)
implementing subject-specific FE models of metastatic femora to predict the mechanical environment within bone
tissue during early metastasis (3-weeks after tumour inoculation) and then (b) applying mechanoregulation
theory to predict bone tissue remodelling as a function of the evolving mechanical environment within bone tissue
during breast cancer-bone metastasis. We implemented a global resorption rate derived from an experimental
model, but the mechanoregulation algorithm predicted localised bone loss in the greater trochanter region, the
same region where osteolysis was prevalent after three weeks of metastasis development in the animal model.
Moreover, the mechanical environment evolved in a similar manner to that reported in separate subject-specific
finite element models of these same animals by 6 weeks. Thus, we propose that early changes in the physical
environment of bone tissue during metastasis may elicit mechanobiological cues for bone cells and activate later
osteolytic bone destruction.
1. Introduction

Breast cancer commonly migrates from the primary tumour and
metastasises to bone, occurs for 70–80 % of patients with advanced
disease. It has been proposed that breast cancer cells have a particular
affinity to the composition or physical properties presented by bone
tissue, which provides an attractive environment for metastasis devel-
opment according to ‘Seed and Soil’ theory.1 Biochemically, bone cells
play an important role in tumour metastasis. Osteoblasts express che-
mokines (CXCL12/SDF-1) that facilitate homing of tumour cells to bone.
Tumour cells produce factors (PtHRP, MMP-1, IL-11, CTGF) that stimu-
late growth factor production by osteoblasts (e.g. TGF-β, osteopontin,
RANKL), which induce tumour cell proliferation and also activate oste-
oclasts. Osteoclast resorption of bone matrix providing space for tumour
invasion and releases growth factors (TGFβ) from the matrix, which
perpetuates osteolysis and tumour invasion. Thus, the biochemical
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interaction between cancer cells, osteoblasts and osteoclasts has been
referred to as a 'vicious cycle’.2

The changes that arise in the bone microenvironment during bone
metastasis are not limited to biochemical changes, because the
composition, mechanical properties and local mechanical environ-
ment of the bone tissue are also altered.3–7 Specifically, bone mineral
content and cortical thickness were significantly altered by 3 weeks of
tumour development and occurred prior to bone loss and the devel-
opment of overt osteolytic lesions, which were not reported until 6
weeks.6 In a following study, micro-CT-derived finite element (FE)
models of these metastatic proximal femurs were applied to study the
mechanical environment within bone tissue during bone metastasis.7

Interestingly, in early metastasis there was a decrease in strain dis-
tribution within the bone tissue of the proximal femur, which coin-
cided with the onset of cortical thickening and mineralisation of
bone.6
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Osteocyte cells regulate bone resorption or formation by osteoblasts and
osteoclasts depending on the mechanical demands on the tissue. The
biochemical growth factors involved in mechanically activated bone cell
signalling (PTHrP, RANKL, TGF-β, Ca2þ) are also those that attract invading
cancer cells and influence resident osteoclasts to activate bone resorption
and osteolysis. Thus, mechanobiological signalling by osteocyte cells,
initiated because of the altered mechanical environment, might contribute
to the vicious cycle by activating osteoclast resorption, and thereby play a
role in the cancer vicious cycle. However, the role of bone cell mechano-
biological responses in metastatic osteolysis is not yet understood.

To date, studies have largely sought to understand the biochemical
factors by which bone cells influence cancer proliferation and the viscous
cycle that ensues when the cancer cells then produce regulatory factors
(PTHrP, RANKL) that further drive osteoclastic bone resorption. However,
how bone remodelling is affected by the evolvingmechanical environment
that the cancer cells initiate is not well understood. Mathematical and
computationalmodels have been applied to simulate and predict the role of
biochemical processes and cell–cell signalling in tumour growth, and to a
lesser extent have considered biophysical processes.8–13 Bone remodelling
has been studied by the development of a number of mechanoregulation
theories, which predict bone remodelling and adaptation on the basis of
mechanical stimuli such as strain, microdamage and fluid velocity.14,15

Osteocytes experience fluid shear stress within the lacunar-canalicular
network under compressive loading during normal physiological move-
ment, and also extend protein attachments to their matrix and thus can
experience matrix strain (tensile or compressive). Mechanoregulatory re-
sponses are driven by a mechanical stimulus, and previous studies have
assumed that stimulus to be the strain energy density tensor14,16 to account
for the evolving Young's modulus, density and strain. Such approaches
have been applied to study bone resorption and formation of healthy and
diseased bone tissue in combination with micro-CT derived finite element
models.17–24 However, mechanoregulation theory has not yet been applied
to investigate the contribution of changes in the mechanical environment
for driving bone resorption during the cancer vicious cycle. Applying such
approaches may shed light on the potential role of mechanobiology in the
development of osteolysis as bone metastasis progresses.

The objective of this study was to test the hypothesis that an altered
physical environment of bone tissue during early metastasis could elicit
mechanobiological cues for resident bone cells and thereby contribute to
later osteolytic destruction. We implemented (a) subject-specific FE
models to predict the mechanical environment within the bone tissue at
the early stage of metastasis and (b) a mechanoregulation theory based
on strain energy density to predict how material properties are altered as
a function of the evolving mechanical environment within bone tissue
during breast cancer-bone metastasis.

2. Methods

In this study an iterative approach is taken, whereby subject-
specific FE models are implemented to predict the mechanical
environment within the bone tissue at the early stage of metastasis.
A mechanoregulation approach, which adapts the bone tissue prop-
erties on the basis of the mechanical environment (strain energy
density), is applied to predict how material properties are altered as
a function of the evolving mechanical environment within the bone
tissue.

2.1. Finite element model development

The current study builds upon μCT-derived FE models, developed in a
previous computational study of strain distribution during breast cancer
metastasis.7 In brief, immune competent BALB/c mice, inoculated into a
femur-adjacent mammary fat pad with 4T1 breast cancer cells, were
euthanised, at either 3 or 6 weeks post-inoculation, and μCT scanning
and reconstruction was conducted to develop solid models of the prox-
imal femora.
2

In the current study, finite element models of the 3-week murine
cohort were developed by meshing the reconstructed solid models with
4-noded linear elastic, homogeneous, tetrahedral elements, following
mesh convergence analysis, using 3Matic and Abaqus software (Fig. 1
and B). A study compared 4- and 10-noded tetrahedral meshes in a
human proximal femur FE model under compression and reported no
significant differences in their output stress, strain or overall accuracy
compared to experimental results.25 Loading was applied to the femoral
head surface equating to 120 % of bodyweight, recorded for each animal
during the experimental study6 and applied in the proximal-distal di-
rection and 10.9 % in the posterior-anterior direction to reflect the peak
loading mid-way through a murine trotting cycle26 (see Fig. 1C). The
distal surface was fixed in all directions (Fig. 1C). For the current study,
each computational model was assumed an initially homogeneous,
isotropic structure, with the mean bone mineral density assigned ac-
cording to μCT imaging of the metastatic femoral bone (1.262 � 0.02
g/cm3), converted to ash density6 and the corresponding Young's
modulus applied according to a power law relationship used in female
mouse tibiae, according to the following equation.27

E¼ 10:5ρ2:29 (1)

2.2. Mechanoregulation theory

To introduce mechanoregulation theory, a user-defined field sub-
routine was applied, whereby the density and Young's modulus of each
element within the model mesh was incrementally updated according to
the rate of change of density predicted by a remodelling algorithm.
Specifically, density adaption was predicted on the assumption that a
mechanoregulatory response is driven by a mechanical stimulus, strain
energy density tensor, Uj,14,16 calculated according to:

Uj ¼EjðεjÞ2
2ρj

(2)

where, at location j, the tissue Young's modulus, Ej (MPa) and density, ρj

(g/cm3) are defined and the strain (εj) is predicted by solving the finite
element model. The stimulus, Sstrain, is calculated by comparing to the
reference strain energy density, Uref, which is calculated at homeostatic
equilibrium, according to the following equation:

Sstrain ¼
Xn

i¼1

fiðxÞ
�
UiðtÞþUref

�
(3)

The homeostatic region was defined according to Frost's ‘Mechano-
stat’ theory,28 adapted for bone tissue mechanoregulation. Reference
strain energy density, Uref, is calculated as a function of reference
modulus Eref, density ρref and maximum principal strain εref, when bone
remodelling is at equilibrium (see Eq. (4)). This ‘lazy zone’ of equilibrium
is defined by strain thresholds for net bone resorption and formation are
εR and εF, respectively. The value of εref is thus determined by the current
value of εj, according to conditions outlined below:

Uref ¼Eref ðεref Þ2
2ρref

(4)

8<
:

ψ ¼ �1; εref ¼ εR if 0 < εj < εR
ψ ¼ 0; εref ¼ εj if εR < εj < εF
ψ ¼ 1; εref ¼ εF if εj > εF

9=
; (5)

where ψ is the mechanical signal ensuring density decreases under
resorption conditions and increases upon bone formation. Finally, the rate
of change of density in response to mechanical stimuli, dρi/dt, and a new
resulting density, (ρiþ1), are calculated using the following equations:

dρi
dt

¼C1 ⋅ ψSstrain (6)



Fig. 1. Flowchart outlining approach to
combining micro-CT derived finite element
modelling and mechanoregulation theory
to predict bone remodelling in metastatic
bone tissue. (A) μCT imaging was conducted
on the proximal femur of metastatic mice at 3
weeks post-inoculation of breast cancer cells.
(B) 3D reconstructed models were generated
by segmenting μCT scans. (C) Loading and
boundary conditions were applied to the
femoral head surface (in red) and fixed distal
surface (in orange) to reflect physiological
loading in a mouse hindlimb. (D) The mecha-
noregulation algorithm was applied iteratively
over a period of 21 days (TMAX) to predict bone
remodelling on the basis of strain energy
density.
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ρiþ1 ¼ ρi þ
dρi
dt

(7)

where a time constant, C1, governs the rate of remodelling. This constant
was determined separately for bone tissue resorption (C1

R ¼ 1600) and
formation (C1

F ¼ 1.79) as described below, and the rate applied was
dependent on the strain threshold as follows:

�
C1 ¼ C1

R if 0 < εj < εR
C1 ¼ C1

F if εj > εF
�

(8)

Maximal and minimal apparent density limits of 1.73 g/cm3 and 0.01
g/cm3 were assigned as standard, where density below 0.01 g/cm3 rep-
resents complete resorption.29,30 These Eqs. (1)–(7) are thus imple-
mented sequentially as part of the remodelling algorithm to iteratively
predict a new density and Young's modulus for each element within a
given model mesh, as illustrated in a flowchart (Fig. 1D).
2.3. Determining bone remodelling thresholds and constants

An upper strain threshold, beyond which bone tissue undergoes for-
mation, is commonly reported to be approximately 1000με31–33 and was
applied to the remodelling algorithm for this study. In contrast, a wide
variety of resorption threshold values have been theorised, ranging from
27.9 to 250με.21,28,34 Considering this range of thresholds, we conducted
3

a parameter variation study (Supplementary Fig. 1B) to determine the
lower strain threshold (100με), below which bone resorption would
occur.

We first derived the remodelling rates (C1) for the mechanoregulation
theory by considering a simplified model of an individual bone trabec-
ular strut under loading, such that the average change in bone mineral
density (Mmean) was representative of that measured experimentally for
trabeculae of the proximal femur after 6 weeks of metastasis in the ani-
mal model.6 Briefly, the trabecular strut model was assigned material
properties obtained experimentally for trabecular metastatic bone after 6
weeks of metastasis6 (E ¼ 14.117 GPa, ν ¼ 0.3, ρ ¼ 1.138 g/cm3) and to
minimise edge effects a surrounding ‘non-bone’ region (E ¼ 0.001 GPa, ν
¼ 0.3, ρ ¼ 0.001) was included, see Supplementary Fig. 2A. The axial
surface of the strut was fixed in all directions and a controlled low-strain
(25με) displacement was applied to the opposing face in the longitudinal
direction (Supplementary Fig. 2B). The time constant (C1) was derived to
predict bone formation (C1

F) undergoing an overall density increase
(1.123 g/cm3 to 1.178 g/cm3) at high strain (1250με) over 3 weeks (21
increments), which was based on density increase in healthy trabecular
bone in the experimental study,6 see Supplementary Fig. 2D. The rate for
bone resorption (C1

R) was derived such that an overall density decrease
(1.138 g/cm3 to 1.128 g/cm3) would occur over the same period, which
was based on experimental measurements of the average decrease in
bone mineral density (Mmean) during resorption of metastatic trabecular
bone.6 A parameter variation study was then performed for C1

R (Fig. 2),



Fig. 2. Bone resorption constant parameter variation study. Predicted bone mineral density distributions for a metastatic model (Whole bone – left, cross-section –

right) after 3 weeks application of the mechanoregulaiton theory with different resorption constants (C1
R). A resorption rate of 1600 was deemed appropriate to

represent the global rate of resorption observed in the experimental study that informed model development.6
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which revealed that a value of 1.6 � 103 predicts bone resorption within
the greater trochanter regions, similar to experimental observations of
overt osteolytic degradation in the greater trochanter region, over the
same time period, reported previously.6 Higher C1

R values inaccurately
predicted the majority of the proximal femur model to be resorbed
(Fig. 2). Therefore, C1

R ¼ 1.6 � 103 was applied for all further models.

2.4. Finite element analysis

This study sought to predict osteolysis in response to changes in the
mechanical environment of metastatic bone, using finite element analysis
(FEA) and mechanoregulation theory, and compare these to findings
from previous experimental and computational studies. Qualitative
analysis of the distribution of bone tissue density and strain energy
density (SED) throughout the proximal femur was performed. In terms of
quantitative analysis, maximum principal strain distribution was
assessed, along with maximum principal strain and SED in these models.
Density resorption was also analysed quantitatively, by calculating the
percentage volume of each model that had decreased in density
throughout the remodelling process. The decrease in density was
considered notable if resorbed below 0.1 g/cm3, an interim value be-
tween mean model density (1.262 � 0.02 g/cm3) and complete resorp-
tion (0.01 g/cm3), whereby elements with a value below this threshold
have reduced in density by over 90 %.

Changes in bone tissue density and maximum principal strain within
themicro-CT derived finite element models of metastatic (MET) proximal
femurs at 3 weeks, and the predicted changes arising by 6 weeks after
application of the mechanoregulation theory, were analysed. These re-
sults were compared to results of our previous FE study,7 in which
micro-CT derived FE models from the 3 week timepoint were identical
except for their heterogeneous distribution of density, and also included
a separately imaged 6-week cohort of metastatic proximal femur het-
erogeneous models for direct comparison. The subscript, m, describes
results from homogeneous FE models with applied mechanoregulation
theory (i.e. findings from the current study), while subscript s denotes the
4

heterogeneous FE models imaged separately at 3 weeks and at 6 weeks
post-inoculation.7 In this way, METhet models present the mechanical
environment of bone tissue at two time points of the study and can serve
as a direct comparison for the 3-week and 6-week time points predicted
by the bone-remodelling algorithm, determined according to mecha-
noregulation theory (METhom).

2.5. Validation of models

The initial homogenous models were validated against subject-
specific heterogeneous finite element models, which were described
previously (Verbruggen and McNamara 2023). Briefly, micro-CT (5 μm)
data for bone mineral density from these bones at the initial time point (3
weeks post-inoculation) were analysed to determine material parameters
according to a power law relationship, which related gray value, mineral
density and Young's modulus. This approach provided 100 distinct uni-
formly distributed properties to capture the heterogeneity from the
micro-CT data. The loading and boundary conditions were applied as
described above. We compared the predicted strain and strain energy
density of the homogeneous models (3wk METhom) to these subject-
specific heterogeneous models (3wk METhet) for two different resorp-
tion rates (1600, 160), see Fig. 3 and Supplementary Fig. 3. The pre-
dictive ability of the mechanoregulation theory was also validated
against published experimental data, see Supplementary Fig. 4.

2.6. Statistical analysis

Statistical analyses were performed using MiniTab (version 17) soft-
ware. Each parameter was assessed for equal variance (F test) and student
t-tests were implemented to determine whether averaged data was sta-
tistically significant between groups of equal variances. Welsh's test was
applied where sample groups had unequal variance. Results are dis-
played as mean � standard deviation, with significance defined as a p
value of <0.05, and further significance also identified (p < 0.01, p <

0.001). Error bars in all bar charts represent standard deviation.



Fig. 3. Predicted change in strain energy density distributions from 3 to 6 weeks. Anterior-posterior cross-section views of distributions of SED (Pa) at 3, 4, 5,
and 6 weeks of metastasis according to mechanoregulation theory in computational models of proximal femurs.
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3. Results

The mechanoregulation algorithm was applied over a three week
period from 3 to 6 weeks to predict bone remodelling driven by the
evolving mechanical environment within bone tissue during breast
cancer-bone metastasis for 5 subjects. We assessed the mechanical
environment (strain distribtuion, average maximum strain) (Fig. 3),
mechanical stimulus (SED) and bone mineral density distribution at the
initial timepoint (3 weeks), and at every 7 increments of the algorithm,
representing 1 week, to the final time point (6 weeks), see Fig. 4 and
Fig. 5.
5

3.1. Validation of model predictions relative to subject-specific
heterogeneous models

The initial homogeneous μCT-FE models of this study (3wk METhom)
were validated against micro-CT derived subject-specific models of the
same bones at this initial time point (3wkMEThet). This assumption over-
predicted the percentage bone volume at the lowest strains, relative to
the heterogeneous models, see Fig. 4A. Specifically, the 3 week homo-
geneous models had a significantly lower average maximum principal
strain (3wk METhom: 24.16� 3.48 % vs. 3wk METhet: 34.33� 2.9 %, p<

0.000) and the average mechanical stimulus SED was also significantly



Fig. 4. Validation of the initial homogeneous
material properties against subject-specific het-
erogeneous models with resorption rate C1

R of
1600. Initially bone tissue was assumed to be an ho-
mogeneous material (3wk METhom), which under-
predicted the (A) distribution of maximum principal
strain as a percentage of bone volume, (B) average
maximum principal strain and (C) SED relative to the
heterogeneous, micro-CT derived subject-specific
models of the same bones at this initial timepoint
(3wk METhet). (2) Application of the mechanor-
egulation theory for 21 increments, representative of
3 weeks of disease development (6wk METm). We
predicted the evolution of tissue heterogeneity and
predicted (A, B) strains and (C) SED were higher than
subject-specific heterogeneous models at the same
timepoint (6wk METhet). *p < 0.05, **p < 0.01,
p***<0.001.
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lower (3wk METhom: 24.03 � 2.9 % vs. 3wk METhet: 29.41 � 4.1 %, p <

0.000) see Fig. 4B and C. There was an increase in the % bone volume
experiencing strains below 50 μe (~88 %) relative to that predicted by
the heterogeneous approach (~79 %). However, there was a decrease in
% bone volume in the 50–100 μe range (~10 % vs. 16 %). Thus this
assumption represented an initial over prediction (by approximately 3 %)
of bone tissue volume experiencing strains below the resorption
threshold.

Nonetheless, upon application of the mechanoregulation theory the
initially homogeneous tissue evolved to become heterogeneous and the
mechanical environment evolved in a similar manner to that predicted
through heterogeneous subject-specific FE models, as is described in
further detail below. The predictive ability of the mechanoregulation
theory was also validated against published experimental data, see
Supplementary Fig. 4.

3.2. Evolution of mechanical stimuli within metastatic proximal femurs
from 3 to 6 weeks

At week 3 the mechanical stimulus (SED) was highest within the
cortical bone tissue of the femoral neck and at the loaded surface of the
femoral head for all models (Fig. 3). Next, the mechanoregulation algo-
rithm was applied to predict bone remodelling on the basis of a me-
chanical stimulus (strain energy density) over a period of 21 days,
representative of 3 weeks of metastatic disease development. We pre-
dicted the evolution in mechanical stimulation (SED) driven by the
disruption to the mechanical environment by 3 weeks of tumour
6

metastasis. By week 6 there was in increase in SED within the femoral
neck for all subjects.

We analysed the mean maximum principal strain and SED, which
were found to increase significantly in both the METhet and METhom
models by 6 weeks (Fig. 4B and C). We analysed the strain distributions
(6wk METm) and change from week 3 to week 6, and report that there
was an increase in strain distribution (i.e. positive skew) as bone tissue is
resorbed over this timeframe for both the subject-specific heterogeneous
and mechanoregulation models (Fig. 4A). The mechanoregulation
models predicted a significant decrease in % bone volume in the 0–50με
range relative to the initial time point (6wk METm: 23.86 � 9.36 % vs.
3wk METhom: 88.33 � 3.96 %, p < 0.001), but a decrease in the % vol-
ume in the 50–100με range (6wk METm: 34.88 � 5.65 % vs. 3wk
METhom: 9.89 � 2.8 %, p < 0.001). Although not significant, for the
heterogeneous models (METhet) the maximum principal strain distribu-
tion decreased in the 0–50με range (6wkMEThet: 71.63� 5.99 % vs. 3wk
METhet: 79.25 � 2.98 %, p ¼ 0.06) and 50–100με range (6wk METhet:
20.89 � 3.68 % vs. 3wk METhet:15.89 � 1.98 %, p ¼ 0.055).

3.3. Bone mineral density within metastatic proximal femurs from 3 to 6
weeks

By 6 weeks application of the bone remodelling algorithm we pre-
dicted elevated bone tissue mineral density (calculated from predicted
tissue mechanical properties) in these same cortical neck and femoral
head regions (Fig. 4). It should be noted that, at this 6 week timepoint,
the models had not reached homeostasis and remodelling was still active.



Fig. 5. Predicted change in bone mineral density from 3 to 6 weeks. Anterior-posterior cross-section views of bone resorption at 3, 4, 5, and 6 weeks of metastasis
according to mechanoregulation theory.
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By the 6-week time point, application of the remodelling algorithm
predicted that 26.51 � 9.96 % of the model volume decreased below a
bone mineral density of 0.1 g/cm3. In comparison, our previous experi-
mental study reported that bone volume in the trabecular regions of
proximal femurs reported from prior micro-CT analysis had decreased by
21.15 % between 3 weeks and 6 weeks post-inoculation of metastatic
breast cancer cells6 (see Supplementary 4). In addition, the area of lowest
density in each model consistently presented in the greater and lesser
trochanter regions, as is illustrated in the anterior-posterior cross-sec-
tional views of cortical and trabecular bone (Fig. 6A). This correlates
with findings from our experimental study in which osteolysis was re-
ported in the greater trochanter regions by 6 weeks post-inoculation6

(Fig. 6B and C). This region-specific osteolytic destruction of metastatic
tissue arose in the exact same areas of the femoral cortical and trabecular
7

space as those reported in our experimental study from which the
micro-CT data for these models originated,6 which provides qualitative
validation of these computational models. Of note, density was highest in
the cortical bone tissues of the femoral neck and the inter-trochanter
space (Fig. 6A).

4. Discussion

This study is the first to implement subject-specific finite element
models of metastatic bone tissue and apply a computational mechanor-
egulation framework to investigate whether the development of osteol-
ysis is a function of the altered mechanical environment within bone
tissue during breast cancer-bone metastasis. Here we report that,
although we implemented a global rate of resorption, we predicted a



Fig. 6. Predicted changes in bone density in the trochanter regions and validation against experimental data. (A) Anterior-posterior cross-section views of
predicted bone mineral density for each metastatic model (n ¼ 5) after 3 weeks application of mechanoregulation theory (note: the colour legends for density are
specific to each model). Insets: Visualisation of predicted resorption in greater trochanter regions. (B) Experimental study reported overt osteolysis in the greater
trochanter (in red) by 6 weeks post-inoculation by 3D μCT analysis6.
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localised decrease in bone mineral density in the greater trochanter re-
gion of the femur, the exact regions where osteolytic lesions were iden-
tified in an associated experimental study.6 Moreover, application of the
mechanoregulation algorithm predicted that the spatial mechanical
environment evolved in a similar manner to that predicted through
subject-specific finite element models over this 3 week time period of
metastasis.7 These results support the hypothesis that early changes in
the physical environment of bone tissue during metastasis may elicit
mechanobiological cues for bone cells and activate later osteolytic bone
destruction.

Some limitations in this study must be considered. Firstly, at the
initial stage (3 weeks) bone tissue was assumed to be an isotropic, ho-
mogeneous and linear elastic material, which does not fully represent the
heterogeneous, anisotropic, non-linear and poroelastic behaviour of bone
tissue. Bone tissue is commonly assumed to be linear elastic at low strain,
which is relevant to the current study (0 - 300με, <0.3 %) and below the
8

yield strain (~3 %) of mouse bone tissue. Due to the challenges of
implementing mechanoregulation theory in μCT-FE models, linear elas-
ticity and tissue isotropy are often assumed,18,21,22 although this
assumption might somewhat underestimate the mechanical stimulus
(SED) relative to poroelasticity (Falcinelli et al., 2020). We did investi-
gate a combined UMAT and USDFLD subroutine to predict bone
remodelling within a heterogeneous model, but this approach proved
problematic to implement due to convergence issues arising because of
boundary discrepancies between neighbouring elements of differing
properties. Thus, we validated our initial (3-week) model predictions
against subject-specific micro-CT derived heterogeneous FE models of
the same bones,7 and predicted a lower strain distribution and SED for
the homogeneous model (see Supplementary Fig. 3), which would pro-
vide a higher initial stimulus for bone resorption. However, the mecha-
noregulation theory predicted evolution of the initially homogeneous
tissue to become heterogeneous over the simulation period (i.e. by 6
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weeks) and, importantly, the mechanical environment evolved in a
similar manner to that predicted through heterogeneous subject-specific
FE models and although we predicted an increase in bone resorption (~5
%) relative to the experimental study we were able to predict
region-specific bone remodelling. Secondly, a parameter variation study
was conducted to establish a resorption rate (C1

R) that could predict
bone loss at a rate consistent with our experimental study, but we used
the same rate for cortical and trabecular bone to avoid introducing
complex surface interactions not reflective of in vivo conditions. More-
over, the models did not account for biochemical signalling between
tumour and bone cells, longer-term mechanoregulatory responses or
variations in loading angle and magnitude during the murine trotting
cycle. Previous studies have successfully coupled biochemical signalling
between osteoblasts and osteoclasts with mechanoregulation theory to
study bone remodeling35 or varied resorption and formation rates ac-
cording to experimental data.21 Nonetheless, the homogeneous model
presented here, in which bone remodelling is governed by mechanical
stimuli alone, predicts density and mechanical stimuli evolution com-
parable to subject-specific finite element models for 6-week-old meta-
static animals.6,7 Moreover, osteolytic regions predicted by
mechanoregulation theory coincided with regions of osteolysis identified
by micro-CT in our experimental study.6 Future studies could investigate
the influence of tissue heterogeneity, biochemical signalling and loading
on predicted bone tissue resorption, and quantitatively validate the
strains by longitudinal Digital Volume Correlation analysis of bone tissue
during metastasis.36

Here we report that the mechanoregulation theory predicted the
evolution of the mechanical environment (principal strain, SED) from 3 to
6 weeks, which corresponds with the predictions of micro-CT derived
heterogeneous finite element models at 6 weeks7 and provide further
validation of models driven by mechanoregulation theory. This rate
implementation predicted that approximately 27 % of the model volume
would reduce to low bone density, which was within the same range as
bone volume fraction reductions in the trabecular space (21.15 %) re-
ported experimentally.6 Bone tissue resorption was more prominent
within these models than formation, which is supported by similar studies
of female C57BL/6 murine tibiae, wherein bone tissue formation only
occurred at high loads (9–13N).31,37 In addition, the rate of change of
bone density under resorption was higher (C1

R ¼ 1600), and formation
lower (C1

F ¼ 1.79), than that previously determined for healthy tissue
(C1

R ¼ 15.5, C1
F ¼ 45.4, respectively).14 It is notable that implementing a

lower resorption rate (C1
R ¼ 160), predicted an increase in strain distri-

bution, maximum principal strain and SED (Supplementary Fig. 3).
Further study on the resorption rates could shed light on the evolving
mechanical environment and sensitivity to these remodelling parameters.

Physiological loads were applied to subject-specific proximal femur
models and a bone mechanoregulation algorithm was implemented to
predict element-specific density changes over 21 days. Qualitative
analysis revealed that the lowest bone mineral density values were pre-
dicted to arise in the greater and lesser trochanter of the femurs. Inter-
estingly, a second cohort of proximal femurs from the same animal model
of bone metastasis were experimentally analysed (by micro-CT) 6 weeks
after tumour-inoculation and these animals consistently presented with
overt osteolytic lesions in the greater trochanter region.6 Thus, the
application of the mechanoregulation theory has accurately predicted the
spatial nature of bone resorption within the proximal femur that corre-
sponds to previous experimental results. That bone mineral density was
highest along the femoral neck and femoral head, is consistent with the
healthy human proximal femur38 and strain distributions are highest in
the femoral neck in a human osteoporotic femur.39 Interestingly, signif-
icant bone tissue resorption was reported by micro-CT analysis of the
femoral head regions after 6 weeks of bone metastasis development, and
indeed the femoral head was absent in 3 of 7 metastatic proximal fe-
murs,6 possibly due to fracture along the femoral neck. The study
implemented a continuum approach to predict bone cell activity in
response to mechanobiological cues, but did not explicitly model these
9

cells. Quantification of bone cell and cancer cell populations at different
time points throughout metastatic development could validate the pre-
dictions. Overall, application of the computational bone mechanor-
egulation framework presented here demonstrated the spatial nature of
resorption by 6 weeks that correlated to the experimental findings.

5. Conclusion

In conclusion, this study is the first of its kind to predict, using
mechanoregulation theory, bone remodelling in μCT-derived finite
element models of metastatic bone tissue, prior to the development of
overt osteolytic lesions. The bone remodelling algorithm predicted bone
mineral density to decrease in regions that coincide with experimental
studies of osteolysis. This study also reported changes in strain distri-
bution from 3 weeks to 6 weeks, which were in keeping with predictions
of micro-CT derived FE models of femurs at 3 weeks and 6 weeks post-
inoculation of metastatic cells. Thus we propose that mechanobiology
may play a role in the adaption of the bone tissue extracellular matrix to
metastasis and contribute to the later development of osteolysis.
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