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Abstract

Breast cancer is a significant public health issue affecting women worldwide.

While advancements in treatment options have led to improved survival rates,

the impact of breast cancer and its treatments on bone health cannot be over-

looked. Bone remodeling is a complex process regulated by the delicate bal-

ance between bone formation and resorption. Any disruption to this balance

can lead to decreased bone density, increased fracture risk, and compromised

physical function. To investigate the effects of breast cancer and its treatments

on bone remodeling, a finite element model was developed in this study. This

model incorporated bone remodeling equations to simulate the mechanical

behavior of bone under different conditions. The ABAQUS/UMAT software

was used to simulate the behavior of bone tissue under the influence of breast

cancer and treatments. Our findings suggest that bone loss is more pronounced

after secondary breast cancer and treatment, leading to bone loss (6%–19%
decrease in BV/TV), reduced bone stimulation, and decreased effectiveness of

physical activity on recovery. These results highlight the importance of early

intervention and management of bone health in breast cancer patients to miti-

gate the negative impact of cancer and treatment on bone remodeling.
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1 | INTRODUCTION

Bone tissue serves as a dynamic and living composite material with crucial functions such as shielding the soft tissues
from external forces, facilitating the release of calcium and other ions into the extracellular fluid, and providing support
for hemopoiesis. The mechanical functionality of bones is maintained through a process known as bone remodeling,
which enables the adaptation of the bone tissue to external loadings.1,2 However, breast cancer (BC) and its treatments
can disrupt this process and lead to adverse effects on bone health. Research suggests that breast cancer and its treat-
ments can alter the bone remodeling process, leading to an imbalance between bone resorption and formation, ulti-
mately resulting in bone loss and increased risk of fractures.3

Bone tissue deterioration due to BC and its treatments is caused by disruptions to bone metabolism, which is regu-
lated by the biochemical process of bone remodeling (BR). BR involves osteoclasts and osteoblasts interacting in basic
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multicellular units (BMUs), with the process being activated by mechanosensory bone cells called osteocytes. The
RANKL/RANK/OPG pathway, consisting of RANK, RANKL, and OPG molecules, controls osteoclast differentiation
and activation during BR. RANK-RANKL binding stimulates osteoclastogenesis, while OPG-RANKL binding protects
the bone from excessive resorption by preventing RANK-RANKL binding.4

Over the past few decades, the finite element (FE) method has become increasingly popular in the fields of biome-
chanical engineering and regenerative medicine.5 Utilizing FE modeling of human bones has proven to be a valuable
tool for evaluating a broad range of outcomes in a consistent and replicable way. These models are based on medical
images and offer a wealth of information about bone quality and mechanical capabilities. Furthermore, they can be
used to create FE models that simulate the mechanobiological behavior of bones via the bone remodeling process. In
authors6 have proposed a method for predicting the effects of denosumab, a drug used to treat osteoporosis, on bone
remodeling. The method combines pharmacokinetics (study of drug absorption, distribution, and metabolism) and
finite element modeling (FEM). Based on the FE model results, bone mineral density (BMD) values of the proximal
femur after have shown good consistency with experimental studies,7-9 which shows that FEM approach could help
improve the clinical management of osteoporosis and other bone-related conditions. In a more recent study,10 have
presented a new mathematical model that integrates mechanical and chemical factors for bone remodeling. The model
considers various cell types, extracellular matrix, and signaling molecules involved in bone remodeling and simulates
the dynamic behavior of the process, predicting the effects of different mechanical and chemical stimuli on bone tissue
using FEM. Based on the results, the authors concluded that the FE model used in this study is capable of producing
results that align with those obtained from previous research, as well as with clinical and experimental scenarios.

Building on our previous works4,11 which were principally dedicated to mathematical modeling of bone remodeling
under BC and BC treatments effect, this paper delves deeper into the mechanical behavior of bone under breast cancer
and its treatment effects at the macroscopic level. Our previous study utilized mathematical modeling to understand
the underlying mechanisms of breast cancer/ treatments-bone remodeling cells interactions. To present a proof of con-
cept of our models, we utilized computational simulations using Abaqus/UMAT aiming to analyze the
mechanobiological behavior of a real femur under BC and its treatments. By conducting several simulations, we were
able to examine the potential differences in bone density and damage distribution between four different cases:
(i) normal bone remodeling, (ii) bone remodeling under primary breast cancer, (iii) bone remodeling under secondary
breast cancer, and (iv) bone remodeling under chemotherapy, tamoxifen, and aromatase inhibitor effect.

2 | FINITE ELEMENT MODELING OF BONE REMODELING

2.1 | Patient

Being among the most bone parts affected by cancer, we have chosen the proximal femur to simulate cancer and treatments'
effect on bone. In our study, bone geometry of proximal femur was acquired from CT images of a healthy 73 aged women.

2.2 | Ethics statement

The proximal femur scans used in this research were obtained from the Radiology Department of the AP-HM
(Assistance Publique-Hôpitaux de Marseille), specifically from Sainte-Marguerite Hospital in Marseille, France. The
study protocol, including the use of these scans, was ethically reviewed, and approved under the registration number
PADS23-121.

The authors declare that this report does not contain any personal information that could lead to the identification
of the patient.

2.3 | Three-dimensional reconstruction of bone geometry

The first step to create the finite element model is to consider the three-dimensional the bone geometry (Figure 1).
From patient CT images, segmentations and 3D reconstructions have been done to obtain the proximal femur geometry
using the segmentation software Materialise Mimics. Segmentation is the operation where we extract, from grayscale



images, our region of interest (ROI) called mask. CT images are composed of voxels assigned to different gray shades.
The gray levels of those voxels are expressed in Hounsfield Units (HU). Based on HU values, the tissue density is
determined. A value of �1024 HU corresponds to air, 0 HU corresponds to water, and value greater than 1000 HU
correspond to bone, calcium, and metal.12 In order to extract our mask, each voxel in the image is assigned to the
value 1 if it is in the ROI and 0 if it is not. The segmentation of a bone starts by: (i) thresholding the volumetric imag-
ing by including all the voxels with values ranging between 226 and 2000 HU that correspond to bone HU values;
(ii) separating the targeted bone zone from the other bone zones while keeping the initial mask containing all the
bone tissue to be segmented; (iii) refining the mask to precisely match the outline of the bone. For this step, the fill-
ing of internal holes and morphological operations of erosion and dilation are carried out. Depending on the quality
of the scanned images, it may be necessary to manually add or remove voxels that may or may not be part of
the ROI.

2.3.1 | Material assignment

After defining our ROI and constructing our 3D geometry of the proximal femur, we have applied the mechanical prop-
erties, again using Materialise Mimics. This software permits to assign ash density for every HU value of the voxels
using empirical function. In our case, we have used the formulations proposed by Sternheim et al.,13 which permits to
determine (i) K2HPO4 density of HU values (Equation 1), (ii) ash density as function of HU values (Equation 2), and
(iii) Young modulus for cortical and trabecular bone as function of density (Equations 3 and 4).

ρK2HPO4 ¼ 10�3 a�HUð Þ g=cm3
� � ð1Þ

ρash ¼ :877�1:21�ρK2HPO4þ :08 g=cm3
� � ð2Þ

Ecort ¼ 10200�ρash
2:01 MPa½ � ρash ≥ :486 g=cm3

� � ð3Þ

Etrab ¼ 2398 MPa½ � :3< ρash < :486 g=cm3
� � ð4Þ

Concerning Poisson's ratio, it was set to the constant value ν¼ :3.13

In their work,13 authors opted for (Equation 1), which has been drawn based on previous experimental studies, giv-
ing that CT scans are usually performed without calibration phantoms as it is the case in our work. For ρK2HPO4 calcula-
tion, we determined a by solving (Equation 2) for maximum values of ρash and HU respectively. HU maximal value is
provided by the software, while ρash maximal value is determined by solving (Equation 3) where we consider that the
maximum value of Ecort,max ¼ 20GPa. Based on this method, we obtained a¼ :82 g=cm3 knowing that HU maximal
value is 1610. In our study we considered 3 material types; (i) cortical bone with ρash ≥ :486 g=cm3½ �, (ii) trabecular bone

FIGURE 1 (A) Three-dimensional reconstruction of bone geometry and material assignment. The process is subdivided into 3 parts:

(i) Construction of 3D geometry from patient's scans on Mimics, (ii) Meshing the 3D geometry on 3-Matic, (iii) and assignment of material

properties of bone on Mimics (B) Boundary conditions applied on the created 3D geometry in Abaqus.



with :3< ρash < :486 g=cm3½ �, and trabecular bone with ρash ¼ :3 g=cm3½ �. We affected :3value for low ρash and we consid-
ered the material as a trabecular bone for simplification.

2.3.2 | Mesh generation

The surface of the proximal femurs is meshed using a semi-automatic mesher in the Materialise 3-Matic software. The
bone surface mesh was uniform and composed of 127,604 triangular elements with an edge length of 1.5 mm. The mesh
quality in our work has been verified using the “Inspect part” tool where we can regulate the threshold values of the
element size then we analyze the mesh quality using the “Analyse mesh quality” tool, where we check if all surface
meshes are well done.

For the proximal femur bone, a volume mesh composed of tetrahedral elements was created from the surface mesh.
The selected tetrahedral elements are of the quadratic type (C3D10), each having 10 nodes acting as so many interpola-
tion points. These elements are able to describe non-linear behaviors. They are well suited to study the biomechanical
behavior of bone tissue14-16 and are now widely used in biomechanical modeling.

2.4 | Bones mechanical behavior

2.4.1 | Mechanical behavior law

The FE simulations were performed on Abaqus using UMAT subroutine that describes bone behavior law coupled
with the biological laws representing the bone remodeling. The algorithm was implemented in language
FORTRAN 90.

Cortical bone and trabecular bone were considered as isotropic materials with linear elastic and quasi fragile behav-
ior. The damage resulting from cyclic loadings affects both cortical and cancellous bone properties and subsequently
their behavior, potentially leading to the development of micro-cracks and modifications in bone microarchitecture.

In case of high external loading damage could reach its maximal value 1, representing bone fracture/failure.

dnþ1 ¼ dnþδd ð5Þ

δd¼ 1
Nf

ð6Þ

Nf ¼CΔε�ϑ ð7Þ

δdi ¼ 1
2:719�10�10�Δεi�1:2

εeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2
3
εijεij

r
ð8Þ

In study, the accumulation of damage at a given cycle dnþ1 is determined based on (Equation 6). The incremental
damage δdi is expressed based on the number of failure cycles Nf in the i direction (Equations 5 and 6).
The latter is expressed in terms of the amplitude of applied micro-strains Δε, which correspond to the equivalent strain
εeq (Equation 8), while C and ϑ are constants obtained experimentally depending on the mechanical solicitation type.17

Accordingly, damage in case of compression is expressed by (Equation 7).18,19

Since there is an empirical relationship between bone density and both Young's modulus and Poisson's ratio, dam-
age has been added to their formulation in (Equations 9 and 11).18 Young modulus E depends then on its initial value
Ei

0, the incremental damage di, and bone density ρ. In (Equation 10) representing the function that characterizes
Young's modulus under the variation of bone density ξ, ρl is the bone density separating cortical from trabecular bone,



while ξc and ξs represent respectively the constants defining Young's modulus evolution in the cortical bone and
trabecular bone.

In addition to bone density, Poison's ratio ν depends also on its initial values for cortical bone νc and trabecular bone
νs. Concerning (Equation 13), it represents the ramp function. All the mechanical parameters are presented in
(Table 3).

E¼Ei
0 1�dið Þωξ ρð Þ ð9Þ

ξ ρð Þ¼ ξs� ξs�ξcð ÞS ρ

ρl
�1

� �
ð10Þ

ν ρð Þ¼ νs� νs�νcð ÞS ρ

ρl
�1

� �
ð11Þ

S x�x0ð Þ¼H x�x0ð Þ
x� x0

ð12Þ

H x�x0ð Þ¼ x� x0ð Þþabs x� x0ð Þ
2

ð13Þ

2.4.2 | Mechanical properties

For simulation, the initial values of parameters are presented as follows (Table 1). Where both Young modulus are cal-
culated based on the density obtained from the CT scan images.

2.4.3 | Boundary conditions

The 3D geometry of femurs whether of the patient with and without breast cancer have been exported to be used
in the finite element software Abaqus. According to medical reports,20 low, medium and high physical activities
correspond respectively to .79, 1.58, and 2.38 mm of displacement. In the work of reference 17, authors have
inflated the values of those displacements to emphasize their effects on bone strength and damage rate through-
out life. For the same reason, we chose to inflate the displacement value representing low activity and consider
2 mm of displacement applied on the femoral head with an angle of 19�. Choosing the low activity displacement
is due to low activity of elderly patients. The lower surfaces of the proximal femurs have been embedded to pre-
vent bone movement and the mechanical loadings were applied as daily cyclic loadings on the femoral head as
shown in (Figure 1).

The loading conditions have been modeled using cyclic patterns. Each cycle involves a compression phase with a
2 mm displacement, succeeded by a relaxation phase, where the displacement above the femoral head is maintained at
zero. To reduce the simulation duration, we have conducted 12 cycles over the span of 1 year, with each individual
cycle lasting for a duration of 30 days.

TABLE 1 Initial femur mechanical properties.

Patient Parameter Value

Proximal femur of healthy
women

Ecort
0 7:37�103 MPa

Etrab
0 2:39�103 MPa

ρcort
0 :85 g=cm3

ρtrab
0 :39 g=cm3



2.5 | Biological behavior

Aiming to determine the mechanical behavior of the proximal femur under primary and secondary breast cancer in addi-
tion to BC treatments, several remodeling scenarios over a period of time of 1 year, have been carried out (Figure 2). The
initial biological conditions have been directly provided in the code, while the initial mechanical properties of the bone
have been called from its initial characteristics assigned by Mimics Materialise software. Within the UMAT code, cells
and treatments' concertation, stiffness matrix, bone mechanical properties and the stress are updated.

Detailed description of all bone remodeling models programmed on UMAT subroutine are presented in (Table 2).
From the mathematical models implemented in UMAT, we calculate the BV/TV values, which depends on the bone

density value (Equation 17).21

ρ¼ 2:31�BV=TV ð14Þ

The density values are utilized in the calculation of several parameters, such as Young's modulus and Poisson's
ratio, which are then integrated to compute stress, damage, and strain energy density.

For treatments impact on bone remodeling model, we have considered that all the treatments are considered at the same
period with a daily administration of drugs and that the initial conditions of the model are those of secondary BC model.

2.6 | Mechanobiological coupling

Based on the work of reference 22, the mathematical model representing the mechanical strains in the extravascular
matrix's effect on bone remodeling has been represented by (Equation 17). This function depends principally on the

FIGURE 2 Organigram of the bone remodeling algorithm implemented in Abaqus code with UMAT subroutine. Primary BC, secondary

BC, and treatments models have been implemented separately, while the mechanical algorithm is the same for all models. For the model of

validation, only the mechanical algorithms have been implemented.



mechanical stimulus represented by the strain energy density (SED) Ψ bm. Knowing that SED could be affected by dam-
age (Equation 5), SED calculated basically based on stress σ and strain ε values (Equation 15), has been modified to
consider damage in (Equation 16). Due to the mechanical stimulus, preosteoblasts proliferation is controlled by the acti-

vation function Πmech
act,OBp (Equation 17), where λ is the anabolic strength parameter,�Ψ bm ¼ 1�10�3 MPa, anddΨ bm ¼ 1þλ�1

� �
�Ψ bm. The maximum proliferation rate is reached when Πmech

act,OBp ¼ 1 and the minimum value is set to

Πmech
act,OBp ¼ 1=2 relatively to Ψ bm the threshold value above which the proliferation is activated.

Besides the activation function of preosteoblasts' proliferation, we have also considered the influence of mechanical
stimulation on RANKL production inhibition. This has been represented by the function Pmech

RANKL proposed by reference
22 (Equation 18), where α is the inhibition parameter of RANKL production (Table 3).

w x
! ið Þ	 


¼ 1
2
σ x

! ið Þ	 

: ε x

! ið Þ	 

ð15Þ

Ψ bm ¼w x
! ið Þ	 


1�dið Þ ð16Þ

Πmech
act,OBp ¼

1=2

1=2 1þλ
Ψ bm

�Ψ bm

�1

� �� �
,

1

8>><>>:
Ψ bm ≤�Ψ bm

�Ψ bm <Ψ bm ≤ dΨ bmdΨ bm ≤Ψ bm

ð17Þ

TABLE 2 Description of all bone remodeling models implemented via UMAT in this study.

Geometrical model
Bone remodeling
model Agent

Modification applied on the
model References

Proximal femur of healthy
women

Normal conditions No agent No modification (Appendix A.1)

Primary BC conditions Primary BC cells RANKL concentration
OPG concentration
IL-6 concentration

(Appendix A.2)

Secondary BC
conditions

Secondary BC cells Wnt concentration
DKK-1 concentration
RANKL concentration
PTH concentration
IL-6 concentration

(Appendix A.3)

BC treatments
conditions

Chemotherapy OBa concentration
OCa concentration

(Appendix A.4)

Tamoxifen Estrogen concentration (Appendix A.4)

Aromatase
Inhibitors

Estrogen concentration (Appendix A.4)

TABLE 3 Mechanical models parameters.

Parameter Value Reference

ξs 2:5 18

ξc 3:2 18

νs :2 18

νc :32 18

ρl 1:2 g=cm3 18

λ 1:25 22

α 3:5�104 pM=day 22



Pmech
RANKL ¼

α 1� Ψ bm

Ψ bm t0ð Þ
� �

0
,
Ψ bm <�Ψ bm

Ψ bm ≥�Ψ bm

8<: ð18Þ

3 | RESULTS AND DISCUSSION

The numerical simulation of the proposed mechanobiological models was tested and validated by comparing the
obtained 3D simulation results notably bone volume fraction results with our previous validated BV/TV results from
references 4,11 Bone remodeling computational simulation has been carried out over a one-year-loading period, for the
73-year-old healthy women, under displacements of 2 mm, and under breast cancer and treatment effect as presented
in (Table 4).

3.1 | Bone density variation

Figure 3 illustrates the BV/TV variations over a one-year period, simulating the bone remodeling model using MATLAB
software, akin to the approach undertaken in a prior study.4 This presentation is supplemented by the distribution of
von Mises stresses within the bone for each configuration, as detailed in (Table 4).

As observed in (Figure 3), the BV/TV changes exhibited a similarity between the effects of secondary breast cancer
and BC treatments when comparing the computational model results to the zero-dimensional model. However, a dis-
cernable distinction of 5% was evident in the results concerning the effects of primary breast cancer. This variation
could potentially be attributed to the amplified impact of mechanical stimulation, which becomes more pronounced
with increased bone density. Notably, the bone force applied in the zero-dimensional model was of greater magnitude,
solely directed toward promoting bone formation. Conversely, the finite element model incorporated a minor displace-
ment, resulting in the distribution of Strain Energy Density (SED) in a heterogeneous manner across the three-
dimensional geometry. Regarding von Mises stress, stress levels decrease with augmented bone loss. This phenomenon
can be attributed to the reduced elasticity that accompanies diminishing bone density, thereby leading to reduced stress
within the bone microenvironment. Moreover, alterations in the mechanical environment contribute to the suppression
of bone formation stimulation, ultimately leading to further degradation of the bone matrix.

Bone density distribution whether in the cortical and trabecular bone has been noticeably impacted by BC and BC
treatments. In (Figure 4) primary BC has induced a modest yet perceptible increase in density within both the cortical
and trabecular bone after a one-year simulation. In contrast, the impact was more pronounced in the case of secondary
BC and treatment regimens, resulting in a discernible reduction in density across both cortical and trabecular bone.
This discrepancy in outcomes can be attributed to our deliberate consideration of high-intensity treatment regimens
condensed within a relatively short timeframe of 1 year. As a consequence of this approach, the effects of each treat-
ment have been notably amplified, and the cumulative outcome is the result of their accumulation over time. This
underscores the intricate relationship between treatment intensity, temporal considerations, and the overall influence

TABLE 4 Models attributed bone remodeling configurations and mechanical conditions.

Geometrical model
Configuration
number

Bone remodeling
model Agent Mechanical conditions

Proximal femur of healthy
women

1 Normal conditions No agent 2 mm displacement applied
on femur head, which is
embedded in the lower
surface

2 Primary BC conditions Primary BC cells

3 Secondary BC
conditions

Secondary BC cells

4 BC treatments
conditions

Chemotherapy
Tamoxifen
Aromatase
Inhibitors



on bone density dynamics. Several studies have yielded critical insights into the intricate relationship between breast
cancer (BC), its treatments, and their impact on bone mineral density (Table 5). In one study detailed in reference 23, a
group of women newly diagnosed with breast cancer, with the majority being in the early stage and exhibiting positive
hormone receptor status, experienced significant improvements in BMD across distinct bone regions: specifically, the
lumbar spine, femur neck, and total hip experienced BMD increments of +1.83%, +2.29%, and +3.26%, respectively.
Those results were lower than our zero-dimensional model's ones, which indicated a more substantial increase of +7%,
while the finite element model displayed a modest 1% of bone gain.

It is worth highlighting the intriguing disparity observed when comparing these results with the predictions from
our computational models. Notably, our zero-dimensional model projected a notably more substantial increase in
BMD, quantified at +7%. This divergence raises intriguing questions about the underlying factors contributing to the
discrepancies between the actual outcomes and the predictions made by the model. One potential factor could be
the simplifications inherent in the zero-dimensional model, which might not adequately capture the intricacies of the
biological and mechanical interactions occurring within the bone microenvironment. On the other hand, the finite ele-
ment model displayed a more moderate 1% rise. The small difference between our FE model and the experimental find-
ings could be due to the low mechanical loading conditions, a factor that could have influenced the remodeling
process. Furthermore, numerous other factors may contribute to this variation such as the patients' age, overall health,
and lifestyle.

In the work of reference 24 the researchers delves into the impact of metastatic cancer, highlighting a concerning
�7.69% BMD decrease in cylindrical specimens of patients who underwent excisional biopsy. In a different context, the
investigation by reference 25 examines into postmenopausal BC patients with bone metastases. This reveals a �11.1%
reduction in BMD in the lumbar spine, along with a more pronounced �17.8% decrease in femoral neck BMD. These

FIGURE 3 von Mises stress variation for the FE modeling and BV/TV variation for the zero-dimension modeling in the four

configurations: (i) Normal BR, (ii) BR under primary BC effect, (iii) BR under secondary BC effect, and (iv) BR under Chemotherapy,

Tamoxifen, and Aromatase inhibitor effects. BV/TV values in the FE models represent the maximal variation obtained in whole femur. In

the BC treatments case, we distinguish between trabecular bone (9% of BV/TV loss) and cortical bone (16% of BV/TV loss). The percentage is

calculated based on BV=TVX �BV=TVNormalð Þ=BV=TVNormal, where X is the studied condition.



findings collectively underscore the multifaceted nature of bone health in the presence of cancer. In comparison with
the outcomes of our models, there was greater similarity observed with the results presented in reference 24. Con-
versely, the research described in reference 25 indicated a more pronounced decrease in BMD due to secondary
BC. However, it is important to note that the time interval between the onset of metastasis and the measurements in
this study was not specified. Therefore, this discrepancy could potentially be attributed to the development of bone
metastasis over a substantial span of time for these patients.

Concerning BC treatments effect, further insights emerge from the investigation detailed in article,26 wherein the lumbar
spine BMD decreased by �9.9% following 24 months of aromatase inhibitor treatment, which started after chemotherapy and
tamoxifen. Likewise, patients who completed treatment with exemestane, post chemotherapy and tamoxifen, exhibited a
�12% decrease in lumbar spine BMD.26 Over a more extended timeframe, article27 demonstrates a significant �17.32%
decrease in lumbar spine BMD after 5 years of BC treatments, including Anastrozole. Similarly, premenopausal women with
receptor-positive breast cancer treated with Anastrozole plus goserelin showed a corresponding �17.32% reduction in lumbar
spine BMD.28 Our finite element model results indicate a notably larger reduction in bone mineral density (BMD), particu-
larly in the cortical bone, where the decrease is substantial at �49%. In contrast, the decrease is comparatively limited to
�19.3% in the trabecular bone (Figure 4). These outcomes, specifically related to the cortical bone, highlight significant bone
loss compared to the findings from experimental studies. It is important to acknowledge that the marked decrease in our
models can be attributed to the inclusion of all treatments simultaneously, as opposed to their distribution over a five-year
period. This approach was chosen for two reasons: firstly, to facilitate a direct comparison with the results of other scenarios
(primary BC and secondary BC), which were simulated over a single year, and secondly, to evaluate the potential impact of
accumulating treatments within the same timeframe on BMD. The implications of these results lead us to the conclusion that
the cortical bone is more susceptible to the effects of multiple treatments administered concurrently.

3.2 | Bone mechanical response

In Figure 5, von Mises stress, damage, in addition to the mechanical stimulus has been represented for the four configu-
rations (Table 4) in order to analyze the effect of BC and BC treatment on the mechanical response of the bone.

FIGURE 4 Bone density variation in g=cm3 after 1 year of simulation under the following conditions: (i) Normal BR, (ii) BR under

primary BC effect, (iii) BR under secondary BC effect, and (iv) BR under Chemotherapy, Tamoxifen, and Aromatase inhibitor effects.



Figure 5 illustrates that the primary BC's influence on bone mechanical behavior is limited, owing to its minor
impact on bone density. However, secondary BC and BC treatments result in diminished stress and SED values, accom-
panied by an increased level of damage, particularly evident when treatments are applied. The decrease in density con-
tributes to a reduction in the bone's Young's modulus, reflecting a loss of stiffness. Consequently, stress and the energy
of deformation stored within the bone decrease.

Research into bone quality under the purview of reference 29 has demonstrated that bone metastasis from prostate
and breast cancers significantly affects bone quality. This study identifies notable reductions in vertebral strength and
stiffness under these conditions, which supports and justifies our observations in (Figure 5). Another investigation
involving mechanical testing on cortical bone samples with metastatic lesions reference 30 reveals that the Young's
modulus and yield strength of cortical bone experience significant decreases under compression when compared to
cancer-free samples. This reduction underscores the increase in cortical bone ductility due to the progression of
osteolysis. Our model arrives also at a similar conclusion, emphasizing that the decrease in Young's modulus contrib-
utes to diminished stress generation within the bone matrix, ultimately yielding a lower strain energy density.

When the SED values drop due to bone loss, the positive impact of physical activity on bone health in BC patients
undergoing treatments is lost. Moreover, the bone becomes more susceptible to micro-cracks, as evidenced by escalated
damage post-treatment (Figure 5). This damage assumes distribution in areas that remained undamaged under

TABLE 5 Comparative BMD results from the zero-dimensional models3,4 and experimental studies for primary BC, secondary BC, and

BC treatments cases.

State
Zero-dimension
model results

FE Model
results

Experimental
study result Experimental study information References

BMD Primary BC +7% +1% +1.83% Lumbar spine of women with newly
diagnosed breast cancer

23

+2.29% Femur neck of women with newly
diagnosed breast cancer

+3.26% Total hip of women with newly
diagnosed breast cancer

Secondary BC �8% �7.4% �7.69% Bone cylindrical specimens of
patients with metastatic cancer
images

24

�11.1% Lumbar spine of postmenopausal
BC patients suffering from bone
metastases

25

�17.8% Femoral neck of postmenopausal
BC patients suffering from bone
metastases

BC
treatments

�6.49% �19.3% �9.9% Lumbar spine after 24 months of
aromatase inhibitor (Anastrozole)
treatment following
chemotherapy and tamoxifen.

26
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equivalent mechanical forces in normal conditions. This observation aligns with a study conducted by [Altered
mechanical behavior of demineralized bone following therapeutic radiation], which reveals decreased fatigue strength
following therapeutic radiation, thereby negatively affecting bone density. As microcracks propagate and interact, the
material's load-bearing capacity diminishes, consequently reducing its fatigue strength. Notably, the impact of treat-
ments is more pronounced compared to secondary BC, considering their application subsequent to BC onset when the
bone's strength is compromised. This aligns with multiple studies indicating that bone density decline is more pro-
nounced in patients already exhibiting weakened bone due to factors such as age or diseases.31

The overall obtained results indicate that the mechanical behavior of bone is more significantly impacted following
secondary breast cancer and treatments. This is evidenced by a noticeable decrease in bone density, resulting in reduced
bone stimulation and, consequently, a diminished effect of physical activity on bone recovery.

4 | CONCLUSION

In this paper, we have introduced a finite element model of bone remodeling that incorporates the influence of breast
cancer and its treatments on bone's mechanical behavior. Our model successfully emulates the effects of breast cancer
and its treatments on bone density. The obtained results underscore the significance of biological conditions in deter-
mining bone quality, pinpointing breast cancer and its treatments as key factors influencing the evolution of bone char-
acteristics in patients grappling with the disease. The majority of our results align quantitatively with clinical
observations and experimental studies found in the literature. While experimental conditions and patient characteristics
vary, our model's outcomes generally fall within a reasonable range of existing literature.

However, it is important to acknowledge that the numerical model employed does possess certain limitations. Most
notably, the mineralization process, which is altered due to primary breast cancer, introduces complexities that our
model may not fully capture. It is important to recognize that an increase in bone volume after primary breast cancer
does not necessarily signify improved matrix quality; rather, it could reflect a bone that is fragile due to a highly

FIGURE 5 von Mises stress, damage, and SED variation for the four configurations: (i) Normal BR, (ii) BR under primary BC effect,

(iii) BR under secondary BC effect, and (iv) BR under Chemotherapy, Tamoxifen, and Aromatase inhibitor effects.



mineralized matrix. Furthermore, we simulated the model over a one-year period, and all treatments were
implemented simultaneously. We acknowledge that this approach might amplify treatment effects and not fully capture
the nuanced impact of their long-term usage. Additionally, our simulations were conducted using a single femur. How-
ever, in our forthcoming studies, we aspire to incorporate multiple femurs and simulate various types of healthy femurs.
This endeavor is aimed at broadening the scope and enhancing the applicability of our model.

Despite these limitations, the findings of this study can serve as a foundation for the development of innovative
treatments aimed at mitigating bone loss in breast cancer patients. Additionally, the model itself has the potential for
further development, possibly leading to the creation of a software tool that physicians can use to predict their patients'
long-term bone status. This would be a valuable resource for informed decision-making in clinical practice.
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APPENDIX A

A.1 | BONE REMODELING MODEL
The general mathematical model formulation of bone cell behavior is presented as follows, where the bone cells
involved are: Osteoblast precursors (OBp), active osteoblast (OBa), and active osteoclasts (OCa)22,32:

dCOBp tð Þ
dt

¼DOBuπ
OBu!OBp

act
COBuþPOBpΠ

mech
act,OBpCOBp�DOBpπ

OBp!OBa
rep,TGFβ COBp

dCOBa tð Þ
dt

¼DOBpπ
OBp!OBa
rep,TGFβ COBp�AOBaCOBa

dCOCa tð Þ
dt

¼DOCpπ
OCp!OCa
act, RANK:RANKL½ �COCp�AOCaπ

OCa!⧾
act,TGFβCOCa

8>>>>>>><>>>>>>>:
ðA1A3Þ

COBu, COBp, COBa, COCp, COCa represent respectively OBu, OBp, OBa, OCp, and OCa concentrations.DOBu, DOBp, and
DOCp are respectively differentiation rates of OBu, OBp, and OCp.POBp is the proliferation rate of the OBp and AOBa and
AOCa represent respectively the apoptosis rates of OBa and OCa.
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The Hill activation and repression functions πact,X and πrep,X used in the model are generally expressed as follows:

πact,X ¼ CX

KactþCX

πrep,X ¼ Krep

KrepþCX

ðA4Þ

where CX is the concentration of the ligand X governing the cellular response, and Kact and Krep are respectively the
activation and repression constants. The cellular response to different ligands of the model parameters are grouped in
(Table A1). In (Tables A1–A3), for each factor X, βX : production rate, ~DX : degradation rate, CX : concentration of X,
CXmax : concentration maximum de X, Ka,X : association binding rate of its ligand, and Kact,X and Krep,X : association and
repression Hill constants respectively used for the studied factors Hill functions. For Wnt production, it depends on the
time at which Wnt production rate increases because of cancer tWnt and the duration of this increase τWnt

respectively.33

Concerning Πmech
act,OBp, it is a function representing the ability of mechanical strains to promote preosteoblasts'

proliferation.
The fraction of extravascular bone matrix BV=TV behavior is determined by (Equation A5). BV=TV depends on

active osteoblasts and osteoclasts' concentrations, where kform and kres represent respectively the daily volume of bone
matrix formed by osteoblast and the daily volume of bone matrix resorbed by osteoclast.

dBV=TV tð Þ
dt

¼ kformCOBa�kresCOCað Þ ðA5Þ

A.2 | PRIMARY BREAST CANCER EFFECT
To mimic the primary BC effect, RANKL, IL-6, and OPG production by osteoblasts have been altered (see Table A2).
Where LEV,RANKL is the ratio of RANKL increase under primary BC effect, LEV,OPG is the ratio of OPG increase under
primary BC effect, and LEV,IL6 is the ratio of IL-6 increase under primary BC effect.

In Table A2 each of FEV,RANKL,FEV,OPG and FEV,IL6 depends on BC cells' concentration in the breast environment
CT 0 . In the following equation, we represent the differential equation of tumor cells concentration evolution over time
(Equation A6).

dCT 0 tð Þ
dt

¼PT 0πT0act,E ln
CT 0max

CT 0

� �
CT 0 ðA6Þ

The activation function of tumor proliferation πT0act,E is the Hill action function of E, PT 0 is the proliferation rate of
primary BC cells, and CT 0max is the carrying capacity of primary BC cells concentration.

TABLE A2 Description of the biochemical factors' integration modification in the BR model under primary BC.3

Original function Modified function

CRANKLmax ¼RRL,OBpCOBpπ
Ligand
RANKL CRANKLmax ¼RRL,OBpCOBpπ

Ligand
RANKLFEV,RANKL

FEV,RANKL ¼LEV,RANKLCT 0

COPG ¼ βOBa,OPGCOBað ÞπLigand
OPG

βOBa,OPGCOBað ÞπLigandrep,OPG
COPGmax

þgDOPG

COPG ¼ βOBa,OPGCOBað ÞπLigandOPG FEV,OPG

βOBa,OPGCOBað ÞπLigandrep,OPG
FEV,OPG

COPGmax
þgDOPG

FEV,OPG ¼LEV,OPG=CT0

CIL6 ¼ βIL6COBað ÞπIL6
act,TGF

βIL6COBað ÞπIL6act,TGF
CIL6max

þfDIL6

CIL6 ¼ βIL6COBað ÞπIL6act,TGFFEV,IL6

βIL6COBað ÞπIL6act,TGF
FEV,IL6

CIL6max
þfDIL6

FEV,IL6 ¼LEV,IL6CT 0

CE ¼ constant CE ¼ 8:151�101 pM

postmenopausal womenð Þ



A.3 | SECONDARY BREAST CANCER EFFECT
In this model, each of DKK-1, Wnt, PTHrP, and IL-6 are synthetized by BC tumor cells (Table A3). BC cells' concentra-
tion in the bone microenvironment CT is determined by (Equation A7).

dCT tð Þ
dt

¼XTCT 0max þPTπ
T
act ln

CTmax

CT

� �
CT ðA7Þ

XT is the migration rate of primary BC cells, PT is the proliferation rate of metastatic BC cells, and CTmax is the carrying
capacity of secondary BC cells concentration.

The activation function of tumor proliferation πTact depends on the Hill action function assembling the effect of
TGFβ, Wnt, RANK-RANKL, and estrogen (E) (Equation A8).

πTact ¼ πTact,TGFþπTact,WntþþπTact,IL6þπ
T

act,E
þπTact, RANK:RANKL½ �

	 i
� πTact,TGFπ

T
act,Wnt

� �þ πTact,TGFπ
T
act,IL6

� �þ πTact,TGFπ
T

act,E

	h 
h
þ πTact,TGFπ

T
act, RANK:RANKL½ �

	 

þ πTact,Wntπ

T
act,IL6

� �þ πTact,Wntπ
T
act,E

� �þ πTact,Wntπ
T
act, RANK:RANKL½ �

	 

þ πTact,IL6π

T
act,E

� �
þ πTact,IL6π

T
act, RANK:RANKL½ �

	 

þ πTact,Eπ

T
act, RANK:RANKL½ �

	 

ðA8Þ

A.4 | BREAST CANCER TREATMENTS EFFECT
A.4.1. | PK models

In order to implement the drugs effect on the bone remodeling affected by breast cancer (Tables A1 and A3) we opted
for PK-PD models.4 In this section, we define the PK models relatively to chemotherapy, tamoxifen, and the aromatase
inhibitor. The parameters used in those PK models are represented in (Table A4).

Chemotherapy drug concentration in the blood plasma is determined based on the PK model (Equation A9):

dCCh tð Þ
dt

¼ ka,ChDCh�ke,ChCCh ðA9Þ

TABLE A3 Description of biochemical factors incorporation in the BR model under metastatic breast cancer.3

Original function Modified function

CWnt ¼ βWnt:πrep,DKK1gDWnt
CWnt ¼ βWntþβWnt,TCTð Þπrep,DKK1gDWnt

βWnt,T ¼ βmax
Wnt,T

e t�tWntð Þ=τWntþβmin
Wnt,T=β

max
Wnt,T

e t�tWntð Þ=τWntþ1

CDKK1 ¼ βDKK1:COBagDDKK1

CDKK1 ¼ βDKK1,TCTgDDKK1

βRANKL ¼ βOBp,RANKL βRANKL ¼ βOBp,RANKLþβT,RANKL

CRANKLmax ¼ ROBpCOBpþRTCT
� �

πLigandRANKL

CPTH ¼ βPTHgDPTH
CPTH ¼ βPTHþβPTHrPCTπPTHrP

act,TGFgDPTH

CIL6 ¼ βIL6COBað ÞπIL6
act,TGF

βIL6COBað ÞπIL6act,TGF
CIL6max

þfDIL6

CIL6 ¼ βIL6,OBaCOBaþβIL6,TCTð ÞπIL6act,TGF

βIL6,OBaCOBaþβIL6,TCTð ÞπIL6act,TGF
CIL6max

þfDIL6

CE ¼ constant CE ¼ 8:151�101 pM

postmenopausal womenð Þ
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where, DCh ¼mCh=MCh is the continuous dose rate of chemotherapy drug, CCh is the concentration of ixabepilone in
the blood plasma, and ka,Ch and ke,Ch are respectively the absorption and elimination rates of ixabepilone by the blood.

Tamoxifen drug concentration in the blood plasma is determined based on the PK model (Equation A10):

dCTx tð Þ
dt

¼ ka,Tx
mTx

MTx

FTx

Vd,Tx
� k12,Txþk13,Txþke,Txð ÞCTx ðA10Þ

where, mTx is the mass of the tamoxifen taken by the patient, MTx is the molar mass of tamoxifen, Vd,Tx is the volume
of tamoxifen administration, FTx is the tamoxifen bioavaibility constant, ka,Tx is the administration rate of tamoxifen,
k12,Tx and k13,Tx are respectively tamoxifen transformation rates into N-desmethyl-tamoxifen and 4-hydroxy-tamoxifen,
and finally ke,Tx is the elimination rate of tamoxifen.

Aromatase inhibitor drug concentration in the blood plasma is determined based on the PK model (Equation A11):

dCAI tð Þ
dt

¼ ka,AI
mAI

MAI

FAI

Vd,AI
� k12,AIþk13,AIþke,AIð ÞCAI ðA11Þ

where, mAI is the mass of the aromatase inhibitor taken by the patient, MAI is the molar mass of aromatase inhibitor,
Vd,AI is the volume of tamoxifen administration, FAI is the bioavaibility constant, ka,AI is the administration rate of aro-
matase inhibitor, k12,AI and k13,AI are respectively aromatase inhibitor transfer into the other organs/compartments
rates, and finally ke,AI is the elimination rate of aromatase inhibitor.

A.4.2. | PD models

Concerning the PD models, the parameters used are represented in (Table A4).
To represent chemotherapy effect on BC cells, osteoblasts and osteoclasts, the following equations are used

(Equations A12–A14).

εT tð Þ¼ vT 1� e�xOCCh
� �� � ðA12Þ

εC tð Þ¼ vC e�xOCCh �1
� �� � ðA13Þ

εB tð Þ¼ vB e�xOCCh �1
� �� � ðA14Þ

εB and εC are respectively the efficacy of chemotherapy on osteoblasts and osteoclasts, and εT is the efficacy of chemo-
therapy on BC cells.vB, vC , and vT are respectively the kill rate of osteoblasts, osteoclasts and cancer cells, while xO is
the chemotherapeutic efficacy rate on cancer and bone cells.

The new bone remodeling and BC cancer model under chemotherapy will be then expressed as follows:

dCOBa tð Þ
dt

¼DOBpπ
OBp!OBa
rep,TGFβ COBp�AOBaCOBa�εBCOBa ðA15Þ

dCOCa tð Þ
dt

¼DOCpπ
OCp!OCa
act, RANK:RANKL½ �COCp�AOCaπ

OCa!⧾
act,TGFβCOCa�εCCOCa ðA16Þ

dCT tð Þ
dt

¼ PTπ
E
act ln

CTmax

CT

� �
CT � εTCT ðA17Þ

The effect of tamoxifen and aromatase inhibitor on estrogen has been represented by the following equations:

C ER:E½ � ¼Ka, ER:E½ �CERCE ðA18Þ



CER ¼ ρERCOBa ðA19Þ

CE ¼ CEmax

1þKa, Tx:E½ �CTxδþKa, ER:E½ �CER
� � βE

βEþfDECEmax

!
ðA20Þ

CEmax ¼CEbπ
E
rep ðA21Þ

SErep,TX ¼ 1� CTx�CTxmax

CTxmin�CTxmax
ðA22Þ

πErep,AI ¼
Krep,AI

CAIþKrep,AI

� �0:8

ðA23Þ

C ER:E½ �, CE, CER define respectively E-ER concentration, E concentration and ER concentration. SErep,TX and πErep,AI are
respectively the efficacy function of tamoxifen and the Hill repression function of aromatase inhibitors on E production.
Ka, ER:E½ � and Ka, Tx:E½ � are respectively the association binding constants of E-ER and E-Tamoxifen, Krep,AI is the Hill
repression constant of aromatase inhibitors, ρER is the number of ER expressed by OBa, δ is the factor of tamoxifen
binding to estrogen, βE and ~DE are respectively the production and the degradation rates of E, CEmax and CTxmax are the
maximum concentrations of E and tamoxifen, while CTxmin, is the minimum concentrations of tamoxifen.
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