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Abstract

In this paper, we explore the effects of biological (pathological) and mechanical damage on bone
tissue within a benchmark model. Using the Finite Element Methodology, we analyze and numerically
test the model’s components, capabilities, and performance under physiologically and pathologically
relevant conditions. Our findings demonstrate the model’s effectiveness in simulating bone remodel-
ing processes and self-repair mechanisms for micro-damage induced by biological internal conditions
and mechanical external ones within bone tissue. This article is the second part of a series, where
the first part presented the mathematical model and the biological and physical significance of the
terms used in a simplified benchmark model. It explored the bone remodeling model’s application,
implementation, and results under physiological conditions.

Keywords— Bone remodeling, Komarova’s model, osteoclasts, osteoblasts, osteocytes

1 Introduction

This study introduces a novel framework for bone remodeling, emphasizing the interaction between mechanical
and biological factors. In the proposed model, the boundary conditions and mechanical properties induced by
external loads are considered, which promote the cellular activity of the BMU (comprising osteoblasts and osteo-
clasts) and the osteocytes. For this model, we will refer to this as the extended BMU (noting that osteocytes are
not part of the BMU), i.e., ours integrates natural events like the Basic Multicellular Unit (BMU) (traditionally
considered a system composed of osteoblasts and osteoclasts) alongside bone cells outside the BMU, such as os-
teocytes. However, recent articles have referenced the BMU as a cellular unit composed of osteoclasts, osteoblasts,
and osteocytes (see [11]). This approach unifies biological processes with mechanical dynamics, producing a more
realistic representation. By incorporating communication channels among bone cells, our model provides deeper
insights into bone remodeling mechanisms. This new work sets the stage for further exploration in pathological
and physiological contexts.

Previously, {Hambli [2014] introduced a {Finite Element model (FE model) that integrated cellular dynamics
and mechanical behavior to simulate bone adaptation in response to external loadings. {The model accurately
predicts human proximal femur adaptation patterns, revealing the intricate spatiotemporal dynamics of bone re-
modeling. It underscores the critical importance of the dynamic interplay between osteoclasts, osteoblasts, and
mechanical stimuli. Also, the {Hambli et al., [2014] developed a computer model to simulate denosumab treat-
ment effects on proximal femur bone remodeling, focusing on bone mineral density (BMD) changes. The model
integrates pharmacokinetics and pharmacodynamics with a mechanobiological {FE model remodeling approach
accounting for osteoclast and osteoblast activities. Mechanical behavior considers bone fatigue damage accumu-
lation and mineralization, while a strain-damage stimulus function regulates bone cell factors [15]. By its part,
{Bonfoh et al., [2011] used differential equations developed by Komarova et al., [2003], it describes how these
factors respond to stimuli, affecting bone density. Near equilibrium, balanced activity occurs, while deviations
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lead to bone apposition or resorption. Implemented in ABAQUS, the model analyzes bone structure response
to mechanical loads, showing expected remodeling behavior [7]. In addition, Bahia et al., [2020] presented a
mathematical model integrating bone cell activities and pharmacological dynamics for bone remodeling. It incor-
porates osteoblast-osteoclast signaling, mechanical stimuli, and drug effects. Simulations show the model’s ability
to capture bone’s adaptive response, indicating the potential for therapy investigation and drug development for
bone diseases [5]. In these works, it is common to emphasize understanding and modeling the complex interplay
between bone cells, mechanical stimuli, and pharmacological effects in bone remodeling processes. They devel-
oped mathematical models that integrated various factors to predict bone adaptation patterns and responses to
treatment. Additionally, they aim to provide insights into bone remodeling dynamics and potential therapeutic
strategies for bone diseases.

{The studies by Ryser and colleagues [2010, 2009, 2012] collectively explore key aspects of bone remodeling
and its implications in health and disease. Ryser et al., [2010] focuses on the mechanical properties of bone, elu-
cidating how osteoclasts, osteoblasts, and osteocytes orchestrate bone remodeling through complex signaling in-
volving RANKL and OPG within bone multicellular units (BMUs). Their mathematical model, employing nonlin-
ear PDEs, predicts pathological remodeling scenarios and aligns computational results with in vivo observations,
enhancing our understanding of spatial regulation in bone remodeling. Building on this, Ryser et al., [2009] inves-
tigate the spatio-temporal dynamics of BMUs, demonstrating how RANKL gradients influence osteoclast activity
and subsequent osteoblast recruitment during bone resorption and formation cycles. This model underscores the
critical role of local cellular interactions and gradients in maintaining bone structure and function. In a related
context, Ryser et al., [2012] explores bone metastasis, where cancer cells manipulate osteoclasts via RANKL to en-
hance bone resorption for tumor expansion. They propose that tumor-produced OPG can locally modulate RANKL
gradients, influencing osteolysis rates and tumor growth dynamics. Their mathematical framework highlights the
importance of spatial distributions of RANKL, OPG, and tumor factors like PTHrP in understanding metastatic
processes and suggests potential therapeutic targets for mitigating bone metastases. These studies collectively
emphasize the intricate interplay of cellular dynamics and biochemical signaling in bone health, remodeling, and
pathology, offering insights into therapeutic strategies for bone-related diseases, including cancer metastasis.

Other relevant works have studied the effect of bone remodeling and cancer diseases. For instance, in [1], it
was studied the pronounced bone loss following secondary breast cancer and treatment, emphasizing the need
for early intervention to mitigate these effects and preserve bone health in patients. The authors utilized the
ABAQUS/UMAT software to simulate the behavior of bone tissue under the influence of breast cancer and its
treatments. This approach allowed them to quantify the extent of bone loss, expressed as a decrease in bone
volume fraction (BV/TV), and assess the impact of bone stimulation and the effectiveness of physical activity on
recovery. For its part, Verbruggen and McNamara [2023] quantified mechanical environment changes during bone
metastasis using FEA models from pCT images of metastatic mouse bone. Time-dependent mechanical stimuli al-
terations near tumor masses were investigated for potential osteolysis cues. In the same direction, analyzing cancer,
Baldonedo et al., [2020] introduced a bone remodeling model for myeloma disease, represented by a coupled non-
linear system of parabolic partial differential equations. Numerical analysis, employing a hybrid implicit-explicit
Euler scheme within the (FE model, is conducted to approximate the solution. Although long bones have been
widely studied, there are some studies in flat bones; for instance, Yang et al., [2022] explored skull remodeling
strategies to enhance tumor treating fields (TTFields) therapy for glioblastoma (GBM). Using a {FE model, various
techniques such as skull thinning, drilling, and cranioplasty with different materials are modeled. Results indicate
that skull thinning and drilling increase TTFields intensity, with the number and area of burr holes correlating
with enhancement. These investigations have shown advanced computational techniques, such as {FE model and
mathematical modeling, to quantify mechanical changes during bone metastasis and explore innovative strategies
for enhancing treatment efficacy in cancer patients.

{Based on the literature mentioned above, it can be observed that, to the author’s best knowledge, no model
includes both biological and mechanical damage simultaneously. While there are significant articles on the spa-
tiotemporal distribution of bone cells during the remodeling process [6, 14, 15, 26-28, 36], this article explores
how cells play a crucial role in damage removal and continuous structural adaptation to support external loads in
a benchmark model. Additionally, unlike previous important articles, the model allows for mechanical, cellular,
and biological damage, including diseases like tumors. The work developed here has been numerically compared
and validated with previously conducted and published models in the literature [13, 32, 33]. In these models, a
tree-like structure formation is demonstrated, emulating the formation of trabecular structures in bone but within
a simplified geometry, such as the square presented here. Since we are exploring the mathematical model, its
strengths, and weaknesses, the model is a “toy” to demonstrate that it can predict observable patterns in other
models. It can also be extended to more complex models, i.e., coupled mechanical and biological damage mod-
els. Therefore, this article aims to validate a model previously presented in Part I of this series of articles, test
its robustness against different types of damage, and how it can be regenerated (reduced) over time through bone
turnover due to bone remodeling. However, the model also demonstrates how, beyond recoverable damage, there
may be instances of abnormal bone apposition or reduction in bone mass. This article is the second part of a series.
In the first part, we introduced the mathematical model, detailing the biological and physical significance of the
terms used within a simplified benchmark model. We thoroughly explored the application, implementation, and
outcomes of the bone remodeling model under physiological conditions. This initial study provided a foundational
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understanding of the model’s capabilities and limitations in simulating natural bone remodeling. In this second
part, we build upon that foundation by delving deeper into the model’s applicability to more complex scenarios.
We extend our investigation to include mechanical and biological damage, exploring how the model can simulate
the bone’s response to various pathological conditions, such as tumors. By expanding the scope of our study, we
aim to demonstrate the robustness and versatility of the model in predicting bone remodeling dynamics under
different types of stress and damage. Thus, this work could serve as the initial conceptual framework for a general
model of bone behavior during remodeling and in response to pathological internal agents or external mechanical
factors.

2 Bone remodelling process: In brief

{This article is the second part of a series. In the first part, we introduced a comprehensive mathematical model
for bone remodeling, explaining the biological and physical significance of the various terms used. The model was
presented in a simplified benchmark form, allowing for an in-depth exploration of its utilization, implementation,
and results under physiological conditions. Specifically, we demonstrated how the model accounts for the inter-
actions between osteoclasts, osteoblasts, and osteocytes and contributes to the bone remodeling process. These
interactions, in turn, interact with the deposited bone mass to remove and add bone tissue and to repair damage
induced by daily bone usage. The entire model was detailed in the first part of this series, and we recommend
readers review that work for a thorough understanding. Nevertheless, the model is briefly presented again here,
as outlined below, to provide context and continuity. See 1.

Mechanical External
Environment Biological factors
Mechanical Damage _II-_Iormcmes
Stress umaors
Necrosis
etc
4 Fad | ™y
I
I
1
|
1
Osteoblasts
\ A

Mass Damage
Distribution Removal

Updated Mechanical Properties
and
Shape

Figure 1: {Biological and mechanical factors stimulate bone remodeling. The figure shows the in-
teraction between osteocytes, osteoclasts, and osteoblasts (arrows in blue). It illustrates how cellular
communication and the external mechanical environment, including induced damage and mechanical
stress, as well as external biological agents (arrows in black) (such as tumors, necrosis, hormones, etc.),
affect the cells within the bone, especially, the mechanical environment affects the osteocytes (arrows
in orange). The bone can improve its mass distribution through cellular self-regulation and remove
damage caused by daily mechanical loads and induced biological defects (arrows in gold). This process
allows for updating mechanical properties, affecting how the bone responds to mechanical stress (ar-
rows in magenta).

The model starts with the static form of the force balance equation, also known as the momentum equation, is
then given by [34]
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V-o(x,t)+b=0,YxeQ, (1a)

o(x,t)-n(x) = w(x), Vx € Iy, (1b)

u(x) =ug(x), Vx e Ip, (1o)

In this context, o(x,t) denotes the Cauchy Stress tensor at time ¢, where n(x) signifies the outward-oriented unit
vector, and ug(x) represents the field of fixed displacement. {The other variables listed in the equation are b, which
is the body force per unit volume, in this case considered as b = 0, and w(x), which is the load per unit surface

area. This corresponds to the load per unit length on the boundary in the two-dimensional case. The stress-strain
constitutive relation for bone tissue, as elucidated in [13], is articulated as follows:

o(x,t) = C(x,sppmu, D(x.t,f1)): e(x 1), (2)

where the strain tensor is given by ¢ = %(Vu(x, )+ Vu(x,t)T); {smU = [50,51,52,2]T is the extended BMU vector,
where s, 51, 52, and z are the osteocytes, osteoclasts, osteoblasts, and bone mass, respectively; and D(x,t, f1) is the
damage function which will be described below; hence the constitutive relationship is given by

Cx, MU, D1, 1)) = (@ (s0(x, )80 - (2(x, £))8=m) - Co, (3)

In Equation (3) ay, is a function that has into account the damage effect; {gp,;, and g, are exponential factors that
take into account the biological activity and maintain an equation structure similar to Komarova’s model given by

ay=1-D(xt,p1), (4)

In this framework, Osteocytes, alongside osteoclasts (s1 (x,t)) and osteoblasts (s;(x, t)), regulate bone tissue dynam-
ics at a given point x. These cells collectively control the deposition and renewal of the bone matrix, measured as
the percentage z(x, t) within the vector sgp 7 = [so,sl,sz,z]T. The term g; ,,;, captures the joint impact of osteocytes
(for i = 0) and bone mass percentage (for i = z) on the elasticity tensor governing mechanical properties. Mechani-
cal damage, represented by D(x, t, f1), may arise from external factors like concentrated stress leading to fractures
or accumulated stresses over time. Moreover, Damage accrues over time due to micro-damage within the tissue
caused by mechanical stresses, as follows

D(x,t) = Zeo(x, 1At (5)
At

Here, O serves as a constant quantifying the damage induced by the stress o(x, t) over a specific time At. This dam-
age persists until addressed during tissue remodeling, where osteoclasts resorb damaged tissue while osteoblasts
generate new tissue at microdamage sites. Consequently, the damage is reset at the onset of each bone remodeling
cycle. A sensor is designed to detect temporal changes in tissue density. It is derived from the bone mass per-
centage function z, using a subset of temporal points (r points) and employing linear regression 2 = fo + fi1 t. This
sensor accounts for variations in slope during remodeling. The sensor’s expression is:

(zjt;)—rzf
pr=— — (6)
Z(zz‘)Z—%(Zzz‘)
i=1 i=1

T

Here, t; and z; represent the time and bone mass percentage for the i-th point in the interpolation. z and # denote
the averages of the points for z and ¢, calculated as z = %Z;ﬂ zjand f = %Z;:I t;. {The value of f is extensively
explained in Part I of this series of articles. However, it is important to note that this parameter measures the slope
of the bone mass curve (with respect to time), which fluctuates during the bone remodeling cycle at a material
point. When the slope is positive or zero, it indicates that bone mass is being deposited and the bone tissue is being
renewed. During this phase, damage due to external loads is also accumulating. Conversely, when the slope is
negative, the bone is undergoing resorption, replacing the damaged tissue and starting the process anew with no

damage (due to the replacement).. Consequently, the damage function is finalized by

sa [ 0 ifpi<0
D(x,t,ﬁl)—{ D(x, 1) ifﬁlzo (7)

Utilizing equation 7 allows identifying tissue replacement instances and tracking microdamage accumulation over
time. Osteocytes perceive mechanical stress as energy (U = %(r : £) and interact with osteoblasts and osteoclasts to
enhance bone’s mechanical properties. As detailed in subsequent sections, damage can also result from abnormal
metabolic conditions. Thus, bone mass progression is computed over time at each material point to assess damage
extent based on biological and mechanical conditions.

From a biological standpoint, the bone remodeling process is governed by four interconnected nonlinear dif-
ferential equations described by the state vector sppry = [so,sl,sz,z]T(x, t) at material point x and time ¢. It is
essential to remark osteocytes are not considered part of the BMU but to reduce jargon and simplify the notation,

we are going to include it in the vector before mentioned, such as:
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dsg 800 _810 gzo

T = @05) S - Boso (8a)
ds

7: = CBMU061S‘§015§” S~ Bisy (8b)
dsy

W = CBMUtltzs‘gozsfnsg22 Bas2 (8¢c)
dz

i koyo —k1y1 + ka2 (8d)

where Cppy is a coupling factor that considers the recruitment and integration as a unity of the BMU’s cells
through the master cell called osteocyte; {in addition, gj; represents the influence of cell i on cell j through
paracrine signaling, which can depend on the damage level or be simply constant factors. given by

c if sp > w
CpMmu = ref 9)
0 Otherwise

where ¢ represents a constant that accounts for the level of integration and functioning of the Basic Multicellular
Unit (BMU). For its part, osteocytes sense mechanical loading and utilize this information to communicate with
osteoclasts, promoting bone resorption, and coordinate with osteoblasts to drive bone formation. {In addition,
the parameter W refers to a dimensionless activation energy value of the BMU. This parameter allows for the
comparison of the energetic activity (dimensionless) of the mechanical system per osteocyte (%50) at a material
point. Therefore, this parameter becomes the threshold above which BMU cellular activity will exist and below
which the BMU does not need to activate and its functioning is inhibited due to disuse. This value was determined
through trial and error in this work.

Equation 8a outlines the temporal evolution of osteocytes, where the osteocyte count at a specific material
point hinges on mechanical loading. This loading is gauged by comparing mechanical energy to a reference value,

expressed as:
U

ref

Here, k modulates osteocyte addition to the bone matrix based on mechanical loading, 7. Elevated ratios greater

ao—k fD (10)

than 1 will produce osteocyte growth, while lower ones maintain cell count. fp sets the survival and function
thresholds for osteocytes within the BMU, expressed as:

_ | f ifDxtp)<d
fD—{ 0 Otherwise (1)

where d is the limit of damage allowed before the BMU collapse and the factor B, is a parameter of the elimination
rate of osteocytes, which gives

Boso = k. (12)

2.0.1 Osteoclasts/Osteoblasts

Equations 8b and 8c show the temporal evolution at a particular material point of the osteoclasts and osteoblasts.
Those equations have Komarova’s structure [19] with the coupling of osteocytes as master cells that control all the
BMU activity. Following Ramtani el al. [23, 24], there are three main possibilities of including the biological dam-
age (originated by tumors, bone diseases, metastasis, necrosis, among other options) named Dy. {It is important to

remember that steady states are found by solving the equations when ‘%) =0, ‘f;tl =0, and {%2 = 0 simultaneously.

Therefore, the steady state can be determined. From there, initial conditions can be applied by making a small
perturbation around the steady state (no greater than 10% in one of its variables) to produce oscillations similar to
those observed in the bone remodeling process.

1- Through production and removal parameters

Using the production and removal parameters (a; and f;), the equations 13 become in

ds
=1 = CamuarDp)sg”' s s3*! - 1(Dp)sy (132)
ds
7 = Comuaa(Dy)sg”s{?s32 ~ p2(Dy)s (13b)

The functions a; and f; in the equations are dependent on the biological damage (Dy). A detailed explanation
of the selected parameters can be found in the work by Ramtani et al. [23, 24]. Table 1 presents the scenarios
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proposed by Ramtani et al. [23, 24], providing a comprehensive overview of the model. It should be noted that the

()

biological damage (Dy) ranges from 0 to 1 (0 < Dy, < 1). Factors in the form of T-p, 'epresent an increasing trend,

whereas factors in the form of (+)(1 — Dy ) indicate a decreasing trend. Scenario 0 in Table 1 represents the original
Komarova model without biological damage. Conversely, the other scenarios demonstrate how the production or
removal parameters are influenced by Dy, resulting in abnormal cellular behavior and an altered bone remodeling
cycle. A comprehensive discussion on this topic can be found in [24]. Notably, the values of &; and f; in Table 1 are
constants that can be determined using the stability analysis described by Ramtani et al. [23, 24] and Komarova et
al. [19]. These parameters are complemented by the constants gj; in this model.

Furthermore, the stability analysis enables the identification of the steady states for each model, as illustrated
in Table 1.

Table 1: Details of production and removal parameters in terms of D;, [23, 24], and steady state solutions
for each scenario, taken from [23, 24]. ¥ = 12921 — (1 —g11)(1 — £22)

Scenario | a; (D) a, (D) B1(D) B2(D) Associated steady states
0 aq [2%)) ﬁl ﬂz 3 = (ﬁ_l)(l—gzz)/)/(/j_z)gzl/?/
o B1 “\a o
1 (1—bb) a2(1-Dy) (1-Dy) ﬁZ(lﬁ_Db) 5, = (ﬁ_;)glz/y(&)(lagll)/y
a 2 =
2 a1(1-Dy) (1—123b) p1(1-Dy) (1-Dy) o “ 222
B (1 D )2(17&27&1)(/31)%([32 g71
aj _ _ Ba s1=U =Dy r a a
3 T-Dy) ax(1-Dy) | B1(1-Dy) (1-Dy) ~ 2(-1+g11+812) ai 33172 X (21‘511)
n=0-Dy) 7 (&) (&)
(1-g23)
B 2(=1+g20+821) V(B 21
_ @ B _ si=(1-Dy) 7 (£ £2)”
4 a1(1-Dy) (1-Dy) (1-Dy) Fo(1-Dy) B 2(1-g11-¢12) TI&TZ B2 (03511)
R=0-D) 7 (&) (&)
5 e a B B - ) g
(1-Dp) 2 1 2 B (1-g22) y
b -0y ) (e
812 8 812 8 (-g11)
6 a ay | pr(1-Dy) | P2 S2=(1-Dy) 7 (B) 7 (2) 7
7 o a, B B o1 (17522) Q1
R A R Mk
(1-g11) 812 (-g11)
5. — B
8 aj a B B2(1-Dy) | S2=(1-Dy) 7 (&) (2) 7

2- Including the biological damage as a factor in the production term

Equations 8b and 8c have an extra factor considering the biological damage level. Also, the autocrine/paracrine
parameters g;1 and g4, correspond to the effect on osteoclasts and osteoblasts due to the biological damage which
can come from tumors, necrotic regions, hormonal or metabolic abnormalities.

dt2 CBMU azsg(u S§125g222 ng ﬁ252 ( b)

where it can be noted that Dy, has been included as a factor, resembling Komarova’s structure. Using the equations
14, it is possible to find the steady state (employing the stability analysis considered in [23, 24]) given by:
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1-g22)/ /
= _ Dl()gdl—gdlgzz—gzlgdz)/y(/j’l)( 82 y(m)gﬂ ! (15a)

S1 = a ay

/ 1-g )/
5, = p\8a2811-8d1812-8a2)/y i sy /’)72( sl (15b)
2= ay an

3- Including biological damage into the autocrine and paracrine factors

Ayati et al. [4] introduced a seminal work in which Komarova’s equations [19] are modified in their autocrine/paracrine
factors as follows:

dsl

D D D
2L CBMUalsgm( b)sfll( b)s§21( b) Bisi (16a)

% _ CBMUQZSgOZ(Db)5§12(Db)5§22(Db) ~Brsa (16b)
{where gj; represents the influence of cell i on cell j through paracrine signaling. Each parameter g;; now also
depends on the existing biological damage in the bone. This is denoted as g;j(Dy), a new parameter (initially
proposed by Ayati et al. [2010]) that, in turn, depends on the biological environment and its level of metabolic in-
tegrity. These exponents are given by ¢11(Djp) = 811 (1 +711Dp), §21(Dp) = 821 (1 +121Dp), g12(Dp) = g12/ (1 +112Dp),
822(Dy) = g22 — 122Dy, with rjj as constants. In contrast with the previous models, it requires four new parameters
compared to the original Komarova model. Originally, Ayati et al. [4] stated this model for tumors coupled with
the bone remodeling process, i.e., the term r;; D}, produces the coupling between tumor and osteoclasts/osteoblasts
interactions. Also, it is possible to obtain the steady state following the previous work [23], which is given by

1-¢20+722 821 (1+r21)

s o[ PL B2} A

51—(a1) (0(2) (17a)
8 A(glz 7(p 1*311%“11)

~ 1 1+r) 2

o) (22 e

with A=(gq, /(1+712))( g21(1+721)) = (1-g11(1+711))(1-g22+722).

2.0.2 Bone mass

Equation 8d represents the bone mass percentage in the function of the osteocytes, osteoclasts, and osteoblasts.
Each k; is a constant that considers the effect of the cells (osteocytes i = 0, osteoclasts i = 1, and osteoblasts i = 2) on
the bone mass. kg is the constant that takes into account the integration of the BMU in the bone mass construction,
this integration is represented by yq as follows

v0=CpmU — ¢ (18)

where Cppryy and c have been defined in equation 9. Because yy depends on Cppry, then it depends on osteocytes;
therefore, the BMU integration will control the bone mass. Equation 8d is completed with y; and p;, which
considers the net effect on the bone mass due to osteoclasts and osteoblasts, respectively. Hence, the equation for
those values is given by

Zyi:(si—§)+|(5i—§)|r (19)

where it is valid for i = 1,2. Depending on the type of model chosen for osteoclasts/osteoblasts, the steady state
value s; can be chosen from Table 1, equation 15, or equation 17. Thus, the deposition/resorption depends on the
difference between the value of osteoblasts/osteoclasts and the steady state, which is the physiological value.

3 Computational model
The computational implementation of this model is evaluated by applying it to a benchmark problem established

in prior studies [12, 13, 32, 33]. We concisely describe the computational procedure, including geometry, boundary
conditions, initial conditions, and parameter overview.
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3.1 Computational Procedure

Figure 2 depicts the model’s algorithm, split into mechanics and biology sections. Ordinary differential equations
govern osteocytes, osteoclasts, osteoblasts, and bone mass evolution within each element over time. It is important
to note that there are 1000 initial days during which the temporal evolution of the cells in each element starts ran-
domly. This randomness prevents all cells from being temporally synchronized. In the bone remodeling process,
some cells will be in different remodeling phases than others, which helps maintain bone integrity. Therefore,
the extended BMUs are initiated at various times (randomly) before day 1000, preventing the entire bone from
oscillating synchronously. Instead, different parts of the bone undergo remodeling at different times throughout
the domain. When t = 1000 is reached, all BMUs in every domain element are active. Although the cycle of each
BMU is desynchronized with most other BMUs in the domain, the analysis of BMUs with mechanical loads and
the bone damage repair process begins at this point. Therefore, + = 1000 serves as ¢ = 0 for the model analysis.
For t < 1000, only Komarova’s model runs in each element, with temporal phase shifts in the bone remodeling
cycle.. Mechanics start as BMUs enter the bone remodeling cycle, with osteocytes as damage and energy sensors.
Parameters like Cppjy and x( sustain BMUs based on mechanical energy, while microdamage is monitored and
repaired during cycles. Updated mechanical properties establish the constitutive relationship at each step, usually
one day. BMU activation spans 1000 days across the mesh, with event calculations extending over 5000 days (total
simulation of 6000 days), initiated once all finite elements have active BMUs. The mechanics model was resolved
by employing finite element methods, utilizing the precision of bilinear quadrilateral elements. The ordinary dif-
ferential equations were addressed within each element using a 4th-order Runge-Kutta method. At every step of
the computation, where the time increment is set to At = 1 day, the algorithm calculates the evolution of each cell
within the extended BMUs. Furthermore, it is ensured that each time step reaches the fixed point of the nonlinear
problem using the Newton-Raphson method. Once the computation is complete, the algorithm seamlessly updates
the mechanical properties and handles the momentum equation adeptly. To ensure the accuracy of the simulation,
previous numerical studies were conducted to determine the optimal value of At, as explored in the comprehensive
work by Ramtani et al. (2023) [24]. Additionally, careful attention was given to selecting the appropriate element
size, with a refined choice of & = 2 mm, as elucidated in the research conducted by Garzon et al. (2012) [13].

3.2 Geometry and boundary conditions

Figure 3 showcases the geometry and boundary conditions employed to examine the strengths and weaknesses of
the aforementioned model and algorithm. This benchmark model has been extensively employed in prior studies
[9, 12, 32, 35], serving as a foundation for solving and comparing bone remodeling models, as well as exploring
their capacity to resemble tree-like structures. This investigation utilized a bilinear quadrilateral element with an
average width of 0.1 m (equivalent to 10 cm), comprising 2500 elements and 2601 nodes. A triangular distributed
mechanical load was applied to the upper side. In contrast, the bottom side had constraints in the y— direction, ex-
cept in the right corner, where a total displacement constraint was imposed. These parameters and conditions were
selected to comprehensively analyze the model and algorithm’s performance. To ensure diverse initial conditions
and avoid synchronicity among mesh elements during the bone remodeling cycle, we carefully selected random
moments before 1000 days to define each mesh element’s initial conditions for osteoclasts, osteoblasts, and bone
mass. At the integration start time of t = 1000 days, we set the osteocytes, denoted as x, to initiate the Bone Multi-
cellular Unit (BMU) integration process. Notably, the initial conditions for osteocytes, osteoclasts, osteoblasts, and
bone mass percentage were set to sg = 1.0 cells, s; = 11.586 cells, s, = 231.7238 cells, and z = 95.5%, respectively,
as reported in 13, 23, 24].

To illustrate the results and monitor cell evolution within a single finite element, we specifically selected el-
ement number e = 2215, which falls within the identified damage zone as depicted in Figure 3c). Additionally,
at t = 1500 days, we introduced induced damage by setting D(x,t) = 1.0, and we incorporated Dy = 0.05 into the
models governing the bone remodeling cycle for both osteoclasts and osteoblasts.

By carefully defining initial conditions, tracking cell evolution in a specific element, and introducing controlled
damage scenarios, we aimed to capture the intricate dynamics of bone remodeling and gain insights into the effects
of induced and biological damage on the system.

3.3 Parameters

We have extracted the relevant physiological bone remodeling parameters from the notable sources [13, 19, 23, 24,
32], which are widely recognized in the field. These parameters play a crucial role in understanding and analyzing
the intricate process of bone remodeling. To facilitate comprehension and provide a comprehensive overview,
we have organized and presented these parameters in a convenient tabular format, as demonstrated in Table 2.
This table is a reference for researchers, clinicians, and professionals engaged in studying and evaluating bone
remodeling dynamics..
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Figure 2: The algorithm starts with initial conditions for the number of cells, osteocytes, osteoclasts,
and osteoblasts. Additionally, it has initial properties that change over time according to the evolution
of the previously described mathematical model. The initial damage and boundary (and geometric)
conditions, which remain constant for this problem, are also considered. Thus, the gray box in the
figure determines the strain energy, induced biological damage, and accumulated biological damage.
This data gives the evolution and response at the cellular level (osteocytes, osteoclasts, and osteoblasts)
(in the yellow box). From this analysis, the evolution of bone mass and the locations of the highest
cellular activity, where bone mass will be deposited to support mechanical load, are obtained. The new
mechanical properties are determined with the bone mass and osteocytes, and accumulated damage is
removed after reaching a maximum damage threshold to maintain proper mechanical support. Then,
the entire process repeats over t days (in the orange box) for 5000 days.

3.4 Computational cases

We conducted a comprehensive analysis of the model’s capabilities, utilizing the geometric configuration depicted
in Figure 3. The study involved three primary simulations, each exploring distinct scenarios to assess the model’s
performance.

Firstly, a simulation was conducted in an undamaged domain, providing a baseline for comparison. Secondly,
we introduced induced damage directly into the designated region illustrated in Figure 3c, where the damage
function D(x,t) was set to 1.0. This allowed us to evaluate the model’s response to explicit mechanical damage.

In the third simulation, we incorporated biological damage into the model by introducing the term Dy, into the
equations governing the behavior of osteoblasts and osteoclasts. Unlike the previous scenario, mechanical damage
was not directly imposed through D(x,t). Instead, the bone remodeling process was altered by incorporating the
concept of biological damage, effectively inducing damage through this mechanism.

Furthermore, the impact of biological damage was examined across different aspects of the model. Firstly, we
analyzed its influence on production and removal parameters, employing equations 13. Secondly, we assessed its
effect as a factor in the production term, utilizing equations 14. Lastly, we investigated the role of autocrine and
paracrine factors by incorporating equations 16.

To visually represent the various cases studied in this work, Figure 4 displays the outcomes of these simulations,
providing a visual summary of our findings and facilitating a comprehensive understanding of the results obtained.

4 Results and discussion

4.1 Comparison among normal and induced -or- biological damage

Figure 5 illustrates 2D visualizations of a model displaying results at t = 5000 days for a bone remodeling process
without induced or external damage, i.e., physiological. The figure depicts the results for osteoclasts, osteoblasts,
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Figure 3: The square model itself has a size of 10 cm. The aforementioned details provide crucial
insights into the mesh configuration, boundary conditions, and the location of the damage zone in the
computational examples. a) The computational examples utilized a mesh, as depicted in Figure 3, with
dimensions given in meters (m). b) The boundary conditions were imposed to ensure a benchmark
example [13, 32]. The upper side of the square model, subjected to a triangular loading distribution
as shown in the figure, experienced a maximum stress of 10° Pa. c) In the model, a specific region was

designated as the damage zone. This zone encompasses 36 elements within the mesh, while the overall
model consists of 2500 elements and 2601 nodes.
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Figure 4: In this study, we examined three primary cases to investigate the effects of different damage
scenarios. These cases encompassed the following: a) No Damage: This case served as a baseline. b)
Induced Damage: In this case, we introduced explicit damage into the system by directly incorporating
a value of D(x,t) = 1.0. ¢) Biological Damage: The third case explored the concept of biological damage.
We investigated three distinct approaches for integrating the concept of D, into the equations governing
the behavior of osteoclasts and osteoblasts. These approaches provided different perspectives on how
biological damage influences the bone remodeling process.

osteocytes, and bone mass. The figure shows how the remodeling cycle strategically reinforces bone in response
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to mechanical loads, enhancing its ability to support external forces with a tree-like structure and preserving
structural integrity. In previous articles, particularly in [13], one can observe two main trunks that support the
triangular mechanical load applied to the structure at the top. These two main trunks extend from the top to the
bottom of the geometry, with smaller branches of lower density (resembling a checkerboard pattern) that support
the entire distributed load above. This structure is reminiscent of a tree supporting the weight of its fruits and
branches.

Oc: 1 3 5 7 9 11 13 Ob: 50 250 450 650 ‘

| BM: 86 89 92 95 98
9 d)

Figure 5: Results for t = 5000 days. The figure shows the osteoclasts (Oc), osteoblasts (Ob), osteocytes
(Oy), and bone mass (BM) results. a) Osteoclasts: The figure indicates where the highest number of
osteocytes is located, showing that the number is around 13 osteocytes in a finite element. b) Distri-
bution of osteoblasts, where the maximum value is approximately 800 osteoblasts. c) Osteocytes, with
a maximum value of 2.3 in a finite element. d) The distribution of bone mass is shown in percentage
terms. Note the tree-like structure that has developed.

Figure 6 provides insights into the temporal changes in the percentage of osteoclasts, osteoblasts, osteocytes,
and bone mass, considering the presence of damage. At t = 1500, the designated damage zone (as indicated in
Figure 3c) is subjected to complete damage, where D(Xdamage zone-t = 1500) is set to 1.0. The results depicted in
Figure 6 demonstrate the impact of this damage on the structural integrity of the system.

Upon introducing the complete damage in the specified zone, the structure experiences a collapse, leading
to the loss of elements located both above and below the damaged region. As depicted in Figure 6, this damage
significantly affects the overall structure, disrupting the previously maintained tree-like configuration.

These findings highlight the vulnerability of the bone structure to damage and emphasize the crucial role of
intact elements in maintaining the structural integrity necessary for load-bearing capacity. The observed conse-
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quences of damage underscore the importance of understanding and addressing potential weak points to preserve
the bone system’s overall functionality and mechanical stability.

The analysis focuses on the evolution of various cellular components and bone mass in a 2D setting. The results
are presented in Figure 6, organized into four rows representing different cell types and bone mass: the first row
corresponds to osteoclasts (OC) in terms of cell count; the second row represents osteoblasts (Ob) in terms of cell
count; the third row depicts osteocytes (Oy) in terms of cell count; and the fourth row shows bone mass (BM) as a
percentage. The columns in Figure 6 correspond to different time points: a) The initial time. b) Time = 1700 days,
illustrating the progression of the bone remodeling process in the presence of induced localized damage. ¢) Time
= 3400 days. d) Time = 5000 days, providing insights into the later stages of the bone remodeling process under
the influence of induced damage. These insights shed light on the dynamic cellular interactions and structural
changes over time, contributing to our knowledge of the pathological bone remodeling process.

The previous model incorporated induced damage directly into osteocytes’ behavior and mechanical proper-
ties. However, it is important to consider that factors such as tumors, necrosis, metabolic disorders, or localized
abnormal cell functioning can disrupt the bone remodeling cycle. In this case (Figure 7), we introduced a local-
ized damage zone with a value of Dy, = 0.05 [23, 24]. This value represents the impact of the interaction between
osteoclasts and osteoblasts, leading to local damage that propagates throughout the bone’s tree-like structure.

At t = 1700 days, the propagation of the damage is still in progress, and its effects are not fully developed
compared to later time points. However, even at this stage, the damage already creates a significant hole in the bone
structure, which has the potential to cause collapse and weaken the overall integrity of the bone. This localized
damage disrupts the harmonious coordination between osteoclasts and osteoblasts, altering the delicate balance of
bone remodeling and potentially leading to detrimental consequences.

Understanding the impact of such damage on bone structure is crucial for recognizing potential vulnerabilities
and addressing them in clinical settings. By studying the propagation and effects of localized damage, we can gain
valuable insights into the mechanisms of bone deterioration and develop strategies to mitigate its negative effects.
This will ultimately enhance the prognosis and treatment options for individuals affected by bone pathologies.

When examining the behavior of the bone remodeling cycle in the context of different scenarios, focusing on
the element marked as e = 2215 within the damage zone provides valuable insights. Figure 8 presents the results
of this analysis.

In the case of the physiological behavior depicted in blue, osteoclasts and osteoblasts maintain a consistent
pattern over time, with peak and bottom values remaining stable. This indicates a well-regulated physiological
cycle. This element’s bone mass density (represented by the blue line as a percentage) oscillates between 87.5%
and 100%, reflecting an optimal density that effectively supports external mechanical loads. Additionally, the
damage experienced by this element remains within a small range (less than 20%), demonstrating that it does not
significantly affect the overall structural integrity. Moreover, the damage is constantly removed throughout the
process, ensuring the maintenance of a healthy bone structure.

In stark contrast, the induced damage, illustrated by the steep orange line, rapidly disrupts the bone remodel-
ing cycle, leading to a sharp increase in damage and forming a complete damaged zone. Consequently, osteoclasts
and osteoblasts lose their functionality, destroying the basic multicellular unit (BMU) and causing a dramatic re-
duction in bone mass.

The behavior represented by the black line in the figure corresponds to the bone remodeling cycle with bio-
logical damage, as described in Equation 16. In work by Ayati et al. [4], autocrine/paracrine factors were used to
incorporate the influence of damage into the equation, specifically simulating the impact of tumors on the remod-
eling process. In this scenario, the abnormal bone remodeling cycle causes a significant increase in both osteoblasts
and osteoclasts, leading to a peak in bone mass density followed by a rapid decline toward zero. As the bone mass
approaches zero, the damage percentage reaches its maximum value of 100%. Consequently, localized damage
occurs due to an abnormal bone remodeling cycle induced by external factors, such as tumors.

The three models presented in this section resemble the intricate nature of physiological bone, which contin-
ually engages in the vital process of bone regeneration. This process ensures the sustained renewal of the bone’s
structural integrity and the efficient removal of microdamage caused by external loads and the ongoing cellular
exchange. However, in situations where damage is induced, such as during surgical interventions or instances
of localized stress peaks, the resulting damage extends beyond the confines of the mechanical framework and
permeates the biological aspect, as previously reported [25]. In contrast, diseases such as tumors and metasta-
sis [17, 36] can profoundly impact the remodeling cycle, causing damage that propagates throughout the bone,
thereby modifying the optimal structural characteristics observed in physiological conditions. Thus, the proposed
model uniquely simulates damage in both directions accurately: from mechanical events to the biological frame-
work and, conversely, from the biological realm to the mechanical one, capturing the dynamic interplay between
these vital components.

In summary, the analysis reveals that induced mechanical damage can significantly affect the bone remodeling
cycle, leading to disruptions in the physiological process and subsequent structural consequences. In contrast,
biological damage can affect the mechanical integrity of the bone due to BMU damage.
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4.2 Results including biological damage in Equation 13 / eight scenarios

A novel approach has been employed to capture the impact of biological damage, leading to a reevaluation of the
rewriting terms « (rate of proliferation) and  (rate of removal) as was introduced in [23, 24]. These terms, which
were previously considered constants, now undergo a transformation based on introducing a new variable termed
Dy, representing the extent of biological damage. By utilizing functions «(Dy) and (Dy) (Table 1), the model
enables the possibility of both increased and decreased rates. Specifically, when the new function multiplies the
previous constant value by 1—17131;’ the rates can increase, whereas multiplying them by the factor 1 — Dy, yields a
decrease in rates. To explore the influence of biological damage, Dy, is assigned values ranging from 0 to 1, and for
our purposes, a specific value of D = 0.05 was chosen. Consequently, the resulting scenarios entail a combination
of constant terms dynamically modified according to the value of Dy,. Importantly, including additional autocrine
or paracrine parameters is deemed unnecessary, as these factors have already been integrated into models two and
three.

4.2.1 Scenarios 2,3,5,and 6

Figure 9 comprehensively depicts the results obtained when incorporating the production/removal terms to ac-
count for biological damage. Unlike the previous graphs, this figure adopts a more organized layout. The first row
corresponds to osteoclasts; the second represents osteoblasts, the third depicts osteocytes, and the fourth show-
cases bone mass. The figure specifically focuses on the final time step t = 6000 days, presenting the outcomes for
scenarios: a) 2, b) 3,c) 5,and d) 6.

By observing the last row of the figure, it becomes evident that the extent of biological damage differs across
scenarios. Scenario 2 shows a osteocyte reduction while maintaining the bone mass percentage below the optimal
level (93%). However, the damage has permeated the entire structure, indicating damage propagation. Scenarios
3, 5, and 6 exhibit similar patterns with varying degrees of propagated damage. Nonetheless, a slight excess of
osteoclasts leads to a moderate mass loss, affecting the overall structure. This particular scenario may mirror an
abnormal bone metabolism or an aging process, as described in detail by Armas et al. (2012) [3].

Figure 10 provides a comprehensive overview of the outcomes observed in Scenarios 2, 3, 5, and 6. Scenarios
2, 3, and 6 notably exhibit fascinating patterns characterized by damped oscillations of osteoblasts and osteoclasts,
ultimately converging to distinct nontrivial steady states. In Scenario 2 (represented by the black line), the produc-
tion and removal of osteoclasts are governed by the terms a1 (1 — D) and 1 (1 — Dy), respectively. Both production
and removal rates gradually decline. Conversely, we observe an increase in production and removal rates for os-
teoblasts. Although the results shown here cannot be validated with experimental or clinical information, it is
known that in certain tumors like multiple myeloma, reduced bone mass can be attributed to decreased bone cell
formation [16, 30]. Similarly, the localized damage shown here (from possible biological damage) can lead to bone
damage.

Additionally, our results indicate a reduction in the bone remodeling period for osteoclasts and osteoblasts,
mirroring the findings by Ayati et al. [4]. However, the system demonstrates its remarkable ability to sponta-
neously recover and restore its normal functionality. Approximately after ¢t = 4800 days, the system undergoes a
transformative phase, generating new bone mass and effectively mitigating the extent of the damage. This restora-
tive phenomenon becomes evident in the damage graph, which initially exhibits a peak closely approaching total
damage. However, as the Bone Modeling Unit (BMU) reactivates its cycle, the damage is gradually resolved, exem-
plifying the system’s intrinsic capacity for self-repair and the resumption of its essential physiological processes.

In Scenario 3 (represented by the blue lines), the production and removal of osteoclasts are governed by the
terms 10—(71D and B1(1 — D), respectively. This results in an increased production of osteoclasts and a decreased

removal rate, influenced by the presence of D;. On the other hand, for osteoblasts, the terms a»(1 — D) and lﬁ_—2D
lead to a decline in production and an increase in removal rates. As time progresses, the graphs representing
osteoclasts and osteoblasts demonstrate a converging trend.

Upon analyzing the results depicted in Figure 10 for Scenario 3, we observe a temporary, slight decline in bone
mass, followed by a substantial reduction until it reaches zero. The graph illustrating the damage progression
indicates a rapid and relentless advancement towards total damage before reaching the ¢+ = 3200 days mark. In
contrast, Scenario 6 experiences a delayed onset of damage while exhibiting similar behavior to that observed
in Scenario 3. These scenarios can be likened to cases involving tumors or metastasis, characterized by distinct
metabolic conditions that yield varying degrees of disease aggressiveness [23].

4.2.2 Scenarios1,4,7,and 8

Figure 11 visualizes the outcomes of incorporating production/removal terms to model biological damage. It
features a well-structured layout with rows dedicated to osteoclasts, osteoblasts, osteocytes, and bone mass. The
focus is on the final time step of t = 6000 days, showcasing the results for scenarios a) 1, b) 4, ¢) 7, and d) 8.
Scenarios 1 and 8 demonstrate a noticeable trend in which the bone mass is maintained over time but with
deteriorated characteristics. This is primarily caused by the decline in osteoblasts and osteoclasts, resulting in a
loss of Bone Modeling Units (BMUs) and a disruption in the bone remodeling process. Consequently, there is an
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accumulation of microdamage over time, leading to a gradual deterioration of the mechanical properties in that
area and causing mechanical damage in the tree-like bone structure.

In contrast, Scenario 7 stands out with an observed increase in bone mass. Although there is no direct cor-
respondence with clinical or experimental evidence, it can be compared to the patterns observed in osteoblastic
tumors. These tumors typically exhibit excessive production of osteoblasts, leading to abnormal bone growth and
an overall increase in bone mass [20]. These tumors typically exhibit an excessive production of osteoblasts, which
leads to abnormal bone growth and an overall increase in bone mass.

The divergent outcomes displayed by these scenarios highlight the significance of various factors in bone health
and remodeling. While Scenarios 1 and 8 indicate the detrimental consequences of disrupted BMUs, Scenario 5
showcases the potential impact of specific pathological conditions such as osteoblastic tumors.

Figure 11 showcases Scenarios 1, 4, 7, and 8 outcomes at element e = 2225. In Scenario 1, the graphs reveal
an initial oscillatory response characterized by a rise in BMU cells. However, this oscillation gradually diminishes,
leading the system to converge towards zero for osteoclasts and osteoblasts. The bone mass density reaches a stable
value of 102%, exhibiting no further oscillations over time. This behavior bears a resemblance to certain non-tumor
or non-cancer-related diseases. One such example is Legg-Calve-Perthes disease, commonly observed in children,
where the bone experiences reduced blood supply, resulting in a deficiency of bone precursor cells. Consequently,
the bone tissue cannot undergo proper renewal, and repeated mechanical loads lead to the accumulation of frac-
tures, ultimately causing mechanical collapse.

Examining Figure 12, Scenarios 4 and 8, akin to Scenario 1, also demonstrate a loss of oscillation over time.
However, a notable difference arises: these scenarios exhibit an additional cycle of oscillation, with the period of the
cycle increasing as time progresses. In contrast, Scenario 7 displays an intriguing pattern of increasing bone mass.
This can be attributed to a slight decrease in osteoclasts compared to osteoblasts, resembling the characteristics of
osteoblastic tumors [20].

4.3 Results including biological damage in Equation 14 / four scenarios

Figure 13 presents the results for the second model investigated in this study, offering valuable insights into the
behavior of the tree-like structure under different scenarios. Scenarios with Dy, = 0.05, 0.10, and 0.20 demonstrate
comparable outcomes in a two-dimensional setting, where the tree-like structure is progressively lost. This implies
that the presence of damage leads to a deterioration of the structural integrity, irrespective of the specific damage
level. However, it is Scenario D}, = 0.40 that stands out, exhibiting a remarkable and rapid increase in bone mass.
Such a pattern could indicate a tumor localized within the damaged zone, exerting a significant impact on the bone
remodeling dynamics.

Turning our attention to Figure 14, we gain a more comprehensive understanding of the temporal evolution
of osteoclasts, osteoblasts, bone mass, and damage. These dynamic graphs provide valuable insights into how the
various components interact and change over time, shedding light on the underlying processes and their intricate
interplay.

5 Conclusion

This study introduces a novel framework for modeling the bone remodeling process, offering valuable insights into
the intricate interplay between biological events and mechanical dynamics. While the current model does not ex-
plicitly incorporate a multiscale approach, it leverages the computation of Bone Modeling Unit (BMU) components
over time, simulating a multiscale-like model that captures both the biological and mechanical aspects of bone re-
modeling. Comparisons can be drawn between the 2D model and previous studies conducted by [13, 32, 33],
where the formation of a tree-like structure was observed. However, this new framework goes beyond structural
formation and delves into the simultaneous progression of biological and mechanical events.

One noteworthy aspect of this model is its ability to reproduce the temporal evolution of damage and the
subsequent renewal of bone in each remodeling cycle. This represents a significant advancement, as it provides
insights into how damage accumulates over time and how bone regeneration occurs in response. By including
damage as an integral component, this model uncovers the complex bidirectional relationship between biological
events and mechanical properties. The presence of induced damage can influence biological processes, while
biological damage, in turn, can impact the structure and mechanical characteristics of the bone.

Furthermore, this framework can be extended to incorporate various diseases such as tumors, necrosis, ab-
normal metabolic events, or the aging process. By introducing a parameter that accounts for these diseases, the
model can generate bone mass distributions consistent with the expected patterns observed in affected individuals.
This capability represents a significant departure from previous works, as it enables the ”in silico” reproduction of
different pathological conditions in bone and provides insights into their interplay with mechanical dynamics.

For instance, extensive research has been devoted to developing mathematical models for predicting and study-
ing tumor and cancer progression. Several studies [2, 8, 18, 21, 29] have aimed to establish various scenarios that
shed light on the effects of biological and induced damage on bone tissue. Experimental and clinical investiga-
tions have consistently observed a gradual increase in osteoclasts over time, often accompanied by a reduction in
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osteoblast production [22, 36]. This imbalance between formation and resorption gives rise to osteolysis, a key as-
pect of pathogenesis in conditions like myeloma [22]. Multiple myeloma is associated with elevated blood calcium
levels and fractures and complications such as anemia, hypercalcemia, and renal insufficiency [36].

Researchers have explored the role of bone tissue as a tumor microenvironment, recognizing its significance
in the metastatic process [17]. Metastasis in bone can be categorized as osteolytic, characterized by excessive
resorption resulting from an imbalance caused by heightened osteoclast activity or reduced bone remodeling [10,
17]. This form of metastasis is commonly observed in lung and breast cancer. Conversely, an imbalance favoring
bone formation leads to osteoblastic (osteosclerotic) metastasis [10, 17], which is more prevalent in prostate cancer
and certain pathological conditions involving abnormal bone formation. The models described in this study aim to
capture the intricate dynamics and interplay between the bone remodeling process and tumor growth. Moreover,
they serve as valuable tools for exploring diverse scenarios and types of tumors, empowering researchers to propose
and test treatments in a simulated environment and forecast the effects of tumors on the remodeling process over
time.

These models offer the potential to manipulate the remodeling cycle by promoting differentiation, adjusting the
frequency of remodeling, or modulating the deposition of bone mass within a controlled mathematical laboratory
setting. This provides a platform for investigating alternative strategies and interventions to mitigate the impact
of tumors on bone tissue. Ultimately, these mathematical models contribute to advancing our understanding of
the complex relationship between tumor growth and the bone remodeling process, facilitating the acquisition of
invaluable knowledge in the field.

While this research provides valuable insights for the academic community dedicated to bone disease research,
it is important to acknowledge certain limitations that should be addressed in future studies. Firstly, the model em-
ployed in this work is based on Komarova’s model [19], which represents an abstraction of reality. The parameters
used in the model are obtained from stability analysis [23] and capture quantities such as the initial number of os-
teoblasts and osteoclasts, bone oscillation, and the time period for mass replacement. Komarova et al. formulated
a mathematical model that aligns with experimental observations. Similarly, modifications to Komarova’s seminal
model have been made using parameters derived from stability analysis. However, it is crucial for future research
to compare the mathematical model and its parameters with experimental evidence to validate their applicability.

It is important to note that the precise relationship between diseases and the bone remodeling process remains
unknown. Future investigations should consider the effects of drugs used to improve bone mass or alter its quality.
Each modification to the model should be carefully compared with real diseases, and techniques such as statistics
and machine learning could be employed to identify model variations and refine the associated parameters. This
iterative approach would enhance the model’s ability to accurately represent the complexities of bone diseases and
their impact on the bone remodeling process.

In future work, we aim to further investigate the parameters of this model through a comprehensive sensitivity
analysis, delving into their individual and collective influences on the system dynamics. Additionally, we plan to
extend the model to more realistic and intricate geometries, allowing for a more accurate representation of the bone
remodeling process in three-dimensional (3D) settings. By expanding the model to 3D, we can capture the spatial
variations and intricate interactions within the bone tissue, providing a deeper understanding of its behavior.

Furthermore, we intend to explore the model’s applicability to specific diseases and pathological conditions,
such as tumors, necrosis, and aging events. By examining these cases in light of the model, we can assess its
capabilities and its ability to mimic the complexities observed in real pathological scenarios. This exploration will
contribute to elucidating the relationship between the bone remodeling process and various diseases, ultimately
aiding in the development of targeted interventions and treatment strategies.

Through these future endeavors, we seek to enhance the model’s accuracy, expand its scope, and uncover
valuable insights into the intricate interplay between bone remodeling and pathological conditions. By refining
the model and exploring its capabilities in different contexts, we hope to advance our understanding of bone
diseases and contribute to the development of innovative therapeutic approaches.

In summary, this new framework presents a promising avenue for studying bone remodeling processes by
integrating biological and mechanical events. Its ability to simulate diseases and investigate their impact on bone
structure and mechanics opens up new possibilities for understanding the underlying mechanisms and developing
potential interventions.
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Table 2: Parameters used in this work.

Parameter Action \ Value
Mechanical Parameters
E Young Modulus 64 MPa [13, 32, 33]
v Poisson Modulus 0.3 [13, 32, 33]
Ures Reference energy 800 Pa [13, 32, 33]
Lom osteocyte-derived paracrine regulation 2 (13, 32, 33]
Dom bone mass-derived strenght material | 0
constant
Ao Level of damage constant 1 #cell™?
0 level of damage accumulation 0.01 MPa!-days™!
r Number of points for sensing bone mass | 3
General Biological Parameters
c BMU integration 1.0
w BMU energy activation 0.50
k Osteocyte production rate 0.3125 days~' [13, 32, 33]
200 osteocyte autocrine regulation 113,32, 33]
210 osteoclast-derived paracrine regulation 0
220 osteoblast-derived paracrine regulation 0
f Damage factor on osteocytes 1
d Damage limit factor before collapse 0.4
o Osteoclast production rate 3 osteoblasts .day~! [19]
oy Osteoblast production rate 4 osteoblasts .day ! [19]
B1 Osteoclast removal rate 0.2 osteoclasts .day~T [19]
B2 Osteoblast removal rate 0.02 osteoclasts .day~T [19]
801 osteocyte-derived paracrine regulation 0
11 osteoclast autocrine regulation 1.1[19]
01 osteoblast-derived paracrine regulation | -0.5[19]
£02 osteocyte-derived paracrine regulation 0
812 osteoclast-derived paracrine regulation 1{19]
22 osteoblast autocrine regulation 0[19]
ko Normalized activities of bone forma- | 1.0 % osteoclasts Tday '
tion/resorption
kq Normalized activities of bone resorption | 0.093 % osteoclasts Tday~T[19]
ko Normalized activities of bone formation | 0.0008 % osteoblasts~Tday~T[19]
Dy, Biological damage 0.05 dimensionless[used in all
the models here presented, ex-
cept second model tested, with
0.10,0.20,0.40] (computed)
Parameters for second model [24]
1 Disease-derived paracrine regulation -0.1[23, 24]
a2 Disease-derived paracrine regulation 0[23, 24]
Parameters for second model[4]
1 Parameter afecting osteoclast-autocrine | 0.05 [4]
factor
121 Parameter afecting osteoblast-paracrine | 0.0 [4]
factor
1o Parameter afecting osteoclast-paracrine | 0.0 [4]
factor
oY) Parameter afecting osteoblast-autocrine | 0.2 [4]

factor
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Figure 6: Results of the bone remodeling process in a pathological case with localized damage induc-
tion. The image is organized into rows (determined by cell type) and columns (determined by the
evolution time, specifically columns a), b), ¢), and d)). The results for osteoclasts are observed in the
first row (top row). The second row shows the results for osteoblasts, the third row for osteocytes, and
the last row for bone mass. The columns represent different times: a) 1000 days (0 days of evolution for
”all” cells in the bone), b) 2300 days, c) 3600 days, and d) 6000 days. It is important to note that there
are 1000 initial days during which the temporal evolution of the cells in each element starts randomly.
This randomness prevents all cells from being temporally synchronized. In the bone remodeling pro-
cess, some cells will be in different remodeling phases than others, which helps maintain bone integrity.
Note the original defect and how it has caused extensive damage to the bone.
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Figure 7: Results for the bone remodeling process in 2D for a pathological case when the cycle of the
remodeling process is altered (see the text). It has the same conventions as before. The image is orga-
nized into rows (determined by cell type) and columns (determined by the evolution time, specifically
columns a), b), ¢), and d)). The results for osteoclasts are observed in the first row (top row). The second
row shows the results for osteoblasts, the third row for osteocytes, and the last row for bone mass. The
columns represent different times: a) 1000 days (0 days of evolution for all cells in the bone), b) 2300
days, c) 3600 days, and d) 6000 days. It is important to note that there are 1000 initial days during
which the temporal evolution of the cells in each element starts randomly. This randomness prevents
all cells from being temporally synchronized. In the bone remodeling process, some cells will be in
different remodeling phases than others, which helps maintain bone integrity. Note the original defect
and how it has caused extensive damage to the bone.
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Figure 8: The graph shows the time evolution of osteoclasts (top left), osteoblasts (top right), bone mass
density (bottom left), and damage (bottom right). There are three scenarios (see the color coding in the
figure): Physiological (No damage), bone remodeling cycle altered (Cell cycle damage), and induced
damage. These results correspond to a finite element chosen in the damaged region (see text) of Figures
5,7, and 6, respectively.

22

Draft



| | l I |
'y 8 é “ 1 L 1
s <“ ~ ) ~ ) 5 <*~
> 9 | X | 4
’ y ¢ J $ ' 4 # ' 4
s Y 'S 24 v s A L) N
] ] ) \
\! ! \! !

T

650
1.5 2 |
95 98

1l

Oy: 0

0.5 1
BM: 86 89 92

1
1

a) b) o) d)

Figure 9: Results for the bone remodeling process in 2D for pathological scenarios 2, 3, 5 and 6 of the
model in the last day of simulation (day 5000) [23, 24]. By rows (from top to bottom): first row (OC):
Osteoclasts cells (in number #); second row (Ob): Osteoblasts cells (in number #); Third row (Oy):
Osteocytes cells (in number #); Fourth row (BM): Bone Mass (Percentage %). By Columns: a) Scenario
2; b) Scenario 3; c) Scenario 5; and d) Scenario 6.
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Figure 10: Results for a finite element chosen into the "damage” region for scenarios 2, 3, 5, and 6 given
in [23] and [24]. Please refer to Figure 9. The graph shows the time evolution of osteoclasts (top left),
osteoblasts (top right), bone mass density (bottom left), and damage (bottom right). There are four
scenarios (see the color coding in the figure and the text for the origin of each scenario).
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Figure 11: Results for the bone remodeling process in 2D for pathological scenarios 1, 4, 7, and 8 of the
model in the last day of simulation (day 5000) [23, 24]. By rows (from top to bottom): first row (OC):
Osteoclasts cells (in number #); second row (Ob): Osteoblasts cells (in number #); Third row (Oy):
Osteocytes cells (in number #); Fourth row (BM): Bone Mass (Percentage %). By Columns: a) Scenario
1; b) Scenario 4; c¢) Scenario 7; and d) Scenario 8.
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Figure 12: Results for a finite element chosen into the “"damage” region for scenarios 1, 4, 7, and 8 given
in [23] and [24]. Please refer to Figure 11.The graph shows the time evolution of osteoclasts (top left),
osteoblasts (top right), bone mass density (bottom left), and damage (bottom right). There are three
scenarios (see the color coding in the figure).
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Figure 13: Results for the bone remodeling process in 2D for pathological scenarios by columns, a)
Dy = 0.05, b)D, = 0.10, ¢)Dy = 0.20, and d)D; = 0.40 of the model in the last day of simulation (day
6000) [23, 24]. By rows (from top to bottom): first row (OC): Osteoclasts cells (in number #); second
row (Ob): Osteoblasts cells (in number #); Third row (Oy): Osteocytes cells (in number #); Fourth row
(BM): Bone Mass (Percentage %).
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Figure 14: Results for a finite element chosen into the "damage” region for scenarios D, = 0.05, D}, =
0.10, Dy = 0.20, and D;, = 0.40 given in [23] and [24]. Please refer to Figure 13. The graph shows the
time evolution of osteoclasts (top left), osteoblasts (top right), bone mass density (bottom left), and
damage (bottom right). There are three scenarios (see the color coding in the figure).
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