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Abstract

To understand Wolff’s law, bone adaptation by remodeling at the cellular and tissue levels has been

discussed extensively through experimental and simulation studies. For the clinical application of a

bone remodeling simulation, it is significant to establish a macroscopic model that incorporates

clarified microscopic mechanisms. In this study, we proposed novel macroscopic models based on the

microscopic mechanism of osteocytic mechanosensing, in which the flow of fluid in the

lacuno-canalicular porosity generated by fluid pressure gradients plays an important role, and

theoretically evaluated the proposed models, taking biological rationales of bone adaptation into

account. The proposed models were categorized into two groups according to whether the remodeling

equilibrium state was defined globally or locally, i.e., the global or local uniformity models. Each

remodeling stimulus in the proposed models was quantitatively evaluated through image-based finite

element analyses of a swine cancellous bone, according to two introduced criteria associated with the

trabecular volume and orientation at remodeling equilibrium based on biological rationales. The

evaluation suggested that nonuniformity of the mean stress gradient in the local uniformity model, one

of the proposed stimuli, has high validity. Furthermore, the adaptive potential of each stimulus was

discussed based on spatial distribution of a remodeling stimulus on the trabecular surface. The

theoretical consideration of a remodeling stimulus based on biological rationales of bone adaptation

would contribute to the establishment of a clinically applicable and reliable simulation model of bone

remodeling.
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1 Introduction

The bone structure undergoes remodeling to adapt to the mechanical environment. As such, Wolff

proposed a law of bone transformation, known as Wolff’s law, which describes the mathematical

correspondence between trabecular architecture and principal stress trajectories (Wolff 1869, 1892).

This law represents the biological features of bone adaptation from a macroscopic viewpoint. To

improve biomechanical understanding of bone adaptation by remodeling, mathematical modeling and

simulation by computational approaches, including finite element analysis, have been developed as

quite useful methods.

Macroscopic models of bone remodeling that assume a remodeling stimulus to be a macroscopic

mechanical quantity such as stress, stress nonuniformity, strain, or strain energy density, have been

proposed (Cowin and Hegedus 1976; Carter 1984; Carter et al. 1987; Huiskes et al. 1987; van

Rietbergen et al. 1995; Adachi et al. 1997; Huiskes et al. 2000; Adachi et al. 2001; Ruimerman et al.

2005). In these models, cancellous bone resorption and formation are described by volume change or

trabecular surface movement, according to values of macroscopic mechanical stimuli. These

macroscopic models have been demonstrated to be of practical importance clinically, such as in

designing bone tissue engineering scaffolds (Adachi et al. 2006; Lacroix et al. 2006) and prostheses

for joint replacement (Sharma et al. 2010) and predicting the clinical outcome of callus distraction

(Reina-Romo et al. 2011) and orthodontic tooth movement (Hasegawa et al. 2015).

Microscopic mechanisms of bone remodeling have also been studied extensively. Osteocytes are

known to be responsible for the regulation of osteoclastic bone resorption and osteoblastic bone

formation by sensing mechanical stimuli and communicating with the effector cells through their



complex intercellular network (Aarden et al. 1994; Burger and Klein-Nulend 1999). This osteocytic

mechanosensing is believed to be triggered by interstitial fluid flow in the lacuno-canalicular system,

which is generated by a fluid pressure gradient (Weinbaum et al. 1994; Cowin et al. 1995; Han et al.

2004; Temiyasathit and Jacobs 2010). This mechanism has been the basis for the proposed

microscopic remodeling models, which regard bone tissue as a poroelastic structure and take into

account the osteocytic sensation of load-induced fluid flow stimuli (Swan et al. 2003; Adachi et al.

2010; Kumar et al. 2011; Kameo and Adachi 2014a, b). These models, which have shown that

load-induced fluid flow stimuli can drive bone remodeling, have expanded the frontiers of microscopic

biomechanics of bone adaptation.

Clinical applications of computational bone remodeling simulations require macroscopic models

that can predict biological behaviors because of their low computational cost in solving large-scale

clinical problems. The construction of clinically applicable and reliable macroscopic models requires

the integration of microscopic mechanisms into the macroscopic models. However, incorporating

more details on clarified microscopic mechanisms of bone remodeling into a macroscopic model

increases the degrees of freedom (DOF) thereof, which can impose large computational costs. One

possible approach to overcome this problem is the reduction of the model’s DOF, through which

essential features are captured from detailed microscopic mechanisms and incorporated into a simple

macroscopic model. The reduced macroscopic model should be carefully examined for its potential to

express the biological nature of bone adaptation. It is crucial, therefore, to construct macroscopic

models based on biological rationales.

The purpose of this study is to propose novel macroscopic models of bone remodeling that



incorporate the microscopic mechanism of osteocytic mechanosensing and to theoretically evaluate
the proposed models, taking biological rationales into account. The models assume possible
remodeling stimuli based on two mechanical quantities (the mean stress or the mean stress gradient),
which reflect the microscopic mechanism. The proposed remodeling stimuli were categorized into two
groups according to whether the remodeling equilibrium state is defined globally or locally: the global
and local uniformity models. Through image-based finite element analyses of a swine cancellous bone,
each remodeling stimulus in the proposed models was quantitatively evaluated according to two
introduced criteria associated with the trabecular volume and orientation based on biological rationales.
The evaluation suggested that nonuniformity of the mean stress gradient in the local model has high
validity. Furthermore, to discuss the adaptive potential of each model, spatial distribution of a

remodeling stimulus on the trabecular surface was visualized.

2 Methods

2.1 The mathematical model of trabecular bone remodeling

The mathematical models in this study assumed that bone remodeling is driven toward achieving
uniformity of a mechanical quantity on the trabecular surface. The proposed models were categorized
into two groups, i.e., the global and local uniformity models, according to whether the remodeling
equilibrium state is defined globally or locally. In the global uniformity models, as shown in Fig. 1(a),
a remodeling stimulus Sg; on the trabecular surface is defined as a mechanical quantity g in itself at
a point on the trabecular surface, while bone remodeling is driven by referring to the equilibrium value

Sgr that is globally set by S = @, which has been empirically determined as a reference value of a



stimulus (Mullender and Huiskes 1995; Ruimerman et al. 2005). However, in the local uniformity
models (Adachi et al. 1997; Tsubota et al. 2002; Tsubota and Adachi 2005; Tsubota et al. 2009), as
shown in Fig. 1(b), a remodeling stimulus Sgf on the trabecular surface is defined as local
nonuniformity of a mechanical quantity g at a point on the trabecular surface. The nonuniformity of a

mechanical quantity q is quantified by

I'(q) =In(qc/qq)- (D

where q. denotes the mechanical quantity q at position x. on the trabecular surface and qq
denotes the weighted average value of the quantity g over the neighboring surface area A; around
the position x.. Bone remodeling is thereby assumed to be driven by local nonuniformity I'(q), while
the equilibrium state is locally determined by I' = 0, which represents a local uniform state of the
mechanical quantity g, i.e., . = ¢qg in Eq. (1). The weighted average for mechanical quantity qq
in Eq. (1) is defined by

qa = J, w)q@)dA/[, w(l)dA, )

where [ denotes the distance between the position x. and an arbitrary position x on the trabecular
surface within the sensing distance [}, w(l) denotes a weighting function that diminishes with
distance [, and A denotes the total surface domain of the trabeculae. The domain of integration in Eq.
(2) was determined as the trabecular surface area A;, within the sensing distance [j, because a fluid
stimulus in the trabeculae is dominant when close to the trabecular surface (Kameo et al. 2009; Kameo
et al. 2016). This allowed I', a remodeling stimulus Sg at position x, to be locally quantified based
on the difference in the mechanical state at position x. relative to that over the neighboring surface
area Aj.

To determine morphological changes in the trabeculae resulting from the remodeling stimulus S,



the rate of surface movement in the direction normal to the surface M(Ss) was introduced. As shown
in Fig. 1(c), M satisfies M < 0 for Sg < Sep, Which represents bone resorption, and M >0 for
Sst = Sgy, which represents bone formation. In this study, with the remodeling equilibrium value Sg
in the global uniformity models, the global § was quantified to be the averaged value of g over the
entire surface area. The sensing distance [}, in the local uniformity models is associated with
communication between cells, such as calcium signal propagation through the intercellular network,
and is thought to have a value of several hundred micrometers (Xia and Ferrier 1992; Jing et al. 2013).
In this paper, the weighting function w(l) was assumed simply to be a linearly decreasing function,

while the sensing distance [;, was set as 500 um.

2.2 Remodeling stimuli on the trabecular surface

The proposed models assume four possible remodeling stimuli Sg¢ based on the two mechanical
quantities (the mean stress a,,, or the mean stress gradient |Va,,|). These quantities include essential
features (a static pressure or its gradient) that reflect the microscopic mechanism whereby the fluid
pressure gradient generates flow (Kufahl and Saha 1990; Adachi et al. 2010; Kameo and Adachi
2014a,b). The models are categorized into two groups, i.c., the global (S¢: the mean stress oy, the
mean stress gradient |Voy,|) and local (Sg¢: nonuniformity of the mean stress I'(|oy,|) uniformity
models, nonuniformity of the mean stress gradient I'(|Va,,|)). The validity of these four possible
remodeling stimuli was theoretically evaluated according to the criteria introduced in the following

sections.



2.3 Criteria for quantitatively evaluating the validity of the remodeling stimulus

To ensure that the biological nature of bone adaptation was retained while incorporating the
microscopic features, two criteria that any macroscopic remodeling stimulus should meet were
introduced in this section. These criteria were based on biological rationales associated with two
macroscopic properties of the trabecular structure (volume and orientation) at remodeling equilibrium.
The validity of the four possible remodeling stimuli in the proposed models was quantitatively

evaluated according to the criteria.

2.3.1 The first criterion associated with the trabecular volume

The first criterion resulted from considering changes in the trabecular volume in the state of
remodeling equilibrium. With the rate of the trabecular surface movement M, as shown in Fig. 1(c),
the rate of the net change in trabecular volume V is given by

V= Af, M(Se)f (Sur)dSis, ©

where f(Sgr) denotes the distribution function of the remodeling stimulus Sgf, as shown in Fig. 2(a),
and A denotes the total surface domain of the trabeculae. In the state of remodeling equilibrium, V is
considered to be negligibly small. Hence, Eq. (3) leads to

s, MSet)f (Ser)dSst = 0. )

In addition, in the vicinity of the remodeling equilibrium state, M can be approximated by a linear

function of Sg¢ as
M(sz) = C (St — Ssof)a (5

where C (C > 0) is a positive constant coefficient. If Eq. (5) holds, Eq. (4) requires f(Ssf) to be

symmetric with respect to Sg¢r = S in the vicinity of the remodeling equilibrium state.



Skewness [, which is a measure of the asymmetry of the distribution function of the remodeling
stimulus Sg¢ in the vicinity of the remodeling equilibrium state, was therefore introduced as the first
criterion (Tsubota and Adachi 2006). Based on the Fisher—Pearson coefficient of skewness (Doane and
Seward 2011), this is defined as
B ={[, S — 5D dA/A}/8, ©)
where A’ denotes a subset of the total surface domain A and Sy satisfies Sgg— & < Sgp < S+ &
in the domain A’. Here § denotes the averaged deviation of the remodeling stimulus Sg; from the

equilibrium value Sg; and is defined as

6=\/fA (Ssf— S? dA/A. (7)

The validity of a remodeling stimulus was evaluated according to the magnitude of the skewness |S].
As shown in Fig. 2(b), a small value of |S|, which represents the symmetry of a distribution function
f(Ssf) in the vicinity of the remodeling equilibrium state (Sg¢ — 8 < Sg¢ < Sgf + &), ensures the

validity of the remodeling stimulus Sg¢ that satisfies Eq. (4).

2.3.2 The second criterion associated with the trabecular orientation

The second criterion was obtained by considering Wolff’s law, which assumes that the trabecular
orientation corresponds to the principal axes of stress in the remodeling equilibrium state. As depicted
in Fig. 2(c), when the principal stress directions coincide with the principal axes of the adapted bone,
both the deviation § of the remodeling stimulus S¢f from the equilibrium value and the magnitude of
skewness |B| of the distribution of the remodeling stimulus f(Ssr) will take their minimum values.

Dependence of the deviation § and the magnitude of skewness |B]| on the principal stress
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direction was therefore introduced as the second criterion. If § and |B]| take their minimum values
with the given principal stresses along the principal axes of the trabecular structure, the validity of the

remodeling stimulus Sg¢ is ensured.

2.4 A 3D image-based finite element model of cancellous bone
Serial images of the cross section of an adult swine femur were obtained using X-ray micro-computed
tomography (inspeXio SMX-90CT plus, SHIMADZU), from which a 3D digital image-based finite
element model of cancellous bone was constructed, as shown in Fig. 3(a). The specimen was harvested
from the major compressive region in a femoral head, which facilitates reasonable estimation of the
stress conditions in the cancellous bone on the assumption that compression is applied vertically to its
articular surface. The model was constructed as a cube of 2303 voxels (2.763 mm?®). Each element
was a cubic voxel with an edge size of 12.0 um. The bone was assumed to be an isotropic linear elastic
material with Young’s modulus E =20 GPa and Poisson’s ratio v = 0.3. The marrow was assumed
to be a cavity, and was not considered in the finite element analyses. To transmit uniform stresses to
the cancellous model, the model was surrounded by a homogeneous five-voxel-layer with material
properties of E =2.0 GPaand v = 0.3, and stresses were applied to the surface of the layer. To
exclude the artificial influence arising from the boundary conditions, we focused on the central cube
region of 1803 voxels (2.163 mm?®) as the volume of interest.

Assuming that the cancellous model obtained was in a state of remodeling equilibrium, the stress
conditions were determined according to the trabecular orientation of the cancellous model. As shown

in Fig. 3(b), the fabric ellipsoid (Cowin 1985), which represents the trabecular orientation, was
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obtained using the mean intercept length method (Whitehouse 1974). The principal values of the fabric
tensor H, defined as H;, H,, and H; in descending order, were given as H; =287 um, H, =215
um, and H; =202 um. Given that the trabecular structure was predominantly orientated along the
principal axis corresponding to Hy, the largest compressive stress was assumed to be imposed along
the principal axis of H,, which was set as the z'-axis. The other two principal axes corresponding to

H, and H; were set as the x'-axis and the y'-axis, respectively.

2.5 Evaluation of the validity of the remodeling stimulus

The validity of the four possible remodeling stimuli, i.e., the mean stress oy, the mean stress gradient
|V o, |, nonuniformity of the mean stress I'(|oy,|), and nonuniformity of the mean stress gradient
I'(|Von|), was quantitatively evaluated according to the two criteria introduced in Section 2.3.
Mechanical states of the 3D image-based cancellous model obtained in Section 2.4 were analyzed

using a finite element method.

2.5.1 Quantitative evaluation of validity according to the first criterion associated with the trabecular
volume

The validity of the remodeling stimuli was evaluated according to the first criterion, i.e., the
magnitude of skewness |B]| in Eq. (6). As shown in Fig. 3(c), uniform compressive stresses of —0.2
MPa along the z'-axis and —0.1 MPa along the x'-axis and y'-axis were applied on the outer surface
of the layer surrounding the cancellous model. Assuming the cancellous model to be a representative

volume element (RVE), regarded as a continuum, the applied stresses to the model correspond to the
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macroscopic stress state with three principal stresses. The magnitude of skewness |f| was quantified
by Eq. (6), based on the stress distribution obtained by a finite element analysis of the cancellous
model. From |B], the validity of a remodeling stimulus was compared among all stimuli S¢s noted in
Section 2.2: g, and |Voy,| in the global uniformity models and I'(|oy,|) and I'(|Voy,|) in the

local uniformity models.

2.5.2 Quantitative evaluation of validity according to the second criterion associated with the
trabecular orientation

Further evaluation for the four possible remodeling stimuli was performed according to the second
criterion introduced in Subsection 2.3.2, showing that the deviation & of the remodeling stimulus Sgf
from the equilibrium value and the magnitude of skewness |B| of the distribution function f(Sgf)
depend on the principal stress direction. The stresses described in Subsection 2.5.7 were applied to the
cancellous model as a reference condition. The direction of the compressive stress along the x'-axis
was fixed, whereas the other two principal stress directions were rotated with respect to the x'-axis in
a counterclockwise direction, from 0° to 180°, as shown in Fig. 3(d). Angle 6,/ denotes the principal
stress direction rotated from the reference condition. The averaged deviation § of the remodeling
stimulus Sg¢ from the equilibrium value S& and the magnitude of skewness |B]| of the distribution
function f(Sgr) were obtained for each stress condition. According to the dependence of § and |S]
on the principal stress direction, the validity of a remodeling stimulus was compared among all stimuli

sz: Om> |V0m|a F(lo-ml)a and F(|V0m|)~
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3 Results

3.1 Quantitative evaluation of validity according to the first criterion associated with the
trabecular volume

Figure 4 shows the distribution functions f(Ssf) of all four possible remodeling stimuli, i.e., the mean
stress oy, the mean stress gradient |Voy, |, nonuniformity of the mean stress I'(|oyy,|), and
nonuniformity of the mean stress gradient I'(|Vapy,|). As shown in Fig. 4(a, c¢), focusing on models
based on the uniformity of the mean stress, o, and I'(|oy,|) showed almost the same values for the
magnitude of skewness (|| =0.077, 0.076). In contrast, as shown in Fig. 4(b, d), with models based
on the uniformity of the mean stress gradient, |Vo,,| and I'(|Vo,,|) showed quite different values
for the magnitude of skewness (|8] = 0.433, 0.032), which were the largest and the smallest values
among the four remodeling stimuli, respectively. According to the first criterion associated with the
trabecular volume, I'(|Vop,|) has the highest validity with the smallest magnitude of skewness ||

among the four possible stimuli Sgy.

3.2 Quantitative evaluation of validity according to the second criterion associated with the
trabecular orientation

Figures 5 and 6 show the dependence of the two introduced scalar statistics (the deviation § ofa
stimulus Sg¢ from its equilibrium value S& and the magnitude of skewness || of the distribution
function f(Ssf), respectively) on the principal stress direction 6,-, defined in Fig. 3(d). As shown in
Fig. 5(a—d), all stimuli showed the smallest and largest § at 6, = 0° and 90°, respectively, which

satisfied the second criterion associated with trabecular orientation shown in Fig. 2(c). As shown in
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Fig. 6(a, ¢), the mean stress a;,, and nonuniformity of the mean stress I'(|g,,|) showed the smallest
magnitudes of skewness |B| notat 6, =0°butat 6,/ =15°and 30°, respectively. Neither o, nor
I'(loy|) strictly satisfied the second criterion. In contrast, as shown in Fig. 6(b, d), the mean stress
gradient |Vop,| and nonuniformity of the mean stress gradient I'(|Voy,|) showed the smallest ||

at 6,r =0°, in which the principal stress directions corresponded with the principal axes of the
cancellous model. Both |Vo,,| and I'(|Vay,|) satisfied the second criterion associated with the
trabecular orientation. Furthermore, as shown in Fig. 6(d), I'(|Vo,|) exhibited the largest || at 6,
=90°, in which the principal stress directions are supposed to be most deviated from the principal axes
of the cancellous model due to the symmetry of the applied stress condition shown in Fig. 3(c, d).
These results suggest that I'(|Vop,|) has the highest validity among the four remodeling stimuli Sy,

which was compatible with the evaluation according to the first criterion.

3.3 The spatial distribution of the remodeling stimuli on the trabecular surface

In addition to the quantitative evaluation according to the two criteria, in this section, the response to
change in mechanical states is discussed for each proposed model (Sg: the mean stress oy, the mean
stress gradient |V oy, |, nonuniformity of the mean stress I'(|oy,|), and nonuniformity of the mean
stress gradient I'(|Vop,|)). Figure 7 shows the spatial distribution of each remodeling stimulus Sgf
and its bone formation/resorption regions on the trabecular surface under two different principal stress
directions (6, = 0° and 90°). As shown in Fig. 7(a—d), different principal stress directions 6,
resulted in different distributions of Sgr and its bone formation/resorption regions, for all stimuli Sg;.

All proposed models have the potential to respond to changes in mechanical states.
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By comparing the global and local uniformity models, as shown in Fig. 7(a, ¢), o, (global) and

I'(lJom|) (local) exhibited similar localization of bone formation/resorption regions on the trabecular

surface under the same principal direction 6,. Likewise, as shown in Fig. 7(b, d), the similarity in the

localization of bone formation/resorption regions between |Voy,| (global) and I'(|Voy,|) (local) was

recognized. These results suggest that global and local uniformity models could exhibit similar bone

adaptation behaviors.

By comparing the models with and without the differential operation V of the mean stress, o,y

and I'(|oy|), as shown in Fig. 7(a, ¢), exhibited clear patterns of distribution with each single bone

formation/resorption region having a large area, whereas |Voy,| and I'(|Vop,|) exhibited patterns

with small bone formation/resorption regions finely distributed, as shown in Fig. 7(b, d). Whether or

not a remodeling stimulus Sgr includes the differential operation ¥ could result in different bone

adaptation behaviors.

4 Discussion

In this study, we proposed novel macroscopic models of bone remodeling that assume four possible

remodeling stimuli considering the microscopic mechanism of osteocytic mechanosensing. As shown

in Figs. 4, 5, and 6, quantitative evaluation showed that I'(|Va,,|) has the highest validity among the

four remodeling stimuli, according to the introduced criteria based on biological rationales associated

with the trabecular volume and orientation at remodeling equilibrium. Furthermore, the adaptive

potential of each stimulus was discussed based on the spatial distribution of a remodeling stimulus on

the trabecular surface. As shown in Fig. 7(a—d), all proposed models have the potential to respond to

changes in mechanical states. Comparing (a) and (b) with (c) and (d) in Fig. 7, the global and local
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uniformity models could exhibit similar bone adaptation behaviors. In the comparison between models
with (Fig. 7(b, d)) and without (Fig. 7(a, c)) the differential operation V of the mean stress, whether
or not a remodeling stimulus S includes the differential operation V could result in different bone
adaptation behaviors.

The models based on the uniformity of the mean stress (o, and I'(|oy,|)) assume that oy,
attains a spatially uniform value at the equilibrium state, and its gradient Vo, thereby becomes zero,
which means that the rate of the interstitial fluid flow due to daily activity could be zero in average at
the equilibrium state. In contrast, the models based on the uniformity of the mean stress gradient
(|Vom| and I'(|[Voy]|)) assume that |Vop,| attains a spatially uniform value at the equilibrium state,
which means that the interstitial fluid could flow at a spatially uniform flow rate in average. The
averaged behaviors of the interstitial fluid flow in the remodeling equilibrium state should be
experimentally investigated.

To construct a reliable model of bone remodeling that can predict biological behaviors for clinical
use, it is important to integrate clarified microscopic findings into a macroscopic model.
Computational studies have tried to combine these different scales in various ways, such as the
integration of phenomenological behaviors identified through a microscale mechanistic simulation into
an existing mesoscale model (Phillips et al. 2015; Villette and Phillips 2016), multiscale integration
through a multistep homogenization method (Fritsch and Hellmich 2007; Scheiner et al. 2013; Colloca
et al. 2014), and a combination of mesoscale neural network computation and macroscopic finite
element analyses (Unger and K6nke 2008; Hambli 2010, 2011; Hambli et al. 2011). These methods

were based on a multiscale analytical approach, where bone structural information from microscale
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analyses was combined with macroscale bone mechanical properties. In contrast, the approach taken

in this study was the reduction of a model’s DOF, through which essential features captured from the

complex microscopic mechanisms associated with osteocytic mechanosensing were incorporated into

a simple macroscopic model.

Because the reduced model that incorporates the captured microscopic features should still have

the potential to simulate the macroscopic behavior of bone adaptation, we established biological

criteria that a remodeling stimulus is required to meet. Tsubota and Adachi (2006) investigated the

validity of macroscopic remodeling stimuli using the skewness of their distributions as a single

criterion. Extending this criterion, we established our two criteria based on biological rationales

associated with the trabecular volume and the orientation of the trabecular structure. Through

quantitative evaluation, we showed that nonuniformity of the mean stress gradient I'(|Voy,|), one of

the proposed remodeling stimuli incorporating the microscopic mechanism of osteocytic

mechanosensing, could be a reliable macroscopic remodeling stimulus that meets these biological

criteria. For clinical applicability, it is significant that a reduced model is biofidelic based on biological

rationales associated with bone adaptation.

For clinical use, the proposed models should be extended to describe bone pathologies. Abnormal

balance in bone remodeling is recognized in various bone diseases, including osteopetrosis, Paget’s

disease of bone, postmenopausal osteoporosis, and secondary osteoporosis with specific causes such

as rheumatoid arthritis, glucocorticoid use, and endocrine disorders (Hirayama et al. 2002; Canalis

2003; Del Fattore et al. 2008; Mosekilde 2008; Frenkel et al. 2010; Feng and McDonald 2011; Redlich

and Smolen 2012). Furthermore, histomorphometric studies have suggested that morphological
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abnormalities in the lacuno-canalicular porosity (Busse et al. 2010; Milovanovic et al. 2013) and the

osteocyte network (van Hove et al. 2009; van Oers et al. 2015) may play important roles for impaired

mechanosensing in bone pathologies. There has also been accumulating evidence of a mechanosensory

role for osteocyte primary cilium and skeletal abnormalities related to these defects (Temiyasathit and

Jacobs 2010; Nguyen and Jacobs 2013). In the proposed macroscopic models, these bone pathologies,

which can be regarded as a deterioration in temporal and spatial sensitivities to mechanical stimuli,

would be described by variations of either the remodeling rate constant or the sensing distance [j. The

model variations described by these temporal and spatial parameters should be validated for each bone

pathology by comparison with experimental findings.

For further validation of our study, future works should analyze bone samples from various

anatomical sites under various stress conditions. In such analyses, to apply not arbitrary but reasonable

stress conditions to the different samples, it is necessary to estimate mechanical states (e.g., stress and

strain) unique to each sample, because the trabecular architecture adapts to its local mechanical states

in each anatomical site. However, the estimation of mechanical states in different anatomical sites is a

difficult problem. For a reasonable estimation in this study, we harvested the sample from the femoral

head, because its mechanical states are qualitatively clear due to its characteristic morphology and can

be reasonably estimated. As the next step, a method for estimating different reasonable stress conditions

unique to different anatomical sites should be determined.

Moreover, morphological changes in the trabecular structure through a remodeling simulation by

the proposed models should be validated. The models in this study were evaluated according to the

criterion associated with the trabecular orientation considering Wolff’s law. Through a remodeling
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simulation, it is necessary to validate the models according to other trabecular morphometries (e.g.,

trabecular thickness and spacing). In addition, although the feature of fluid pressure in the

lacuno-canalicular porosity was incorporated as the mean stress of the bone matrix, theoretical

consideration should be given as to how the mean stress in the simple elastic model is related to the

fluid pressure in the poroelastic model (Kameo et al. 2009).

In conclusion, we theoretically evaluated four possible remodeling stimuli that capture the

essential microscopic features of osteocytic mechanosensing. We established criteria for quantitative

evaluation based on biological rationales of bone adaptation that a macroscopic model should meet.

According to the criteria, nonuniformity of the mean stress gradient I'(|Vo,,|) was shown to have

high validity. We believe that the theoretical evaluation of a remodeling stimulus based on biological

rationales would contribute to the establishment of a clinically applicable and reliable simulation

model of bone remodeling.
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Figures

ad  Global uniformity model b Local uniformity model Y
S, 9= q S«=T(g), S5=0

Surface movement
M=20:8,28S

L q
= Trabeculae
Cancellous bone

Fig. 1 Simulation models of bone remodeling. a In the global uniformity models, bone remodeling is
driven by referring to the equilibrium value Sg that is globally set by S5t = . b In the local
uniformity models, bone remodeling is driven by local nonuniformity of a mechanical quantity I'(q)
on the trabecular surface. Considering its definition (I'(q) = In(q./qq)), the equilibrium value Sg is
locally determined by I’ = 0, because q. = ¢qq in the equilibrium state. ¢ To determine
morphological changes in the trabeculae resulting from a remodeling stimulus S, the rate of surface
movement M(Ss) was introduced. The rate M satisfies M < 0 for Sgr < S and M >0 for

o
Sse = Sgt
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Fig. 2 Quantitative evaluation of the validity of the remodeling stimulus Sg. a A distribution function
f(Ssr) of the remodeling stimulus S, in which bone is formed when Sg > S and resorbed when
Sst < Sop, where Sg denotes a stimulus at a state of remodeling equilibrium. b The magnitude of
skewness |B| of the distribution function f(Sgf) was introduced as the first criterion for the validity
of the remodeling stimulus Sg¢. The magnitude of skewness |B| was defined in the vicinity of the
equilibrium state, which is determined by the averaged deviation & of the remodeling stimulus Sgf
from its equilibrium value Sg;. A small magnitude of skewness |B|, which represents a nearly
symmetric distribution function f(Ss¢), indicates the validity of the stimulus Sg¢. ¢ Dependence of the
averaged deviation & of the remodeling stimulus Sg¢ from its equilibrium value Sg and the
magnitude of skewness |f| on the principal stress direction was introduced as the second criterion for
the validity of the remodeling stimulus Sg. If § and |B]| take their minimum values under the given
principal stresses along the principal axes of the trabecular structure, the validity of the stimulus Sgf is

ensured
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Q){ E =20 GPa

Fig. 3 A cancellous model with boundary conditions. a A 3D image-based finite element model of
cancellous bone from a swine femoral head was developed using X-ray micro-computed tomography.
b The fabric ellipsoid representing the trabecular orientation of the cancellous model was obtained.
The principal values of the fabric tensor H were defined as H;, H,, and Hs in descending order. It
was assumed that the largest compressive stress was imposed along the principal axis corresponding to
the largest principal value H;, which was set as the z'-axis. The other two principal axes
corresponding to H, and H; were set as the x'-axis and y'-axis, respectively. ¢ Uniform
compressive stresses of —0.2 MPa along the z'-axis and —0.1 MPa along the x'-axis and y'-axis
were applied. d The principal stress directions were rotated with respect to the x'-axis. Angle 6,

denotes the principal stress direction rotated from the reference condition
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Fig. 4 The distribution function f(Ss) and its magnitude of skewness |f| for each remodeling

stimulus Sg¢. a The mean stress oy,. b The mean stress gradient |Voy,,|. ¢ Nonuniformity of the mean

stress I'(|oy|). d Nonuniformity of the mean stress gradient I'(|Vay,|). Broken lines show the

equilibrium value for each remodeling stimulus. The value A shows the class width of each

remodeling stimulus. Nonuniformity of the mean stress gradient I'(|Vo,,|) showed the smallest value

of the magnitude of skewness among the four remodeling stimuli (|| = 0.032)
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Fig. 5 Dependence of the deviation § of a remodeling stimulus Sg¢ from its equilibrium value on the

principal stress direction 6,. a The mean stress oy,. b The mean stress gradient |Voy,|. ¢

Nonuniformity of the mean stress I'(|oy,|). d Nonuniformity of the mean stress gradient I'(|Voy,]).

The averaged deviation § of a remodeling stimulus was plotted against the principal stress direction

0, for each stimulus. Solid circles show the minimum values of §. The horizontal broken line

indicates the value of the averaged deviation 6 at 6, =0°. All stimuli showed the smallest and

largest § at 6,r =0°and 90°, respectively
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Fig. 6 Dependence of the magnitude of skewness || on the principal stress direction 8,. a The
mean stress gp,. b The mean stress gradient |Voy,|. ¢ Nonuniformity of the mean stress I'(|oy,]). d
Nonuniformity of the mean stress gradient I'(|Va,,|). Magnitudes of skewness || were plotted
against the principal stress direction 6, for each remodeling stimulus. Solid circles show the
minimum values of |B|. The horizontal broken line indicates the value of the magnitude of skewness
|B| at 6, =0°. The mean stress gradient |Vop,| and nonuniformity of the mean stress gradient

I'(|Von|) showed the smallest |B| at 6,r =0°
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Fig. 7 Spatial distribution of the remodeling stimuli Sg; on the trabecular surface. a The mean stress
Om- b The mean stress gradient |Va,,|. ¢ Nonuniformity of the mean stress I'(|g,]). d
Nonuniformity of the mean stress gradient I'(|V oy, |). The equilibrium zone was determined by the
length of the white band in the colorbar with its ratio to the total length for both 8, (0° and 90°)
corresponding for each remodeling stimulus Sg¢. Different 6,/ resulted in different distributions of

Ssr and its bone formation/resorption regions for all remodeling stimuli Sgr. Comparing (a) oy, and



(b) |[Voy,| with (¢) I'(loy|) and (d) I'(|Vonl), the global (a4, |Von|) and local (I'(|oy,|),

I'(|Vo,])) uniformity models exhibited similar distributions of bone formation/resorption regions.

Focusing on the effect of the differential operation V, (a) a,, and (¢) I'(|oy|) exhibited clear

patterns of distribution with each single bone formation/resorption region having a large area, whereas

(b) |[Voy,| and (d) I'(|Voy,|) exhibited patterns with small bone formation/resorption regions finely

distributed
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