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A B S T R A C T   

Osteocytes buried in bone matrix are major mechanosensory cells that regulate bone remodeling in response to 
interstitial fluid flow in a lacuno-canalicular porosity. To gain an understanding of the mechanism of osteocyte 
mechanosensing, it is important to be able to evaluate the local strain on the osteocyte process membrane 
induced by the interstitial fluid flow. The microenvironment of the osteocytes, including the pericellular matrix 
(PCM) and canalicular ultrastructure, is a key modulator of the flow-induced strain on the osteocyte process 
membrane because it produces heterogeneous flow patterns in the pericellular space. To investigate the effect of 
changes in the microenvironment of osteocytes on the flow-induced strain, we developed a novel computational 
framework for analyzing the fluid–structure interaction. Computer simulations based on the proposed framework 
enabled evaluation of the spatial distribution of flow-induced strain on the osteocyte process membrane ac
cording to changes in the PCM density and canalicular curvature. The simulation results reveal that a decrease in 
PCM density and an increase in canalicular curvature, each of which is associated with aging and bone disease, 
have the notable effect of enhancing local flow-induced strain on the osteocyte process membrane. We believe 
that the proposed computational framework is a promising framework for investigating cell-specific mechanical 
stimuli and that it has the potential to accelerate the mechanobiological study of osteocytes by providing a 
deeper understanding of their mechanical environment in living bone tissue.   

1. Introduction 

Osteocytes, the most abundant cell type in adult bone, are believed to 
function as mechanosensory cells (Bonewald, 2011). Their major role is 
to maintain the balance between osteoclastic bone resorption and 
osteoblastic bone formation corresponding to the given mechanical 
environment; hence, osteocytes are regarded as master regulators of 
bone remodeling. Osteocytes reside in lacuno-canalicular porosities 
within the mineralized bone matrix, forming an organized intercellular 
network interconnected by dendritic cell processes (Kamioka et al., 
2009; Sugawara et al., 2011). Although such anatomical features cause 
the mechanical environment of osteocytes to be complex and unpre
dictable, it is widely accepted that the flow of interstitial fluid that fills 
the pericellular space in the lacuno-canalicular porosities plays an 
important role in osteocyte mechanosensing (Weinbaum et al., 1994). 

In osteocyte mechanosensing, various membrane proteins acting as 
ion channels or cell adhesion molecules are responsible for converting 
flow-mediated mechanical forces into biochemical signals; this process 
is called mechanotransduction (Qin et al., 2020). The opening of 
mechanosensitive ion channels, such as Piezo1, caused by stretching of 
the osteocyte membrane, is a potent trigger of osteocyte mechano
transduction (Sasaki et al., 2020; Wang et al., 2020). Considering that 
the slender osteocyte processes are more sensitive to mechanical stimuli 
than are the osteocyte cell bodies (Adachi et al., 2009), evaluating the 
local strain on the osteocyte process membrane induced by interstitial 
fluid flow is highly important for gaining an understanding of the 
mechanism of osteocyte mechanosensing. 

The local strain on the osteocyte process membrane is determined 
according to the fluid flow profile in the canaliculus, which is strongly 
modulated by the surrounding microenvironment. A pioneering study 
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by Weinbaum et al. (1994) showed that flow-induced shear stress acting 
on the osteocyte process membrane is a primary mechanical stimulus for 
the activation of osteocytes. A series of subsequent theoretical studies by 
their group proposed a possible mechanism of strain amplification on 
the osteocyte processes via the pericellular matrix (PCM), in which 
tethering elements (TEs) connecting the process to the canalicular wall 
play a critical role (Han et al., 2004; You et al., 2001). More specifically, 
it was shown that due to the fluid drag force, tensile force exerted by TEs 
on the osteocyte process membrane is much greater than the fluid shear 
force on the osteocyte process membrane. Furthermore, direct attach
ment of the osteocyte processes to canalicular projections via 
integrin-based focal adhesion has also been shown to contribute to the 
strain amplification (Vaughan et al., 2015; Wang et al., 2007). In 
conjunction with these connections between osteocyte processes and the 
canalicular wall, the complex structure of the lacuno-canalicular 
network, with its various curvatures, is another factor that can signifi
cantly affect the flow-induced strain on the osteocyte process mem
brane, owing to the production of heterogeneous flow patterns in the 
pericellular space (Anderson et al., 2005; Anderson and Tate, 2008; 
Kamioka et al., 2012). 

For quantitatively evaluating the flow-induced strain on the osteo
cyte process membrane, computer simulation is a powerful tool. Finite 
element analysis using an osteocyte model reconstructed from confocal 
laser scanning images makes it possible to show the distribution of the 
surrounding fluid velocity and the flow-induced strain on the osteocytes 
(Verbruggen et al., 2012, 2014, 2016). However, confocal microscopy 
has insufficient resolution to visualize irregularities in the surface of the 
canalicular wall, such as canalicular projections. To capture the ultra
structure of osteocyte processes and the canalicular wall simultaneously, 
in our previous study, we constructed a three-dimensional model of 
osteocyte processes in canaliculi using ultra-high-voltage electron mi
croscope (UHVEM) tomography (Kamioka et al., 2012). Simulation of 
the fluid–structure interaction using high-resolution UHVEM-image-
based models has the potential to elucidate the manner in which the 
microenvironment of osteocytes influences local strain on the osteocyte 
process membrane (Yokoyama et al., 2021). For exploring the 
flow-induced strain on the osteocyte process membrane through such 
high-resolution fluid–structure interaction simulation, a computational 
framework that can consider both the PCM in canaliculi and the ultra
structure of osteocytes and/or canaliculi would be indispensable. 

The aim of this study was to develop a computational framework for 
analyzing fluid–structure interaction to investigate the flow-induced 
strain on the osteocyte process membrane modulated by the microen
vironment. The lattice Boltzmann method (Chen and Doolen, 1998) for 
fluid flow analysis and the finite element method for analyzing the 
deformation of the osteocyte process membrane were coupled using the 
immersed boundary method (Peskin, 2002). In this method, the effects 
of the PCM are represented by glycosaminoglycan (GAG), which in
fluences the fluid pressure gradient in canaliculi, and TEs, which anchor 
the osteocyte processes to the canalicular wall as linear elastic springs. 
Considering that PCM density and the lacuno-canalicular structure are 
altered by aging and bone disease (Lai et al., 2015; Tiede-Lewis and 
Dallas, 2019; Wang et al., 2014), we investigated their effects on the 
spatial distribution of flow-induced strain on the osteocyte process 
membrane using the proposed framework together with 
three-dimensional models of a single canaliculus and an osteocyte pro
cess with idealized geometry. 

2. Methods 

2.1. Interstitial fluid flow in canaliculi 

Interstitial fluid in a canaliculus flows through the PCM surrounding 
the osteocyte process; the PCM might consist of, for example, a pro
teoglycan comprising GAG and a core protein. For representing the flow 
in the pericellular space driven by the pressure gradient ∇p and body 

force F, the fluid velocity u was assumed to be governed by the Brink
man equation: 

∇p = −
μ
kp

u + μ∇2u + F, (1)  

where μ is the fluid viscosity, and kp is the permeability of the PCM. The 
fluid flow governed by the Brinkman equation was numerically analyzed 
using the lattice Boltzmann method (Chen and Doolen, 1998). The 
D3Q19 model was used to discretize three-dimensional coordinate space 
and velocity space. The discretized lattice Boltzmann equation is given 
as follows: 

fi(x + ciΔt, t + Δt) − fi(x, t) = −
1
τ [fi(x, t) − f eq

i (x, t) ] + giΔt + hiΔt + liΔt,

(2)  

where fi(x, t) is the particle distribution function with particle velocity ci 
at position x and time t, Δt is the time step, and τ is the relaxation 
parameter. The equilibrium distribution function feq

i (x, t) is expressed as 

f eq
i (x, t) = ρwi

[

1 +
ci⋅u
c2

s
+
(ci⋅u)2

2c4
s

−
u⋅u
2c2

s

]

, (3)  

where ρ is the fluid density, wi is the weight, and cs is the speed of sound 
defined in terms of the lattice interval Δx as cs = Δx /(

̅̅̅
3

√
Δt). The ki

nematic viscosity of the fluid, ν, satisfies the following relationship: 

ν= μ
ρ=

(

τ − 1
2

)

c2
s Δt. (4)  

In the last three terms on the right-hand side of Eq. (2), gi, hi, and li, 
which correspond to the body force, pressure gradient, and Darcy 
resistance, respectively, are given by 

gi =

(

1 −
1
2τ

)

wi

[
ci − u

c2
s

+
(ci⋅u)ci

c4
s

]

⋅F, (5)  

hi =

(

1 −
1
2τ

)

wi

[
ci − u

c2
s

+
(ci⋅u)ci

c4
s

]

⋅( − ∇p), (6)  

li =

(

1 −
1
2τ

)

wi

[
ci − u

c2
s

+
(ci⋅u)ci

c4
s

]

⋅
(

−
μ
kp

u
)

. (7)  

The macroscopic fluid density ρ and fluid velocity u are expressed using 
the particle distribution function, as follows: 

ρ=
∑

i
fi, (8)  

ρu =
∑

i
cifi +

1
2

(

F − ∇p −
μ
kp

u
)

Δt. (9)  

2.2. Pressure gradient to drive fluid flow 

The pressure gradient that drives interstitial fluid flow in canaliculi is 
induced by the application of mechanical load to the bone tissue. The 
fluid pressure gradient is expected to be altered by changes in the PCM 
permeability kp, even under the same loading conditions. To estimate 
the fluid pressure gradient with respect to kp, we utilized Biot’s poroe
lastic theory (Biot, 1941, 1955). For the model of fluid-saturated bone 
tissue, we considered a single two-dimensional poroelastic trabecula 
with a width of 2a subjected to uniaxial cyclic loading N(t) = N0sin2πft, 
where N0 is the amplitude per unit thickness, and f is the frequency 
(Kameo et al., 2008, 2009). In this model, the steady-state fluid pressure 
profile psteady along the x axis (perpendicular to the loading direction) is 
given analytically in dimensionless form as 
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p*
steady(x

*, t*)= sin Ω ​ t* − Im

(
H
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√
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iΩ
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, (10)  

where the superscript * indicates a dimensionless variable, and H and Ω 
are a dimensionless stress coefficient and dimensionless frequency, 
respectively (Kameo et al., 2009). Thus, the steady-state fluid pressure 
gradient is expressed as 

∂p*
steady(x*, t*)

∂x* = − Im

(
iHΩ sinh

̅̅̅̅̅̅
iΩ

√
x*

H
̅̅̅̅̅̅
iΩ

√
cosh

̅̅̅̅̅̅
iΩ

√
− sinh

̅̅̅̅̅̅
iΩ

√ eiΩ ​ t*
)

. (11)  

We used the value of the amplitude of the fluid pressure gradient given 
in Eq. (11) at the trabecular surface (x* = ±1) for the computational 
fluid dynamics analysis described in Section 2.1. 

The dimensionless frequency Ω is defined using the permeability at 
the bone tissue scale, k (Kameo et al., 2008, 2009), and hence depends 
on the permeability at the PCM scale, kp. By assuming isotropic orien
tation of the canaliculi, the bone tissue permeability k can be estimated 
from the following relationship (Kameo et al., 2010): 

k =
1
3

μWφ, (12)  

where φ is the porosity of bone tissue, and W is a constant determined 
from the radius of the osteocyte process, rp; the radius of the canaliculus, 
rc; and kp (Kameo et al., 2010). The PCM permeability kp can be 
approximated as 

kp = 0.0572a2
0

(
Δ
a0

)2.377

, (13)  

where a0 is the fiber radius, and Δ is the fiber spacing of the PCM (Tsay 
and Weinbaum, 1991). By setting a0 and Δ according to the PCM al
terations, we evaluated the fluid pressure gradient in canaliculi filled 
with PCM using Eqs. (11)–(13). The material properties of bone tissue 
modeled as a poroelastic material and the loading parameters are listed 
in Table 1 (Cowin, 1999; Smit et al., 2002). 

2.3. Deformation of osteocyte process membrane 

An osteocyte process inside a canaliculus was modeled as a 
deformable cylinder whose internal fluid is enclosed by a hyperelastic 
cell membrane. The two-dimensional membrane was assumed to follow 
the constitutive relation proposed by Skalak et al. (1973), the strain 
energy function of which is described as the following: 

W =
1
4
Gs
(
I2

1 + 2I1 − 2I2 +CI2
2

)
, (14)  

where Gs is the surface shear elastic modulus, and C is the area incom
pressibility coefficient associated with the ratio of the area dilation 
modulus to the shear elastic modulus, by which the surface Poisson’s 
ratio is expressed as νs = C /(C + 1). The variables I1 and I2 are the first 
and second strain invariants of the right Cauchy–Green tensor C, given 
by 

I1 = trC − 2, (15)  

I2 = detC − 1. (16)  

The membrane of the osteocyte process was discretized into flat trian
gular elements. The restoring force qm due to the deformation of the 
membrane acting on the membrane node xm was obtained using a finite 
element procedure. 

A transverse tethering element (TE), which is regarded as a core 
protein of proteoglycan, was introduced as a linear elastic spring con
necting a point xm on the membrane of the osteocyte process to a point 
xw on the canalicular wall. The restoring force qt due to the stretching of 
the TE acting on the membrane node xm can be described as 

qt(xm) =

⎧
⎨

⎩

− kt(|xm − xw| − L0)
xm − xw

|xm − xw|
for ​ |xm − xw| > L0

0 for |xm − xw| ≤ L0

, (17)  

where kt is the spring constant, and L0 is the natural length of the TE. 
Thus, the total restoring force q acting on the membrane node xm is 
given by 

q(xm) = qm(xm) + qt(xm). (18)  

2.4. Fluid–structure interaction analysis 

The interstitial fluid flow and cell membrane deformation were 
coupled using the immersed boundary method (Peskin, 2002). In this 
method, the membrane force q is distributed to neighboring fluid nodes 
xf and acts as an external body force F (Eq. (1)), which affects the fluid 
flow as follows: 

F
(
xf
)
=
∑

D
(
xf − xm

)
q(xm), (19)  

where D(x) is the numerically approximated Dirac delta function given 
by 

D(x) =

⎧
⎪⎪⎨

⎪⎪⎩

1
64Δx3

∏3

i=1

(
1 + cos

πxi

2Δx

)
for |xi| ≤ 2Δx, i = 1, 2, 3

0 otherwise

, (20)  

in which Δx is the lattice interval in the fluid domain (as in Section 2.1, 
where it also appears). The membrane velocity U is obtained by 

Table 1 
Material properties and loading parameters of the trabecula for the poroelastic 
analysis. The fluid viscosity is from Cowin (1999), and the other material 
properties (shear modulus, drained Poisson’s ratio, solid bulk modulus, fluid 
bulk modulus, and porosity) were determined by reference to Smit et al. (2002).  

Symbol (unit) Description Value 

μ (Pa⋅s) Fluid viscosity 1.0 × 10− 3 

G (GPa) Shear modulus 5.94 
ν Drained Poisson’s ratio 0.325 
Ks (GPa) Solid bulk modulus 17.66 
Kf (GPa) Fluid bulk modulus 2.3 
φ Porosity 0.01 
a (μm) Half-width of trabecula 100 
N0 (N/mm) Amplitude of cyclic load 0.4 
f (Hz) Frequency of cyclic load 1  

Fig. 1. Simulation model of a straight canaliculus and an osteocyte process.  
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interpolating the surrounding fluid velocity using the approximated 
Dirac delta function as follows: 

U(xm) =
∑

D
(
xm − xf

)
u
(
xf
)
Δx3. (21)  

The cell membrane is advected with the velocity U by imposing a no-slip 
condition on the membrane surface. 

2.5. Simulation models 

2.5.1. Flow-induced strain on osteocytes modulated by pericellular matrix 
Three-dimensional models of a single straight canaliculus and an 

osteocyte process for fluid–structure interaction simulation were con
structed to evaluate flow-induced strain on the osteocyte process 
membrane (Fig. 1). The single canaliculus was regarded as a cylindrical 
tube having a length of 150 nm along the z axis. An osteocyte process 
with the same length as the canaliculus was modeled as a deformable 
cylinder covered with a hyperelastic membrane and placed coaxially 
inside the canalicular model. The radii of the canaliculus rc and osteo
cyte process rp were set to 150 nm and 70 nm, respectively (Lai et al., 
2015). 

The fluid-filled space in the canaliculus was discretized using a three- 
dimensional regular lattice with an interval Δx of 5 nm. This mesh size 
was sufficient to reproduce plug flow in the pericellular space, which 
was shown in the theoretical analysis (Weinbaum et al., 1994). To secure 
the same order of mesh size for analyzing the deformation of the oste
ocyte process membrane, the membrane was discretized using 
two-dimensional triangular elements with approximately 7 nm edge 
size. We confirmed that the finer discretization of the fluid-filled space 
and the osteocyte process membrane had negligible influence on the 
numerical results. To arrange TEs in the pericellular space, the 

attachment points of the TEs on the osteocyte process membrane were 
set randomly with respect to the central axis with a constant number 
density n. The other end of each TE was attached to the canalicular wall 
surface to align perpendicular to the osteocyte process membrane. The 
natural length L0 of each TE, approximately 80 nm, was set as the length 
under no-flow condition which is equivalent to the interval of the per
icellular space. We constructed 10 models with different TE configura
tions (N = 10) for each value of n. 

Considering that the PCM density decreases as a result of aging and 
perlecan deficiency (Wang et al., 2014), we investigated the effects of 
decreases in GAG and TEs independently. The decrease in GAG was 
represented by an increase in PCM permeability kp. Using a control value 
for kp of 30 nm2, we considered three conditions: kp = 30, 60, and 120 
nm2. These values were estimated by substituting the physi
ological/pathological fiber radius a0 and fiber spacing Δ (Wang et al., 
2014) into Eq. (13). The corresponding fluid pressure gradients calcu
lated from Eqs. (11) and (12) were ∂p/∂z = 64.8 Pa/μm for kp = 30 nm2, 
∂p/∂z = 34.7 Pa/μm for kp = 60 nm2, and ∂p/∂z = 19.2 Pa/μm for kp =

120 nm2. For the TEs, the decrease was represented by a decrease in 
their number density n, which indicates the number per unit length of 
the osteocyte process. Using a control value for n of 12/37.5 nm− 1 

(Wang et al., 2007), we considered three conditions: n = 12/37.5, 
6/37.5, and 3/37.5 nm− 1. The other material properties of the cell 
membrane and TE used in the fluid–structure interaction simulation are 
listed in Table 2 (Sugawara et al., 2008). 

As boundary conditions, the no-slip condition was applied at the 
canalicular wall, and the periodic boundary condition for the fluid ve
locity u and the membrane velocity U was applied at both ends of the 
canaliculus and the osteocyte process. A constant fluid pressure gradient 
along the z axis, ∂p/∂z, with the values as given above, was imposed to 
drive the interstitial fluid flow in the canaliculus. 

2.5.2. Flow-induced strain on osteocytes modulated by canalicular 
curvature 

Osteocyte processes within canaliculi are reported to exhibit higher 
tortuosity in osteoporotic bone (Knothe Tate et al., 2004). Therefore, to 
investigate the effect of canalicular curvature on the flow-induced strain 
on the osteocyte process membrane, a three-dimensional model of a 
curved canaliculus containing a coaxial curved osteocyte process was 
constructed (Fig. 2). Two models of a single canaliculus and an osteocyte 
process with the same curvature radius R were smoothly connected. We 

Table 2 
Material properties of the cell membrane and of the TEs for the fluid–structure 
interaction simulation. The membrane surface shear elastic modulus and area 
incompressibility coefficient were determined by reference to the elastic 
modulus of a mature osteocyte process in Sugawara et al. (2008).  

Symbol (unit) Description Value 

Gs (Pa⋅m) Membrane surface shear elastic modulus 1.5 × 10− 5 

C Area incompressibility coefficient 10 
kt (N/m) Spring constant of a tethering element 1.0 × 10− 4  

Fig. 2. Simulation model of a curved canaliculus and an osteocyte process.  
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considered three cases of curvature radii by reference to microscope 
images of bone specimens: R = 1.2, 0.8, 0.4 μm. A decrease in curvature 
radius corresponds to an increase in canalicular curvature. The total 
length of the simulation models along the central axis (the s direction) 
was set to 525 nm, regardless of R. The radii of the canaliculus, rc, and of 
the osteocyte process, rp, were set to 150 nm and 70 nm, respectively, 
the same as for the models described in Section 2.5.1. 

The spatial discretization for the fluid-filled space in the canaliculus 
and the membrane of the osteocyte process were performed in common 
with that described in Section 2.5.1. The TEs aligned perpendicular to 
the osteocyte process membrane were arranged in the pericellular space 
according to the procedure shown in Section 2.5.1. The attachment 
points of the TEs on the osteocyte process membrane were randomly set 
with a number density of n = 12/37.5 nm− 1. We constructed 10 models 
with different TE configurations (N = 10). The PCM permeability kp was 
set to 30 nm2. The other material properties are listed in Table 2. The no- 
slip condition at the canalicular wall and the periodic boundary condi
tion for the fluid velocity u and the membrane velocity U at both ends of 
the canaliculus and the osteocyte process were applied. A constant fluid 

pressure gradient along the central axis, ∂p/∂s = 64.8 Pa/μm, was 
imposed to drive the interstitial fluid flow in the canaliculus. 

All the simulations were performed using an in-house code written in 
CUDA C. The results were visualized using the open-source software 
ParaView (Kitware Inc.). 

3. Results 

3.1. Flow-induced strain on osteocytes modulated by pericellular matrix 

3.1.1. Effect of glycosaminoglycan 
We investigated the effect of GAG on the mechanical behavior of 

osteocyte processes by changing the PCM permeability (kp = 30, 60, and 
120 nm2) under a constant number density of TEs (n = 12/37.5 nm− 1). A 
decrease in GAG, which is represented by an increase in kp, enhanced the 
fluid velocity in the canaliculus because of the decrease in fluid resis
tance (Fig. 3a). However, it reduced the flow-induced shear force acting 
on the osteocyte process, resulting in a decrease in the tension in the 
supporting TEs (Fig. 3b). The spatial distribution of the flow-induced 

Fig. 3. Effect of a decrease in glycosaminoglycan (GAG), which is represented by an increase in pericellular matrix (PCM) permeability kp, on the fluid velocity in the 
canaliculus and the tension in the tethering elements (TEs). (a) Distribution of the fluid velocity in the canaliculus when kp = 30, 60, 120 nm2. (b) Distribution of the 
tension in the TEs when kp = 30, 60, 120 nm2. The tension is normalized by ktL0. 
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strain on the osteocyte process membrane was closely related to that of 
the TEs (Fig. 4a). A high principal strain was observed in the neigh
borhood of the attachment regions of highly tensioned TEs. Thus, the 
decrease in GAG reduced osteocyte strain through a decrease in the 
tension in the TEs. For quantitative evaluation of the effect of GAG, the 
distribution of the principal strain is represented as a histogram 
(Fig. 4b). With a decrease in GAG, that is, an increase in kp, both the 
mode and the variance of the principal strain decreased. These results 
show that a decrease in GAG can globally reduce the flow-induced strain 
on the osteocyte process membrane. 

3.1.2. Effect of tethering elements 
In parallel with the effect of GAG, we investigated the effect of 

another PCM constituent, TEs, on the mechanical behavior of osteocyte 
processes by changing their number density (n = 12/37.5, 6/37.5, and 
3/37.5 nm− 1) under constant permeability (kp = 30 nm2). Because 
altering the number density of TEs does not affect the flow profile in the 
canaliculus (Fig. 5a), the flow-induced shear force acting on the osteo
cyte process remained constant. Therefore, decreasing the TEs increased 
the tension in each TE for supporting the osteocyte process subjected to a 
fluid shear force of unchanging magnitude (Fig. 5b). The highly 
tensioned TEs, which were observed when the number density of TEs 
was low, resulted in a strong concentration of the principal strain on the 

osteocyte process membrane (Fig. 6a). For quantitative evaluation of the 
effect of TEs, the distribution of the principal strain is represented as a 
histogram (Fig. 6b). Although the decrease in TEs had little influence on 
the general pattern of the histogram, it elongated the right tail. These 
results suggest that having a small number of TEs can produce a locally 
high strain on the osteocyte process membrane. 

3.2. Flow-induced strain on osteocytes modulated by canalicular 
curvature 

We investigated the effect of canalicular curvature on the interstitial 
fluid flow and on the flow-induced strain on the osteocyte process 
membrane. As the curvature radius R decreased, i.e., the curvature 
increased, the spatial distribution of fluid velocity in the canaliculus 
became more heterogeneous, leading to an increase in the maximum 
fluid velocity (Fig. 7a). The TEs located in the neighborhood of the in
flection point of the canaliculus, where the fluid velocity changes 
markedly along the central axis, were particularly highly tensioned 
(Fig. 7b). When the canalicular curvature was relatively small (R = 1.2 
μm), the regions of concentrated strain on the osteocyte process were 
randomly distributed (Fig. 8a). Meanwhile, a relatively large canalicular 
curvature (R = 0.4 μm) produced twin belt-like distributions of high 
principal strain on the osteocyte process membrane. The maximum 

Fig. 4. Effect of a decrease in GAG, which is represented by an increase in PCM permeability kp, on the flow-induced principal strain on the osteocyte process 
membrane. (a) Distribution of the principal strain on the osteocyte process membrane when kp = 30, 60, 120 nm2. (b) Histogram of the principal strain on the 
osteocyte process membrane for kp = 30, 60, 120 nm2 (N = 10 for each value of kp). 
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principal strain was observed in the region where the twin belts crossed, 
which coincides with the neighborhood of the inflection point of the 
canaliculus. This qualitative transition of the distribution of strain on the 
osteocyte process membrane associated with the increase in canalicular 
curvature is exhibited in the histogram of the principal strain as a 
marked elongation of the right tail (Fig. 8b). These results show that an 
increase in canalicular curvature can globally increase flow-induced 
strain on the osteocyte process membrane as well as dramatically 
changing its spatial distribution. 

4. Discussion 

We have developed a computational framework to investigate the 
effect of the microenvironment of osteocytes on the flow-induced strain 
on the osteocyte process membrane. This framework is novel in 
analyzing fluid–structure interaction that couples the interstitial fluid 
flow and the osteocyte process deformation and explicitly considers the 
effect of the PCM on the fluid flow dynamics in lacuno-canalicular 
porosity. Computer simulations using this framework enable the eval
uation of the spatial distribution of flow-induced strain on the osteocyte 
process membrane, which can vary according to changes in its micro
environment, such as changes in PCM density and canalicular curvature. 
We anticipate that the proposed computational framework will 
contribute to the quantification of mechanical stimuli to osteocytes, 
which regulate bone remodeling, under physiological or pathological 
conditions. 

Previous theoretical modeling studies suggested that the aspects of 
the osteocyte microenvironment, such as TEs and canalicular pro
jections, can amplify local strain on the osteocyte process membrane 
(Han et al., 2004; Wang et al., 2007; You et al., 2001). Their approach, 
using an idealized cell-level model, elegantly highlights the essential 
strain amplification mechanism in osteocyte mechanosensing. However, 
these theoretical studies overlook the heterogeneity of the strain dis
tribution on the osteocyte process membrane even though actual curved 
canaliculus produces heterogeneous flow patterns along the central axis 
direction, potentially enhancing local flow-induced strain on the oste
ocyte process membrane. The fluid–structure interaction simulation 
based on the present computational framework has revealed the con
centration of strain on the osteocyte process membrane caused by the 
discrete arrangement of TEs in the pericellular space. Given that calcium 
transients in an osteocyte are induced by local deformation of its slender 
cell processes and subsequently propagate throughout the intracellular 
region (Adachi et al., 2009), locally high strain on the osteocyte process 
membrane could be a trigger of osteocyte mechanosensing. Hence, our 
computational framework, which enables quantitative evaluation of the 
local strain on the osteocyte process membrane, provides a powerful 
technique for understanding the molecular mechanism underlying 
osteocyte mechanosensing. 

The interstitial fluid velocity surrounding osteocytes and the flow- 
induced strain on the osteocytes depend strongly on various factors 
such as mechanical loading condition of the bone tissue, location of the 
measuring osteocytes embedded in the bone tissue, and the condition of 

Fig. 5. Effect of a decrease in TEs, which is represented by a decrease in their number density n, on the fluid velocity in the canaliculus and the tension in the TEs. (a) 
Distribution of the fluid velocity in the canaliculus when n = 12/37.5, 6/37.5, 3/37.5 nm− 1. (b) Distribution of the tension in the TEs when n = 12/37.5, 6/37.5, 3/ 
37.5 nm− 1. The tension is normalized by ktL0. 
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PCM. Therefore, it is difficult to quantitatively validate our simulation 
results through direct comparison with previous experimental findings. 
In the present study, we obtained approximately 2 μm/s fluid flow in 
canaliculi within a single trabecula subjected to cyclic loading with an 
amplitude of 2 MPa (or 127 με) and a frequency of 1 Hz. An experi
mental approach that combined fluorescence recovery after photo
bleaching technique and solute transport model of lacuno-canalicular 
system predicted the fluid velocity of 60 μm/s inside a cortical bone of 
mouse tibia under cyclic compression of 3 N peak load (or 400 με) at 0.5 
Hz (Price et al., 2011). Considering the difference of mechanical loading 
conditions between these studies, our simulation results can be regarded 
as reasonable. We locally obtained over 10,000 με flow-induced strain 
on the osteocyte process membrane, which exceeded the strain level 
necessary for the mechano-response of bone cells in vitro (You et al., 
2000). This strain level also coincides with the experimentally measured 
strain of osteocytes inside a cortical bone of rat femur under compressive 
loading of up to 3000 με at a strain rate of 83.3 με/s (Verbruggen et al., 
2015). 

The proposed computational framework allows investigating the 
effects of microenvironmental changes around osteocytes on their 
cellular mechanosensing, potentially including the roles of the integrin 
attachment of the osteocyte processes to canalicular projections and the 
complex structure of the lacuno-canalicular network. Although these 
important aspects have already been examined based on a 

fluid–structure interaction approach (Vaughan et al., 2015; Verbruggen 
et al., 2014, 2016), the PCM in canaliculi that can influence the fluid 
pressure gradient and the flow profile have not been considered, which 
may lead to misestimation of the flow-induced strain on the osteocyte 
process membrane. By modeling the PCM-dependent fluid pressure 
gradient and fluid flow, in the present study, we have successfully 
demonstrated the effect of PCM on the flow-induced mechanical stimuli 
to osteocytes. Osteocytic PCM density has been reported to decrease 
with aging and perlecan deficiency (Wang et al., 2014), implying that 
both GAG and TEs constituting the PCM can decrease under pathological 
conditions. Histological observations of the osteocyte network show that 
osteocyte processes exhibit higher tortuosity in osteoporotic bone 
(Knothe Tate et al., 2004), suggesting that the canalicular curvature is 
increased in bone diseases associated with aging. The present simulation 
results show that decreases in GAG and in TEs have opposite effects on 
the mechanical behavior of osteocyte processes: a decrease in GAG re
duces the strain on the entire osteocyte process membrane, whereas a 
decrease in TEs produces strain concentrations near the existing TEs. 
Furthermore, an increase in canalicular curvature enhances the local 
strain on the osteocyte process membrane in the specific canalicular 
region. These results imply that the microenvironmental changes 
around osteocytes due to aging and bone disease have the effect of 
increasing local flow-induced strain on the osteocyte process membrane, 
which may be associated with bone pathologies. This increased 

Fig. 6. Effect of a decrease in TEs, which is represented by a decrease in their number density n, on the flow-induced principal strain on the osteocyte process 
membrane. (a) Distribution of the principal strain on the osteocyte process membrane when n = 12/37.5, 6/37.5, 3/37.5 nm− 1. (b) Histogram of the principal strain 
on the osteocyte process membrane for n = 12/37.5, 6/37.5, 3/37.5 nm− 1 (N = 10 for each value of n). 
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mechanical stimuli to osteocytes in aging and bone disease may be 
interpreted as a compensatory mechanism to maintain their mechano
sensing even under low loading condition. Therefore, improving the 
conditions of the PCM and canaliculi around osteocytes may contribute 
to treating pathological bone states. There is a growing body of litera
ture suggesting that osteocytes engage in resorbing and replacing local 
bone matrix, called as perilacunar/canalicular remodeling, to alter the 
lacuno-canalicular architecture (Bonewald, 2011; Yee et al., 2019). This 
can change the fluid flow dynamics in lacuno-canalicular porosity 
(Schurman et al., 2021), and may therapeutically regulate the me
chanical stimuli to osteocytes. 

One limitation of this study lies in the lack of incorporation of several 
intracellular structures that can play important roles in osteocyte 
mechanosensing, such as the cytoskeleton, integrin-based focal adhe
sion, and primary cilia, into the osteocyte process model (Qin et al., 
2020). Osteocyte processes have distinct clusters of integrin αvβ3 bind
ing intracellular cytoskeleton to extracellular bone matrix (Geoghegan 
et al., 2019), and direct attachment of the osteocyte processes to the 
canalicular wall via integrin-based focal adhesion is suggested to pro
duce a membrane strain sufficiently high to open mechanosensitive ion 
channels (Vaughan et al., 2015; Wang et al., 2007). Although we avoi
ded its modeling to maintain the canalicular shape as simple as possible, 
the most essential finding of these studies is that discrete attachments of 
osteocytes to the surrounding extracellular matrix, regardless of 
whether the attachment is via integrin or primary cilia, can produce 
locally high membrane strain. Thus, our claim that discretely arranged 
TEs have the notable effect of enhancing local flow-induced strain on the 
osteocyte process membrane is supported by the previous studies. A 
further extension of the simulation model by incorporating consider
ation of potential molecular mechanosensors would enable the analysis 
to identify the mechanical roles of each mechanosensor. An additional 

limitation is an insufficiency of experimentally measured data regarding 
PCM density and its dependency on aging and bone diseases. Although 
in this study we have shown the possible effects of the PCM, including 
GAG and TEs, on the mechanical behavior of osteocyte processes, future 
development of PCM measurement technology would improve the 
quantitative evaluation of the flow-induced strain on the osteocyte 
process membrane. 

Despite the above limitations, the novel computational framework 
that we have proposed can quantify the local strain on the osteocyte 
process membrane, a trigger of osteocyte mechanosensing. This is a 
promising framework for investigating cell-specific mechanical stimuli 
using three-dimensional morphometric data for individual canaliculi 
and osteocyte processes (Yokoyama et al., 2021). We anticipate that this 
computational framework will accelerate the mechanobiological study 
of osteocytes through a deeper understanding of their mechanical 
environment in living bone tissue. 
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Fig. 7. Effect of an increase in canalicular curvature, which is represented by a decrease in its curvature radius R, on the fluid velocity in the canaliculus and the 
tension in the TEs. (a) Distribution of the fluid velocity in the canaliculus when R = 1.2, 0.8, 0.4 μm. (b) Distribution of the tension in the TEs when R = 1.2, 0.8, 0.4 
μm. The tension is normalized by ktL0. 
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