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Abstract

Loading-induced interstitial fluid flow in the microporosities of bone is critical for osteocyte 

mechanotransduction and for the maintenance of tissue health, enhancing convective transport in 

the lacunar-canalicular system. In recent studies, our group has reported alterations of bone’s 

vascular porosity and lacunar-canalicular system microarchitecture in a rat model of 

postmenopausal osteoporosis. In this work, poroelastic finite element analysis was used to 

investigate whether these microstructural changes can affect interstitial fluid flow around 

osteocytes. Animal-specific finite element models were developed combining micro-CT 

reconstructions of bone microstructure and measures of the poroelastic material properties. These 

models were used to quantify and compare loading-induced fluid flow in the lacunar-canalicular 

system of ovariectomized and sham-operated rats. A parametric analysis was also used to quantify 

the influence of the lacunar-canalicular permeability and vascular porosity on the fluid velocity 

magnitude. Results show that mechanically-induced interstitial fluid velocity can be significantly 

reduced in the lacunar-canalicular system of ovariectomized rats. Interestingly, the vascular 

porosity is shown to have a major influence on interstitial fluid flow, while the lacunar-canalicular 

permeability influence is limited when larger than 10−20 m2. Altogether our results suggest that 

microstructural changes associated with the osteoporotic condition can negatively affect interstitial 

fluid flow around osteocytes in the lacunar-canalicular system of cortical bone. This fluid flow 

reduction could impair mechanosensation of the osteocytic network, possibly playing a role in the 

initiation and progression of age-related bone loss and postmenopausal osteoporosis.
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1. Introduction

The movement of interstitial fluid within the bone microporosities is critical for bone 

physiology. Blood vessels and bone cells are embedded in the bone tissue inside 

interconnected porosities, where interstitial fluid permits the exchange of nutrients and 

signaling molecules. In cortical bone, blood vessels reside in the vascular porosity, and the 

osteocytes, the most abundant bone cells, reside in the lacunar-canalicular porosity. The two 

porosities are hierarchically interconnected and form a dual-porous structure where the 

extravascular fluid in the vascular porosity continually interchanges with the extracellular 

fluid in the lacunar-canalicular porosity (Cowin, 1999; Qin et al., 2002). Mechanically-

induced deformation of bone tissue acts as a motive force for this fluid displacement, 

generating fluid pressure gradients that drive interstitial fluid into the lacunar-canalicular 

system towards the vascular porosity space and vice versa (Starkebaum et al., 1979; Zeng et 

al., 1994; Cowin et al., 1995). This loading-induced fluid flow has two important 

implications for bone physiology: (a) it enhances convective fluid transport in the lacunar-

canalicular system, which is critical for osteocyte viability (Piekarski and Munro, 1977; 

Knothe-Tate et al., 2000; Wang et al., 2000); and (b) it generates forces on the osteocyte 

processes in the canalicular space, playing a critical role in bone mechanotransduction, 

coupling external mechanical loading with the osteocyte microenvironment (Weinbaum et 

al., 1994; You et al., 2001). Strong evidence suggests that osteocytes are able to translate 

these fluid-mediated physical stimuli to biochemical signals that regulate the processes of 

bone formation and bone resorption, maintaining the mechanical function of the bone 

structure (Klein-Nulend et al., 2013).

Alterations in the microstructure of cortical bone have been observed in several models of 

osteoporosis, including estrogen deficiency, aging, and disuse (Westerlind et al., 1997; 

Sharma et al., 2012; Tommasini et al., 2012; Britz et al., 2012). Both vascular porosity and 

lacunar-canalicular microarchitecture have been shown to change in response to a drop in 

estrogen level in a rat model of postmenopausal osteoporosis (Sharma et al., 2012, 2018). 

These microstructural changes possibly affect the fluid flow in the lacunar-canalicular 

system, impairing osteocyte mechanosensation or affecting fluid-mediated molecular 

transport in the lacunar-canalicular system. Alteration in the loading-induced convection of 

small molecules within the lacunar-canalicular system of ovariectomized rats was reported 

by our group, supporting the hypothesis that estrogen deficiency changes the interstitial fluid 

flow microenvironment (Ciani et al., 2014).

Theoretical and experimental studies have demonstrated that interstitial fluid velocity in the 

lacunar-canalicular system depends on characteristics of mechanical loading, such as strain 

rate and strain magnitude, as well as characteristics of the vascular and lacunar-canalicular 

porosities, such as vascular pore morphology and lacunar-canalicular system permeability 

(Zhang et al., 1998; Steck et al., 2003; Swan et al., 2003; Fornells et al., 2007; Remond et 

al., 2008; Kumar et al., 2012; Pereira and Shefelbine, 2014). In particular, using 

poroelasticity theory to estimate fluid flow, researchers have shown that both vascular and 

lacunar-canalicular porosities influence interstitial fluid flow at the microscale (i.e., single 

osteons) and macroscale (i.e., cortical bone section) (Wang et al., 1999; Fornells et al., 2007; 

Cowin et al., 2009). In cortical bone, interstitial fluid flow is particularly influenced by the 
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vascular porosity, which acts as a low-pressure fluid reservoir, where the loading-induced 

fluid pressure in the lacunar-canalicular system mainly relaxes (Cowin, 1999; Wang et al., 

1999; Goulet et al., 2008). Furthermore, bone interstitial fluid flow depends on the 

morphology of the lacunar-canalicular system and on the permeability of the pericellular 

space in which the fluid moves (Weinbaum et al., 1994; Smit et al., 2002; Goulet et al., 

2009; Wang et al., 2014).

The objective of this study was to investigate how changes in cortical bone microporosities 

affect loading-induced fluid flow around osteocytes. High-resolution animal-specific 

poroelastic finite element models were used to quantify and compare interstitial fluid flow 

within the osteocytic network of ovariectomized rats and sham-operated control rats. In 

addition, a parametric study using idealized bone geometries was performed to estimate the 

specific influence of vascular porosity and lacunar-canalicular permeability on the fluid 

velocity in the lacunar-canalicular system. The results of this work can offer a better 

understanding of how fluid flow in the lacunar-canalicular system is altered during 

conditions of bone loss, possibly affecting osteocyte viability and bone 

mechanotransduction.

2. Material and Methods

2.1. Finite element analysis of interstitial fluid flow in the lacunar-canalicular system

To quantify fluid flow in cortical bone we used finite element analysis, assuming bone tissue 

to be an ideal fluid-saturated poroelastic material. The cortical bone tissue was modeled as a 

biphasic material with fully interconnected solid and fluid phases. Material parameters were 

assigned to model the bone matrix, where the solid phase represents the collagen-apatite 

mineralized structure, impermeable to fluids, and the porous space represents the fluid-

saturated lacunar-canalicular system. The vascular porosity was included in all the models, 

but the fluid pressure and displacement in the vascular porosity were ignored because their 

influence on the fluid flow in the lacunar-canalicular system is negligible (Mak et al., 1997; 

Zhang et al., 1998). In addition, soft tissue within the vascular pores (i.e., blood vessels and 

nerves) and the lacunar-canalicular system (i.e., osteocyte body and processes) was not 

modeled because its influence on the poroelastic behavior of the tissue is negligible (Zeng et 

al., 1994; Weinbaum et al., 1994; Cowin, 1999).

Mechanically-induced deformation of bone tissue generates fluid pore pressure, which 

drives fluid displacement in the lacunar-canalicular porous space (Darcy’s law):

v→ = −k
ϕlcμ ∇ p (1)

where v→ is the fluid velocity within the lacunar-canalicular porosity and ∇p is the load-

induced fluid pressure gradient. The intrinsic permeability, k, defines the resistance opposed 

by the lacunar-canalicular porosity to the fluid displacement, while ϕlc is the lacunar-

canalicular porosity and μ is the dynamic viscosity of the interstitial fluid. The poroelastic 
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problem was solved using the coupled pore fluid diffusion and stress analysis in Abaqus 

(v6.13, Dassault Systemes).

2.2. Micro-CT derived finite element models

Animal-specific finite element models were generated from micro-CT scans collected as 

part of a previous study that investigated changes in the cortical microporosities in a rat 

model of postmenopausal osteoporosis (Sharma et al., 2018). In that study, twelve 20-week-

old female Sprague Dawley rats were divided in two groups: one underwent bilateral 

ovariectomy (OVX) while the other was sham-operated (SHAM). After 6 weeks animals 

were sacrificed and the right tibiae were scanned with a high-resolution micro-CT system 

(SkyScan 1172; Bruker) at a nominal isotropic voxel size of 1 μm (100 kV, 100 μA). Three-

dimensional reconstructions were obtained with a back-projection algorithm (NRecon, v.

1.6.5, SkyScan, Bruker), using beam hardening and ring-artifact correction algorithms, and a 

Gaussian low-pass filter to reduce noise. Density phantoms were scanned using the same 

parameters and were used to calibrate the grayscale images to obtain accurate measures of 

the mineral content. All procedures were conducted under Institutional Animal Care and Use 

Committee approval.

To create a finite element model for each animal, a volume of interest was selected from the 

anterior cortical region of the proximal tibial metaphysis, where we previously detected 

morphological changes in response to estrogen deficiency (Fig. 1) (Sharma et al., 2018). 

Three-dimensional datasets were segmented using the micro-CT analysis software (CTAn 

v1.14; Bruker). A global grayscale threshold value corresponding to a mineral content of 

0.45 g/cm3 was applied to binarize images, separating bone tissue from soft tissue (Palacio-

Mancheno et al., 2014). Image noise was removed using three-dimensional de-speckle filters 

and basic morphological operations, assuming that the vascular pores are interconnected and 

that their minimum volume is 1000 μm3 (Tommasini et al., 2012; Palacio-Mancheno et al., 

2014). Similarly, the lacunar porosity was isolated from noise with three-dimensional 

filtering, assuming that a single lacuna volume falls in the range 100 μm3 to 600 μm3 

(Tommasini et al., 2012). Vascular porosity morphology and lacunar density and porosity 

were quantified for each volume of interest (CTAn v1.14; Bruker). Vascular canal diameter 

and separation (Ca.Dm and Ca.Sp) were measured using the sphere-fitting algorithm, and 

vascular porosity (Ca.V/TV), lacunar density (N.Lc/TV), and lacunar porosity (ϕlac) were 

also calculated. In addition, the tissue mineral density (TMD) was estimated from the mean 

grayscale value of the voxels representing bone tissue, and converted to g/cm3 with a 

calibration curve derived from the known density values of the scanned phantoms.

After segmentation and morphometric analysis, each volume of interest was converted to a 

three-dimensional voxel-based hexahedral/tetrahedral mesh with an adaptive meshing 

algorithm, obtaining approximately 2 million elements for each model (ScanIP v6.0; 

Simpleware) (Fig. 1c). A total of 12 models, 6 OVX and 6 SHAM, were created, each 

corresponding to a specific animal. These finite element models were exported to Abaqus 

software as orphan meshes of trilinear poroleastic elements (C3D8P), where sample-specific 

poroelastic properties were assigned, and loading and boundary conditions were defined, as 

described below.
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2.3. Estimation of sample-specific poroelastic parameters

Animal-specific lacunar-canalicular poroelastic parameters were defined for each model 

based on morphological and structural measures. The porosity of the lacunar-canalicular 

system, ϕlc, was defined as the sum of the lacunar porosity, ϕlac, measured from the micro-

CT scans, and the canalicular porosity, ϕcan, estimated using an adapted geometrical model 

as in Beno et al. (2006):

ϕcan = πrcan
2 Lcan

N . Lc
TV (2)

where the canalicular radius, rcan, was taken from our measurement in Sharma et al. (2012), 

and the total length of the canalicular space per lacuna, Lcan, was calculated as:

Lcan = tbNcan
N . Lc
TV

− 1
3 − 2rlac (3)

where rlac is the mean radius of a lacuna and Ncan is the mean number of primary canaliculi 

radiating from each lacuna. Factors t and b account for tortuosity and branching of 

canaliculi, respectively. These values were directly estimated from the three-dimensional 

representation of the canalicular network obtained using confocal microscopy in Sharma et 

al. (2012). The tortuosity (t) was defined as the mean ratio of the length of a canaliculus and 

the Euclidean distance between the two ends of the same canaliculus and was estimated to 

be 1.1 for all models. The branching factor (b) was defined as the average number of times 

the canaliculi radiating from a lacuna (primary canaliculi) branch to create secondary 

canaliculi and was estimated from Sharma et al. (2012) to be 3.25 for all models.

The lacunar-canalicular permeability, k, was calculated using the microstructural model 

formulated in Weinbaum et al. (1994):

k =
2πncana4q3

γ3L2 A1 I1 γ /q − qI1 γ + B1 qK1 γ − K1 γ /q + γ
q2 − 1

2q (4)

where a is the radius of the osteocyte process and q is the ratio of the osteocyte process 

radius and canalicular radius (q = a/rcan). The ratio ncan/L2 represents the average density of 

canaliculi per unit area within the tissue, and was assumed to be equal to the number of 

secondary canaliculi per unit of area radiating from each lacuna measured in Sharma et al. 

(2012). The ratio of the canalicular radius over the thickness of the viscous layer near the 

canalicular wall, γ, was taken from Zhou et al. (2008), A1 and B1 are parameters depending 

on γ and q defined in Weinbaum et al. (1994), and I1 and K1 are modified Bessel functions 

of the first order.
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The bone elastic constants were estimated from the micro-CT measurements of TMD. The 

bulk modulus and shear modulus of the solid phase (i.e., the collagen-apatite structure), Ks 

and Gs, respectively, were estimated as:

Ks =
Es

2(1 − 2vs)
(5)

and

Gs =
Es

2(1 + vs)
(6)

where the Poisson’s ratio of the solid phase, vs, was taken from Cowin et al. (2009) and the 

Young’s modulus of the collagen-apatite solid phase, Es, was estimated using the 

experimental relationship in Wagner et al. (2011):

log Es = − 8.58 + 4.05 log 400
1 + 504/ρHA

(7)

where the hydroxyapatite density, ρHA, was assumed to be equal to the tissue mineral 

density (TMD). The drained porous elastic bulk modulus, Kd, and shear modulus, Gd, were 

estimated as in Christensen (1979):

Kd = Ks −
Ksϕlc

1 − Ks/ Ks + 4/3 Gs
(8)

and

Gd = Gs 1 −
15 1 − vs ϕlc

7 − 5vs
. (9)

The drained Young’s Modulus, Ed, and the drained Poisson’s ratio, vd, were then calculated 

as in Christensen (1979):

Ed =
9KdGd

3Kd + Gd
(10)

and
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vd =
3Kd − 2Gd

2(3Kd + Gd) (11)

Finally, the bone interstitial fluid was considered equivalent to water and assigned a bulk 

modulus Kf = 2.3 GPa and a dynamic viscosity μ = 103Pa s (Cowin, 1999).

2.4. Idealized model of vascular porosity in cortical bone

To further quantify the influence of vascular porosity and lacunar-canalicular permeability 

on loading-induced fluid flow, three-dimensional idealized models of cortical bone were 

created. A small sample of cortical bone was modeled as a parallelepipedic volume (400 μm 
× 200 μm × 500 μm) with two of the six faces representing the periosteal and the endosteal 

surfaces and cylindrical lumens representing the vascular canals. Four different idealized 

models with vascular pore diameters of 15, 20, 25 or 30 μm were created to assess the effect 

of vascular canal diameter on fluid flow in the lacunar-canalicular system. Each model was 

converted to a mesh of hexahedral linear poroelastic elements (C3D8P) with Abaqus CAE 

(v6.13; Dassault Systemes) using an adaptive meshing algorithm, obtaining approximately 

120,000 elements for each model. Poroelastic parameters for the bone tissue were derived 

from Smit et al. (2002) and Cowin (1999). A Young’s modulus (Ed) of 15.75 GPa and 

Poisson’s ratio (vd) of 0.33 were assigned to the porous elastic elements. The solid-phase of 

the tissue (i.e., collagen-apatite structure) was modeled as a compressible material with a 

17.66 GPa bulk modulus (Ks), while a porosity of 5% was assigned to the lacunar-

canalicular system (ϕlc). The bone interstitial fluid was considered equivalent to water and 

assigned a bulk modulus Kf = 2.3 GPa and a dynamic viscosity μ = 103 Pa s. To assess the 

influence of the lacunar-canalicular permeability (k), 5 different values were assigned to the 

models, varying from a minimum of 10−22 m2 to a maximum of 10−18 m2 (Zeng et al., 1994; 

Beno et al., 2006; Smit et al., 2002; Benalla et al., 2014; Gardinier et al., 2010).

2.5. Loading and boundary conditions

Loading conditions were defined with Abaqus CAE (v6.13; Dassault Systemes) to simulate 

physiological bone compression during walking. For both the micro-CT derived and 

idealized models, unconfined compression was obtained by applying Haversine time-varying 

displacement, with a maximum amplitude of 0.1% of the model heights (200 μm), to the 

nodes at the top surface of the models, at 1 Hz frequency. Nodes on the distal (bottom) 

surface were constrained in the top-down axial direction, allowing for radial displacement. A 

zero pore-pressure boundary condition was applied to the nodes of the vascular canals and 

endosteal surface to allow free fluid flow, assuming the vascular and the endosteal spaces act 

as low pressure fluid reservoirs (Zhang et al., 1998), while the periosteal surface and the top 

and bottom surfaces were modeled as completely impermeable to interstitial fluid (Li et al., 

1987).

2.6. Fluid flow quantification and statistical analysis

Numerical solution for the coupled pore fluid diffusion and stress analysis was obtained with 

Abaqus Analysis (v6.13; Dassault Systemes) using a transient dynamic analysis with 
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automatic time increments ranging from 0.01 to 0.05 s for a total of 1 s of simulation (i.e., 

one loading cycle). Fluid velocity within the lacunar-canalicular porosity (direction and 

magnitude) and fluid pore pressure were obtained for all nodes of the finite element models, 

and for each time increment of the dynamic solutions.

Mann-Whitney non-parametric tests were performed to assess differences in the mean 

interstitial fluid velocity between OVX and SHAM models, with a significance level of 0.05 

(Prism 6; GraphPad). To compare results of the micro-CT derived models, we calculated the 

average fluid velocity magnitude within the regions around the vascular pores, at the time 

increment where fluid velocity reached the local maximum; numerical results for fluid 

velocity were extracted from nodes within approximately 10 μm of the vascular pore 

surfaces at time t = 0.3 s. Three-dimensional renderings of the fluid velocity and fluid pore 

pressure were created to assess regional variation. In addition, linear regression analyses 

were performed to investigate the correlation of fluid velocity magnitude with vascular 

porosity and vascular canal microarchitecture (Prism 6; GraphPad).

To analyze the idealized models, the instantaneous fluid velocity was quantified and plotted 

from one representative node at the surface of the vascular pore in the center of the models. 

Renderings of the fluid velocity output were created to visualize fluid flow direction and 

magnitude. Finally, the average fluid velocity of the nodes at the vascular pore surfaces was 

calculated and compared between the groups with different permeabilities and vascular pore 

diameters.

3. Results

3.1. Analysis of animal-specific poroelastic finite element models

The volumes of interest analyzed demonstrated significant differences in the cortical bone 

microstructure between the OVX and SHAM groups (Table 1). The vascular porosity and 

canal diameter were significantly larger in the OVX group, while no significant differences 

were observed in the vascular canal separation and tissue mineral density between the two 

groups. The lacunar density and lacunar porosity were significantly smaller in the OVX 

group compared to SHAM. However, no significant changes were observed in the estimated 

lacunar-canalicular permeability between SHAM (1.54 × 10−20 m2) and OVX (1.15 × 10−20 

m2), as well as for the other estimated poroelastic properties (Table 2).

The poroelastic finite element analysis showed that fluid pore pressure and the resulting 

fluid velocity in the lacunar-canalicular system are lower in the OVX models compared to 

SHAM (Figs. 2 and 3). In addition, linear regression analysis demonstrated that the average 

fluid velocity around vascular pores is negatively correlated with the diameter of the 

vascular canals and with the vascular porosity, r2 = 0.78 and r2 = 0.80, respectively, and 

positively correlated with the vascular canal separation (r2 = 0.49) (Fig. 3).

3.2. Analysis of idealized bone finite element models

The parametric study performed with the idealized bone models confirm that loading-

induced fluid displacement depends on the microstructure of both the vascular and lacunar-

canalicular porosities (Fig. 4). Numerical solutions of the fluid velocity vector demonstrated 
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that fluid within the lacunar-canalicular system moves towards the vascular canals when 

loading magnitude increases and in the opposite direction when loading magnitude 

decreases. The peak fluid velocity magnitude is reached in the first part of the loading curve 

at a time point more delayed in the models with lower permeability. Both the first positive 

peak of fluid velocity and the second negative peak of fluid velocity, corresponding to fluid 

flowing back into the lacunar-canalicular system from the vascular porosity, are strongly 

reduced with decreasing permeability (Fig. 4a). The mean fluid velocity magnitude at the 

vascular canal surface decreases as vascular canal diameter increases and lacunar-canalicular 

permeability decreases. However, for values larger than 10−20 m2, the lacunar-canalicular 

permeability has very little influence on the fluid velocity; only changes in the vascular 

canal diameter affect fluid velocity magnitude (Fig. 4b). Furthermore, spatial analysis shows 

that the influence of increased vascular porosity on fluid velocity is limited to regions 

around vascular pore surfaces, with smaller changes for regions more distant to the vascular 

surface (Fig. 5).

4. Discussion

A poroelastic finite element analysis approach was used to investigate how microstructural 

changes associated with osteoporosis can affect interstitial fluid flow around osteocytes in 

cortical bone. The results indicate that the microarchitecture of both the vascular porosity 

and lacunar-canalicular system affects bone interstitial fluid flow. In particular, the increased 

vascular porosity associated with estrogen deficiency has a negative impact on interstitial 

fluid flow in the lacunar-canalicular system of cortical bone.

Decreased fluid velocity may alter how osteocytes embedded in the lacunar-canalicular 

system respond to bone mechanical loading. Osteocytes have the ability to sense mechanical 

loading via interstitial fluid flow, and can regulate bone resorption/formation balance 

accordingly (Bonewald and Johnson, 2008; Fritton and Weinbaum, 2009). A lower fluid 

velocity results in a smaller mechanical stimulus perceived by osteocytes and a potential up-

regulation of bone resorption signals (Robling et al., 2008; Nakashima et al., 2011). 

Therefore, a fluid flow reduction in the early stages of estrogen loss could impact the 

mechanism by which osteocytes sense mechanical loading (i.e., bone’s mechanosensory 

system), leading to unbalanced bone resorption. This could trigger a potential positive 

feedback mechanism, where microstructural changes are both a cause and an effect of 

impaired fluid flow. Similarly to what is reported here, Goulet et al. (2008) showed that 

increased vascular canal porosity due to aging is associated with lower fluid velocity in the 

lacunar-canalicular system in human cortical bone. It is possible that the phenomenon 

observed here, in a rat model of postmenopausal osteoporosis, and by Goulet and 

colleagues, in relation to aging, leads to analogous consequences for bone pathophysiology, 

or underlies similar biophysical mechanisms. A number of morphological studies have 

shown that age and osteoporosis affect the lacunar-canalicular and vascular porosity in 

cortical bone (Cooper et al., 2007; Carter et al., 2013; Ashique et al., 2017; Kazakia et al., 

2014). These changes can affect the fluid flow condition, potentially playing a role in the 

genesis and progression of osteoporosis.

Gatti et al. Page 9

J Biomech. Author manuscript; available in PMC 2019 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Numerical results obtained from the idealized models of cortical bone help to explain the 

results of the animal-specific finite element models, demonstrating how changes in the 

lacunar-canalicular permeability and vascular canal diameter influence fluid motion around 

the osteocytic network of cortical bone. Fluid velocity is positively correlated with lacunar-

canalicular permeability, as similarly observed in previous studies (Remond et al., 2008; 

Gardinier et al., 2010; Pereira and Shefelbine, 2014), but increased diameter of the vascular 

canals has a predominant influence on fluid velocity in the lacunar-canalicular system. In 

particular, fluid velocity was found to be negatively correlated with vascular canal porosity. 

This phenomenon is principally explained by the decreased distance between neighboring 

vascular canals and the increased free-flow surface where the fluid can move to relax the 

loading-induced pore pressure, consistent with what has been reported in other modelling 

studies (Zeng et al., 1994; Wang et al., 1999). Using micro-CT derived finite element 

modelling, Steck et al. (2003) were able to estimate fluid flow across the entire cross-section 

of a loaded tibia. In the present study, focusing on a smaller volume of interest, we 

incorporated higher resolution quantification of the intracortical porosity, which had a large 

influence on the fluid velocity results. In future studies, by combining macroscale and 

microscale models we should further improve the description of fluid-mediated 

mechanotransduction in bone tissue, coupling whole bone loading with osteocyte-scale 

phenomena.

Reduced fluid velocity in the lacunar-canalicular system may affect convective transport 

between the osteocytes and the blood vessels in the vascular porosity, potentially leading to 

apoptosis, which has been shown to play a critical role in the initiation of bone remodelling 

events (Cardoso et al., 2009; Kennedy et al., 2014). Previous work in estrogen deficient rats 

found changes in molecular transport around osteocytes in cancellous bone, but no changes 

in cortical bone (Ciani et al., 2014). Results of the finite element analyses in the present 

study show that the changes in fluid velocity are more pronounced in the proximity of the 

vascular pores. This suggests that solute transport in the estrogen-deficient state would be 

most affected for osteocytes that are proximal to the vascular pores. However, the 

experimental analysis in Ciani et al. (2014) did not assess the relationship between osteocyte 

proximity to vascular pores and solute transport due to mechanical loading; thus no 

conclusive comparison can be drawn here.

One important limitation of this work was the small region of interest analyzed. This was 

due to the high resolution of the micro-CT images, and the consequent limited volume of 

interest analyzed. In the analyzed volumes of interest, morphological analysis revealed that 

OVX animals have a larger vascular porosity and lower lacunar density than SHAM-

operated controls. These microstructural changes negatively affect fluid flow in the bone 

cortex. However, in Sharma et al. (2018) analysis of the same micro-CT images from larger 

volumes of interest revealed similar but not exactly matching results. This reflects a high 

regional variability of lacunar-canalicular and vascular porosities. Because of this regional 

variability, the results of the micro-CT derived finite element analysis from the specific 

region that was analyzed in this study should not be generalized to the entire bone structure. 

In further studies, other regions and anatomical locations should be investigated to extend 

the conclusions drawn here. Not only the permeability of the pericellular porosity and the 

vascular porosity morphology, but also their spatial variation within the bone tissue are 
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important to determine the fluid flow in the lacunar-canalicular system (Knothe-Tate et al., 

2009). Therefore, fluid velocity can vary greatly among different anatomical locations and 

bone regions, being dependent on specific morphological and structural features, which in 

turn can vary among different animals and in response to treatment condition (e.g., 

ovariectomized vs. control).

Another limitation of our modeling approach was the simplification of uniaxial compression 

for the applied loading to mimic walking activity. In vivo, during walking the whole tibia is 

subjected primarily to bending, which leads to compressive and tensile deformations within 

the cortical bone of the metaphysis (Steck et al., 2003; Fan et al., 2016). However, within the 

relatively small volume of interest that we have considered in this study, the local variations 

of the resulting strain are relatively small, and therefore we assumed constant uniaxial 

compression for simplicity. In future studies, a multiscale finite element modelling approach 

could be used to refine the local boundary conditions for the smaller models.

In conclusion, the combination of micro-CT imaging and poroelastic finite element analysis 

proved to be a powerful tool to predict changes in bone fluid flow, which can be influenced 

by microstructural properties, treatment conditions, and altered mechanical environments. In 

future studies, other conditions, such as aging and disuse, as well as different anatomical 

regions should be investigated. Bone tissue is a complex system where mechanical loading is 

a fundamental driver in the physiological regulation of bone mass and continual regeneration 

of mineralized bone matrix. Mechanically-induced fluid flow couples external mechanical 

loading with the mechanosensing cellular network, which regulates bone metabolism. 

Impaired fluid displacement can cause alteration in such fine regulation, and may play a role 

in the initiation and progression of postmenopausal osteoporosis.
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Figure 1. 
Micro-CT images of (a) a whole rat tibia and (b) a proximal metaphysis cross-section from a 

SHAM sample, demonstrating the volume of interest selected ~1 mm distal to the growth 

plate in the anterior region of the tibial cortex, including the periosteal and endosteal 

surfaces. (c) The corresponding micro-CT derived finite element model with the endosteal 

and vascular pore elements.

Gatti et al. Page 15

J Biomech. Author manuscript; available in PMC 2019 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Representative SHAM and OVX three-dimensional renderings of (a) fluid pore pressure 

(MPa) and (b) fluid velocity magnitude (μm/s) within the lacunar-canalicular porosity at the 

time point when the fluid velocity is maximal. Axial and transverse sections are shown. (c) 

Cross-sectional renderings of fluid velocity vector direction and magnitude (μm/s) from a 

cross-section of the same SHAM and OVX models.
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Figure 3. 
Linear correlation between average fluid velocity within the lacunar-canalicular porosity 

with (a) vascular canal diameter, Ca.Dm (r2 = 0.78), (b) vascular porosity, Ca.V/TV (r2 = 

0.80), and (c) vascular canal separation, Ca.Sp (r2 = 0.49) for all models. (d) Box plots of 

average fluid velocity around vascular canals for SHAM and OVX (*p < 0.05).
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Figure 4. 
(a) Instantaneous fluid velocity within the lacunar-canalicular porosity and strain over time 

for a node at the surface of a central vascular pore, from a model with vascular canal 

diameter of 15 μm and lacunar-canalicular permeabilites of 10−20,10−21 and 10−22 m2; the 

outputs for 10−19 and 10−18 m2 are not shown because they are almost identical to the 10−20 

m2 output. Negative strain represents compression in the axial top-down direction. Positive 

fluid velocity represents fluid flowing towards the vascular pore surface. (b) Average fluid 

velocity magnitude within the lacunar-canalicular system from idealized models with 

different vascular pore diameters (15, 20, 25 and 30 μm) and lacunar-canalicular 

permeabilities (10−18 to 10−22 m2).
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Figure 5. 
Spatial variation of the instantaneous fluid velocity within the lacunar-canalicular porosity at 

time point t = 0.3 s from the central region of the idealized models along the periosteal-

endosteal direction, and cross-sectional renderings of the fluid velocity resultants (μm/s) at t 
= 0.3 s for k = 10−20m2 for the four vascular canal diameters (d = 15, 20, 25 and 30 μm).
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Table 1

Results of micro-CT measurements of intracortical microarchitectural measures (mean ± SD) for volumes of 

interest analyzed in the rat proximal tibia (SHAM: n=6; OVX: n=6).

SHAM OVX

Canal porosity, Ca.V/TV (%) 5.0 ± 0.9 15.2 ± 6.43a

Canal diameter, Ca.Dm (μm) 21.5 ± 2.3 30.7 ± 5.5a

Canal separation, Ca.Sp (μm) 104.0 ± 20.09 86.9 ± 13.1

Tissue mineral density, TMD (g/cm3) 1.18 ± 0.04 1.23 ± 0.04

Lacunar density, N.Lc/TV (#/mm3) 6.18 ± 0.75 × 104 3.94 ± 0.78 × 104 a

Lacunar porosity, ϕlac (%) 1.31 ± 0.18 0.83 ± 0.17a

a
p < 0.05 compared to SHAM.
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Table 2

Poroelastic material parameters (mean ± SD) estimated from the micro-CT data and from confocal microscopy 

measurements of the lacunar-canalicular system in SHAM and OVX rats previously reported in Sharma et al. 

(2012).

SHAM OVX

Canalicular radius, rcan (nm) 140.8 145.8

Number of canaliculi per lacuna, Ncan 83.9 89.7

Lacunar volume, Lc.V(μm3) 352 393

Canalicular porosity, ϕcan (%) 1.90 ± 0.11 1.70 ± 0.19

Lacunar-canalicular porosity, ϕlc (%) 3.22 ± 0.30 2.53 ± 0.36

Lacunar-canalicular permeability, k (m2) 1.54 × 10−20 1.15 × 10−20

Drained Young’s modulus, Ed (GPa) 20.14 ± 0.76 21.42 ± 0.74

Poisson’s ratio, vd 0.319 ± 0.001 0.321 ± 0.001

Bulk modulus of solid phase, Ks (GPa) 20.50 ± 0.80 21.49 ± 0.73
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