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Abstract
This contribution reviews recent research performed to assess the porosity and permeability of
bone tissue with the objective of understanding interstitial fluid movement. Bone tissue
mechanotransduction is considered to occur due to the passage of interstitial pore fluid adjacent to
dendritic cell structures in the lacunar-canalicular porosity. The movement of interstitial fluid is
also necessary for the nutrition of osteocytes. This review will focus on four topics related to
improved assessment of bone interstitial fluid flow. First, the advantages and limitations of
imaging technologies to visualize bone porosities and architecture at several length scales are
summarized. Second, recent efforts to measure the vascular porosity and lacunar-canalicular
microarchitecture are discussed. Third, studies associated with the measurement and estimation of
the fluid pressure and permeability in the vascular and lacunar-canalicular domains are
summarized. Fourth, the development of recent models to represent the interchange of fluids
between the bone porosities is described.
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INTRODUCTION: BONE INTERSTITIAL FLUID FLOW
Bone tissue contains two types of fluid, blood and interstitial fluid. Through the arterial
system blood arrives containing oxygen and nutrients; after passing through the bone
capillaries the blood components then depart containing less oxygen and nutrients, and more
carbon dioxide and other cellular waste products. Many substances, including amino acids,
sugars, fatty acids, coenzymes, hormones, neurotransmitters, and inorganic compounds, are
exchanged from the capillaries into the interstitial fluid in the vascular porosity in cortical
bone. The vascular porosity (VP) is the space inside the Haversian and Volkmann canals
that contains the soft tissue structures, blood vessels and nerves. The mineralized tissue
matrix in bone contains lacunar pores and slender canalicular channels, forming a complex
network that is called the lacunar-canalicular porosity (LCP). Lacunar pores are occupied by
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osteocytes, the most abundant cell type in bone, and the canaliculi contain the cell processes
emanating from contiguous osteocytes, thus permitting communication between neighboring
bone cells. Piekarski and Munro (1977) first proposed that interstitial fluid flow in the
lacunar-canalicular system is enhanced by everyday mechanical loading of bone, increasing
the transport of nutrients and metabolic waste between the vascular porosity and the lacunar-
canalicular porosity. In situ measurement of solute transport in the bone lacunar-canalicular
system has provided direct evidence for load-induced fluid flow in real-time within the
lacunar-canalicular system (Knothe Tate et al. 1998b, Gardinier et al. 2010, Price et al.
2011).

Osteocytes are considered to be the sensors of mechanical strain, in charge of producing the
biochemical signals to orchestrate the absorption and/or formation of bone by osteoclasts
and osteoblasts, respectively (Cowin et al. 1991, Weinbaum et al. 1994, Burger et al. 1995).
An amplification of the mineralized tissue strain levels is proposed to occur when interstitial
fluid flow is enhanced by the time-varying mechanical loads applied to bone, causing
deformations that result in convection of interstitial fluid in and out of the LCP (Weinbaum
et al. 1994, You et al. 2001). The interstitial fluid in the LCP travels inside the canaliculi and
lacunae, passing through the space between the osteocyte dendritic process and the
canalicular wall, dragging the osteocyte's cell process and deflecting the tethering elements
that attach the cell process to the canalicular wall (Wang et al. 2007, McNamara et al. 2009).
Focal adhesion complexes and integrins (McNamara et al. 2009) located at the cell process
membrane are stretched out, which may lead to the genesis of molecules involved in
signaling pathways (e.g., OPG, RANKL, NO, PGE2, ATP, sclerostin, DMP1, FGF23)
(Zhou et al. 2008). A review of interstitial fluid flow and mechanotransduction in bone was
recently presented by Fritton and Weinbaum (2009).

Theoretical, experimental, and technological developments in recent years have allowed
improved characterization of the vascular and lacunar-canalicular system toward better
understanding interstitial fluid flow and bone mechanotransduction. This review focuses on
research developments documenting the porosity and permeability of bone tissue with the
objective of understanding interstitial fluid movement. This review describes efforts to
measure the vascular and lacunar-canalicular porosities in bone, as well as the
microarchitecture of the osteocyte lacunae and canaliculi, using recently developed imaging
technologies. Studies associated with the measurement and estimation of the fluid pressure
and permeability in the vascular and lacunar-canalicular domains are summarized, and
recent developments of models to represent the interchange of fluid between these two
porosities are described.

BONE NESTED POROSITIES
There are three levels of porosity in bone, which are nested hierarchically one inside another
as a set of Russian dolls in microcirculatory pathways (Cowin et al. 2009). The largest pore
size is associated with the vascular porosity (VP), which consists of the volume of all the
tunnels in bone that contain blood vessels and includes all the osteonal canals (primary and
secondary) as well as transverse (Volkmann) canals. The lacunar-canalicular porosity (LCP)
contains the second largest pore size, and it is associated with the osteocyte lacunae and
canaliculi channels. The space between the osteocyte and the lacunar-canalicular wall is
filled by the osteocyte's glycocalyx and interstitial fluid. The smallest pore size in bone is
found in the collagen-apatite porosity (CAP). The pores are spaced between the collagen and
the crystallites of the mineral apatite. At this level, most of the water is bound to ionic
crystals in bone (Neuman et al. 1953; Wehrli and Fernandez-Seara 2005). The typical lineal
dimension associated with the vascular, lacunar-canalicular, and collagen-apatite porosities
is 50 μm, 100 nm, and 1 nm, respectively (Cowin 1999).
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IMAGING OF BONE
Light microscopy (LM) has been one of the most widely used imaging technologies to
characterize bone microarchitecture. Video microscopy images taken with video recorders
were used some decades ago to acquire gross images of bone cross sections to assess
vascular porosity. This technology was the precursor of current microscope digital cameras,
which combined with enhanced optics allow automated acquisition of a sequence of images
at different focal points to create 3D renderings from histological sections. This approach is
well adapted for decalcified and soft tissue, but is limited by the low penetration of photons
in calcified tissue. With the development of confocal laser scanning microscopy (CLSM),
the 3D characterization of the vascular and lacunar-canalicular network was substantially
improved. CLSM uses a point source illumination and pinhole detection to eliminate light
outside of the focal plane. The imaging capabilities of both LM and CLSM are in general
restricted by the optical resolution limit (~200 nm in the focal plane). Thus, confocal
microscopy can overestimate canalicular measurements due to partial volume effects
(Sharma et al. 2012). However, this resolution is appropriate for architectural measurements
of lacunae. A second limitation of CLSM is the optical distortion due to the large mismatch
in refraction index between the immersion oil and the high density of bone tissue, which
creates depth-dependent geometrical distortions in 3D confocal image stacks. While LM and
CLSM can provide detailed assessment of bone microarchitecture, the histological
processing required for these imaging modalities, the low penetration depth, and the errors
arising from 2D mechanical sectioning are among the inconveniences of these approaches.
New interference approaches, non-linear imaging, and super-resolution microscopes may
achieve imaging below the optical limit, ~20 nm (Garini et al. 2005, Hell 2007, Heintzmann
and Ficz 2006).

The development of microradiography, micro- and nano-computed tomography (μCT,
nanoCT), transmission X-ray microscopy CT (TXM CT), and synchrotron radiation micro-
computed tomography (SR-μCT) have opened a myriad of possibilities to investigate bone
microarchitecture. In contrast to photons, X-rays can penetrate dense materials such as bone,
and most of these approaches produce true 3D representations of the vascular and lacunar
porosities. Laboratory desktop μCT and nanoCT systems can achieve micron and submicron
resolution images, respectively (Table 1). In general, they can image relatively large
volumes of interest, and they have sufficient resolution to characterize the vascular and
lacunar porosities, but not the canalicular channels. SR-μCT can achieve resolutions up to
50 nm, with better contrast than laboratory-based μCT and nanoCT since the former uses a
monochromatic synchrotron X-ray light source, and the latter uses a non-coherent laboratory
X-ray point source. However, there is a trade-off between resolution and volume of interest
that can be imaged, as well as the capability of performing 3D versus 2D imaging. The
aforementioned technologies can produce representations of a 3D volume composed of
approximately 1000 × 1000 × 1000 pixels, or 109 voxels. However, the lineal dimensions
from vascular porosity to canaliculi span 100 μm to 1 nm, or volumetrically 105 × 105 ×
105, implying the need for at least 1015 voxels to concurrently image vascular, lacunar and
canalicular features. Such digital processing is difficult with current desktop computational
systems.

Electron microscopy has higher imaging resolution capabilities compared to imaging
approaches based on photons or X-ray light. Scanning and transmission electron microscopy
(SEM, TEM) can produce images with about 1-nm resolution (Table 1); however, both are
limited in that they produce 2D images. The development of transmission electron
microscopy computed tomography (TEM CT) and ultra-high voltage electron microscopy
(UHVEM) has overcome this limitation, based on a methodology similar to X-ray CT.
Three-dimensional renderings of osteocytes and their cell processes have been reported
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using UHVEM at 8-nm resolution (Kamioka et al. 2009) and ~1–3 nm resolution (Kamioka
et al. 2012). This approach allows for tomographic imaging of canaliculi beyond the
capabilities of any other current technology. However, few UHVEM systems are available
worldwide, and the volume of interest that can be imaged by this technique is limited due to
the small penetration of electrons in calcified tissue, requiring energies on the order of MeV
to penetrate 1–3 μm thick sections.

The recent developments of atomic force microscopy (AFM) and serial focused ion beam/
scanning electron microscopy (FIB/SEM) seem to be well positioned to image both lacunae
and canaliculi. AFM can produce 2D images of the lacunar-canalicular network at ~20 – 50
nm resolution (Table 1); however, different results are obtained when bone is embedded in
polymethyl methacrylate or decalcified. FIB/SEM requires removing thin layers of the tissue
(~10 nm) sequentially, producing a series of SEM images that are then used to produce a 3D
rendering of the tissue. Despite being a destructive approach, FIB/SEM could provide
essential 3D data on the lacunar-canalicular system and shed light on its role in osteocyte
mechanotransduction. Figure 1 shows typical examples of three-dimensional imaging of
vascular porosity using μCT (Cooper et al. 2003) and SR-μCT (Hannah et al. 2010), as well
as osteocyte lacunae and canaliculi using confocal laser scanning microscopy (Sharma et al.
2012), serial FIB/SEM (Schneider et al. 2010; Stokes et al. 2005) and SEM (Kubek et al.
2010). Figure 2 displays two-dimensional, high-resolution imaging of vascular, lacunar and
canalicular pores using AFM at different magnifications (Lin and Xu, 2011), and 2D high-
resolution imaging of canaliculi using TEM (You et al., 2004). Imaging approaches
requiring histological processing may contain artifacts produced during sectioning and
dehydration of the tissue sample. A more detailed review of the technologies used for
imaging of the lacunar-canalicular system can be found in Schneider et al. (2010).

VASCULAR AND LACUNAR-CANALICULAR POROSITIES
The vascular porosity has been documented to exhibit a wide range of values in human
tissue, from 4% to more than 16%, while a much smaller range, 1 – 5%, has been reported in
mice (Table 2). Using digitized images acquired with a video camera, Feik et al. (1997)
reported an average vascular porosity close to 7% that was higher at older ages in both male
and female human femurs. Using a similar methodology, Stein et al. (1999) also found the
vascular porosity to be age-dependent, with an average of ~6% in the human femoral
diaphysis of subjects aged 21 – 92 years. The average vascular porosity of human femurs
measured using microradiography was found to be 8 – 10% in males and females (Bousson
et al. 2000, 2001). Using μCT and microradiography, Cooper et al. (2004, 2007) also found
an average vascular porosity of ~6 – 7% in the human femur, with variation as a function of
age. Thomas et al. (2005) reported a large regional and age-dependent vascular porosity
variability in the human femur, ranging from 4.5% (younger) to 16% (older). Using SR-
μCT, Bousson et al. (2004) also found a relatively high vascular porosity (16%) in older
females (mean age 87) in the femoral neck. While the femur has been analyzed more than
any other bone, Renders et al. (2007) reported a vascular porosity of ~4% in the human
mandibular condyle. In addition, Kingsmill et al. (2007) measured the vascular porosity
using backscattered SEM at several skeletal sites, finding the most porous cortex to be the
femoral neck, which had a mean vascular porosity (also referred to as cortical porosity) of
16%. In the mandible, the porosity varied depending in the site studied (3 – 11%), the
vascular porosity of the fourth lumbar vertebrae was ~5%, and the vascular porosity in the
iliac crest was ~8% (Kingsmill et al. 2007). In mice, μCT and SR-μCT were used in studies
by Martin-Badosa et al. (2003) and Schneider et al. (2007, 2009) in which the vascular
porosity in the femur was found to be in the range of ~1 – 5%. Clearly, the vascular porosity
strongly depends on bone location, age, species, and resolution of the system employed to
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measure it; fortunately, current high-resolution tomography imaging systems permit
assessing the vascular porosity with accuracy and in three dimensions.

There are not many 3D measurements for the lacunar-canalicular porosity (LCP), which is
more difficult to quantify compared to the vascular porosity because of its smaller size
(Table 2). Using SR-μCT, Schneider et al. (2007) found the lacunar porosity in the femoral
mid-diaphysis of B6 and C3/B6 mice to be ~1%, and Tommasini et al. (2012) reported the
lacunar porosity to be 1.5% in the rat femoral diaphysis. Schneider et al. (2011) used serial
FIB/SEM to measure the canalicular porosity (excluding the lacunar porosity) in the femoral
mid-diaphysis of B6 mice, finding it to be < 1%. In contrast, and pointing out that
canalicular volumes measured using confocal microscopy should only be used to assess
relative differences between groups because of partial volume effects, Sharma et al. (2012)
found a canalicular porosity of ~14% in the rat proximal tibia.

Water in the collagen-apatite porosity is bound to the mineral phase of bone (Neuman et al.
1953, Wehrli and Fernandez-Seara 2005) and is considered to have no significant effect on
osteocyte mechanotransduction; thus, it is often not taken into account in interstitial fluid
flow studies (Cowin 1999). Several tracer molecules of various sizes have been used to
explore tracer movement through the bone interstitial fluid spaces, and to determine the pore
size in the lacunar-canalicular system and the collagen-apatite porosity (Table 2). The most
commonly used tracers have been ferritin, approximately 12 nm in diameter (Dillaman
1984, Montgomery et al. 1988, Qin et al. 1999, Wang et al. 2004, Ciani et al. 2005),
horseradish peroxidase, approximately 6 nm in diameter, (Doty and Schofield 1972),
microperoxidase, approximately 2 nm in diameter (Tanaka and Sakano 1985, Ayasaka et al.
1992, Knothe Tate et al. 1998b), and procion red and reactive red, < 1 nm in diameter
(Knothe Tate et al. 1998a, Wang et al. 2004). The most recent literature (Wang et al. 2004,
Ciani et al. 2005) has demonstrated that the effective pore size of the osteocyte glycocalyx
lies between 6 and 12 nm because the tracer ferritin is excluded from the LCP (Table 2). The
effective collagen-apatite pore size is believed to be less than 1 nm because tracers < 1 nm
cannot penetrate the collagen-apatite porosity in mature bone (Table 2). Additional studies
have shown that solute diffusion in the LCP and enhanced solute transport due to
mechanical loading is dependent on the molecular weight and shape of the tracer (Tami et
al. 2003, Li et al. 2009).

Lacunar-canalicular architecture
A number of microarchitectural parameters of the lacunar-canalicular system are now
available in the literature due to the recent imaging advances described above (Table 3). The
lacunar-canalicular microarchitecture includes the volumetric lacunar density, which
represents the number of osteocyte lacuna measured per unit volume (#/mm3), lacunar
volume, lacunar length and depth, inter-lacuna separation, canaliculi diameter, areal
canaliculi density or number of canaliculi per unit surface, and number of primary and
secondary (branching) canaliculi emanating from a lacuna. The average number of osteocyte
lacunae measured per unit volume has been reported to vary from 26 – 90×103 lacunae/mm3

when considering the studies by Hannah et al. (2010), Tommasini et al. (2012), and Carter et
al. (2012) from SR-μCT measurements, and by Sharma et al. (2012) using CLSM. Studies
using CLSM and SR-μCT have found the average lacunar volume to fall in the range of 290
to 455 μm3 (McCreadie et al. 2004, Hannah et al. 2010, Sharma et al. 2012, Carter et al.
2012). The lacuna length and width have been reported in the studies by Sugawara et al.
(2005) and Vatsa (2008) using CLSM, in the work by Hannah et al. (2010) using SR-μCT,
and in Lin and Xu (2011) using AFM. The average lacuna length varies between 9 and 29
μm, and the lacuna width varies from 2 to 8 μm. The inter-lacunar separation has been
reported to vary between 22 and 40 μm in different species in CLSM studies by Sugawara et
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al. (2005, 2011) and Sharma et al. (2012), and using SR-μCT in the study by Hannah et al.
(2010). Canaliculi morphology measurements were reported in the early work of Marotti et
al. (1985, 1990, 1995) and in several other more recent studies. The average canaliculi
diameter spans a range of 100 to 700 nm, as reported in the works by Marotti (1990), You et
al. (2004), Schneider et al. (2011) and Sharma et al. (2012) using electron microscopy, in the
CLSM studies by Sugawara et al. (2005) and Sharma et al. (2012), and in the study by Lin
and Xu (2011) using AFM. Canalicular diameter measurements are considered to be
overestimated in studies using CLSM systems because of partial volume effects. The areal
canaliculi density was reported in the SEM study by Marotti et al. (1995) and in the AFM
work of Lin and Xu (2011) to vary between 0.5 and 0.9 canaliculi/μm2. Finally, an average
of 41 to 115 primary canaliculi per lacuna was reported in the studies by Sugawara et al.
(2005), Beno et al. (2006), and Sharma et al. (2012) using CLSM and estimations from light
microscopy measurements, as well as in the work by Schneider et al. (2011) using FIB/
SEM. Secondary canaliculi, which may branch from the primary canaliculi directly
connected to a lacuna, were found to be ~390 canaliculi per lacuna in Sharma et al. (2012),
which is four times higher than the number of primary canaliculi reported in the same study
(Table 3).

Vascular, lacunar-canalicular and collagen-apatite permeability of bone
The vascular permeability has been theoretically estimated using measurements of the
vascular pore architecture, and experimentally measured using a traditional technique based
on Darcy's law. This technique consists of measuring the volume of fluid flow per unit area
and per unit time across a porous layer, which is then divided by the pore pressure gradient
across the layer. Reported theoretical estimates and experimental measurements of
permeability associated with the vascular porosity span several orders of magnitude (Table
4). Zhang et al. (1998a) analytically estimated the vascular permeability to be ~6 ×10−13 m2.
Johnson (1984) estimated the permeability in vitro after clearing the organic materials in the
vascular channels of bovine bone to be in the range of 1 – 5 ×10−14 m2, and proposed a
lower limit of the vascular permeability of bovine bone in vivo to be ~10–16 m2. Rouhana et
al. (1981), Malachanne et al. (2008), and Li et al. (1987) used the classical Darcy's method
to measure the vascular permeability in bone. The permeability estimated by this method
was found to be in the range of 10−11 to 10−17 m2. The Malachanne et al. (2008) estimates
were based on a combined experimental and finite element analysis approach that resulted in
a vascular porosity permeability value on the order of 10−13 m2.

Because Darcy permeability measurements are experimentally unfeasible for assessing the
LCP permeability, the LCP permeability has been derived from theoretical approaches or
from experimental measurements coupled with numerical/analytical approaches. One of the
first analytical models was developed by Weinbaum et al. (1994) to study the small-scale
fluid mechanics within the LCP using Brinkman's equation (Darcy's law and Stokes
equation). This work also studied the fluid shear stress at the membrane cell surface and
established a relationship between large-scale deformation of bone tissue due to external
loading and fluid mechanics in the LCP using poroelasticity theory. For the treatment of the
small-scale fluid mechanics within the LCP, a microscopic scale poroelasticity approach
was used to estimate the permeability of a fiber-filled medium representing the pericellular
space within a canaliculus, followed by a macroscopic-scale approach in the lacunar-
canalicular system, to quantify the lacunar-canalicular permeability. The permeability of the
fiber-filled medium in a single canaliculus, kp, was determined following Tsay and
Weinbaum (1991) as:

(1)
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where a0 is the radius of the pericellular fibers (~0.6 nm), and Δ is the effective spacing of
the fibers of the pericellular matrix (~7 nm). Thus, the lacunar-canalicular permeability, kLC,
was estimated from the anatomical features of the LCP, assuming a regular array of
osteocytes and homogenous canalicular distribution (Weinbaum et al. 1994):

(2)

where q is a dimensionless ratio between b and a, the radius of the canaliculus and the
osteocyte process, respectively (q = b/a), L is the average spacing between two lacunae, n is
the total number of canaliculi emanating from one lacuna, γ is a dimensionless length ratio
between the canalicular radius and the square root of the permeability (associated boundary

layer thickness) of a single canaliculus, , and the parameters A1 and B1 were
defined as

(3)

where I0, K0, I1 and K1 are modified Bessel functions of the first and second kind.

Based on Weinbaum's ultrastructural model of the lacunar-canalicular system and Biot's
poroelasticity theory, Zeng et al. (1994) provided an early estimate of the LCP permeability
on the order of 10−20 to 10−22 m2, Zhang et al. (1998a) reported a value of ~10−20 m2, and
Wang et al. (1999) found the LCP permeability of bovine bone to be ~10−20 m2.

In addition to the approach proposed by Weinbaum et al. (1994), the lacunar-canalicular
permeability has been estimated using the Carman-Kozeny geometric relationship between
permeability and porosity. In the study by Goulet et al. (2009), the porosity and permeability
values were determined using capillary and spherical-shell (Carman-Kozeny) models for the
canalicular and lacunar microstructures, respectively. The Carman-Kozeny geometric
permeability model for flow through concentric spheres is

(4)

where K0 is a shape factor generally considered to have a value between 2 and 3, T1 is the
tortuosity of the pore space (ratio of the actual length of the flow path to the straight length),
S0 is the surface area of the spherical shell:

(5)

and the lacunar porosity φ is given by:

(6)

where Ri is the radius of the osteocyte, Ro is the radius of the lacuna, and VT is the total
lacuna volume. Lemaire et al. (2012) also estimated the LCP permeability based on finite
element analysis (FEA) and the Carman-Kozeny relation:
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(7)

where c is the Kozeny parameter, generally considered to be a linear function of the square
of the canaliculi tortuosity, and A is the area of the solid-fluid interface in an elementary
representative volume. Lemaire et al. (2012) reported the permeability to vary between
10−18 and 10−19 m2 and also proposed a dimensional analysis using the squared value of the
smallest possible pore size in the lacunar-canalicular system, estimating the minimum LCP
permeability to be ~10−22 m2. The FEA approach by Gururaja et al. (2005) obtained
estimates of the LCP permeability in the radial and circumferential directions to be 10−22

and 10−21 m2, respectively.

Among the experimental measurements coupled with numerical/analytical approaches, Smit
et al. (2002) obtained an estimate of the LCP permeability on the order of 10−22 m2 based on
the best fit between finite element predictions and data from streaming potential
measurements reported by Otter et al. (1992). Beno et al. (2006) estimated the LCP
permeability of canine bone to vary from 10−19 m2 to 10−22 m2, and a study by Zhou et al.
(2008) in mice found the LCP permeability to be on the order of 10−21 m2. The LCP
permeability of human bone was estimated by Oyen (2008) to be ~10−24 m2 in water and
10−26 m2 in polar solvents (methanol, ethanol, and acetone) using nanoindentation
measurements and poroelasticity theory. Using the same nanoindentation technique and
assuming the mineralized tissue material as compressible, Galli and Oyen (2009) estimated
the LCP permeability of human bone to be 6.5×10−23 m2. Canine LCP was measured in situ
by Gardinier et al. (2010) and reported as 10−23 m2.

A limitation associated with most studies based on perfusion of whole bone samples is that
the resulting measurements correspond to the combination of the vascular porosity and LCP
permeabilities because of the intermingling of the vascular and lacunar-canalicular pores.
However, it is generally accepted that the estimated permeability in samples of millimeter
size or larger is dominated by the vascular pores, which are bigger than the lacunar-
canalicular pores. In order to eliminate the influence of the vascular permeability in
experimental measurements of the lacunar-canalicular permeability, Gailani and Cowin
(2008) proposed to perform the permeability measurement in samples containing the LCP
only, such as a single osteon. An analytical solution of a saturated compressible poroelastic
annular cylinder under an unconfined stress-relaxation test was developed, and predictions
made by this model were compared to experimental stress-relaxation measurements made on
isolated osteons in vitro, i.e. considering zero blood pressure (Gailani and Cowin, 2008).
Curve fitting between data and experiments was used to obtain the LCP permeability
without the influence of the vascular porosity in bovine bone, resulting in LCP permeability
on the order of 10−24 to 10−25 m2 (Gailani et al. 2009). Recently, the theoretical/
experimental approach was extended to the case of harmonic loading of osteons to
investigate the frequency dependence of the LCP permeability (Benalla et al. 2012).

Similar to the large variability in vascular permeability, the estimates of lacunar-canalicular
permeability summarized above also exhibit a broad range of values, from 10−17 to 10−25

m2, with a noticeable 2 – 3 orders of magnitude difference between the average permeability
value obtained from theoretical approaches (10−17 to 10−20 m2) and experimental/theoretical
approaches (10−22 to 10−25 m2) (Table 4). This large variability in the lacunar-canalicular
permeability is likely influenced by theoretical assumptions and experimental errors
associated with the measurement of a very small quantity. Major difficulties associated with
the measurement of the lacunar-canalicular permeability are (a) the influence of the vascular
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porosity in experimental measurements, (b) the challenge of performing direct
measurements on samples with very small permeability and very small size (i.e., samples
100 to 250 μm in diameter and 0.5 mm in height), (c) the time elapsed between sample
isolation and permeability measurement, which results in lack of freshness of the tissue, (d)
the imprecise knowledge of boundary conditions and the values for the key material
parameters of the analytical model used to estimate the lacunar-canalicular permeability, and
(e) not fully investigated hydroelectrochemical effects associated with fluid flow in
canaliculi (Lemaire et al. 2012).

Vascular and lacunar-canalicular fluid pressure
As presented in previous sections, the porosities of bone are non-uniform and the sizes of
the pores in the vascular and lacunar-canalicular domains differ by orders of magnitude.
Therefore, the bone fluid pressures in the VP and LCP are expected to be significantly
different. The pore size of the vascular porosity is sufficiently large to permit a rapid decay
of a pressure pulse by diffusion, and thus should be a low-fluid-pressure domain. The fluid
pressure magnitude in the vascular porosity domain is considered similar to the blood
pressure in bone capillaries (40 to 60 mmHg, or correspondingly 5.3 kPa to 8 kPa) because
an interstitial fluid pressure in the vascular porosity significantly greater than 40 to 60
mmHg would collapse these blood vessels, and a prolonged increase in the interstitial fluid
pressure significantly above the blood pressure would deprive the tissue of oxygen and
nutrients (Cowin 1999). On the other hand, the lacunar-canalicular system is a high-fluid-
pressure domain because the pore size of the LCP is very small, leading to a slow decay of a
pressure pulse. The drainage/imbibing of interstitial fluid in the LCP and vascular porosity
has been estimated in the works by Zhang et al. (1998a, 1998b), Wang et al. (2000), Qin et
al. (2002), Gururaja et al. (2005), and measured in Wang et al. (2005). Overall, these studies
showed that the relaxation time of the lacunar-canalicular porosity occurs on a time scale
(~10−3 s) that is much larger than the short pressure adjustment relaxation time for the
vascular porosity (~10−6 s).

The bone fluid pressures in the vascular and lacunar-canalicular domains behave almost
independently of each other. This notion seems counterintuitive because the vascular
porosity and the lacunar-canalicular porosity are interconnected, occupying the same three-
dimensional volume of bone tissue. However, Wang et al. (2003) reported that during
venous stasis the mean intramedullary pressure is increased, but the amplitude of its
pulsatile component is decreased, and therefore, the induced peak shear stress in the lacunar-
canalicular system is reduced when compared to the normal condition. Goulet et al. (2009)
used finite element analysis in an idealized cortical bone sample loaded at a frequency of 1
Hz to investigate the pore fluid pressure in the lacunar-canalicular system, and reported that
the pressure generated with a canalicular permeability of 10−18 m2 is unrealistic, since this
fluid pressure would be insufficient to drive fluid against the trans-cortical pressure
difference (~6 kPa). Moreover, Goulet et al. (2009) determined that pressure magnitude
gradients produced in bone with permeabilities on the order of 10−20 m2 are required to
produce the fluid pressure necessary to convect fluid flow in the lacunar-canalicular system
and allow fluid to flow against the trans-cortical pressure gradient. These results were
consistent with measurements provided in the studies by Garner et al. (2000) and Buechner
et al. (2001). Cowin et al. (2009) have shown analytically that the influence of the vascular
porosity and lacunar-canalicular porosity on each other in terms of pressure change is less
than 3%, and the vascular porosity pore pressure (considering a permeability on the order of
10−10 m2) will slightly increase the total pressure in the LCP, which will cause a decrease in
the fluid flow from the LCP by less than 6%. Recently, Li et al. (2010) experimentally
demonstrated that despite the extreme importance of vasculature in bone physiology,
vascular pressure itself does not enhance acute solute transport within the lacunar-
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canalicular system. Overall, these fluid pressure considerations suggest that the VP and LCP
function almost independently, with the prime mechanical influences for the two porosities
being very different, as are the time scales of their response.

Analytical and computational bone fluid flow models
In addition to providing estimates of pore fluid pressures and permeabilities that could
otherwise not be measured, analytical and finite element models of the lacunar-canalicular
system have been of great utility to better understand many other aspects of bone interstitial
fluid flow. The early work of Zeng et al. (1994) predicted the fluid shear stress and the
streaming potentials at the surface of osteocyte processes in the LCP when an osteon is
subjected to mechanical loading. The study by Cowin et al. (1995) determined that
experimentally observed strain-generated potentials (SGPs) are created in the LCP and not
within the collagen-apatite porosity. Wang et al. (1999) developed a two-porosity (LCP and
VP) poroelastic model to explain the local variations measured in strain-generated potentials
during quasi static or dynamic loading of bone reported by Starkebaum et al. (1979) and
demonstrated that the bone fluid relaxes primarily through the vascular porosity. The study
by Wang et al. (1999) took into account the fact that the VP is several orders of magnitude
larger in characteristic pore size than the LCP and has a much lower pressure, and
demonstrated that the consideration of the two porosities is necessary to obtain correct local
bone fluid flow patterns as a function of the frequency of the applied bending loading in
bone. The analytical solution for the pressure term obtained in the model by Wang et al.
(1999) was used to investigate tracer concentrations in the lacunar-canalicular porosity,
demonstrating that permeability and loading frequency are key parameters of fluid transport
(Wang et al., 2000). The study by Smit et al. (2002) used Biot's poroelasticity and
experimental data from the literature to estimate a full set of poroelastic constants for a
linear isotropic description of cortical bone as a two-level porous medium. A series of
papers (You et al. 2001, Han et al. 2004, Wang et al. 2007) refined the model presented in
Weinbaum et al (1994) using the latest ultrastructural data for the osteocyte processes and
the tethering elements connecting them to the canalicular wall. Importantly, these models
proposed that during fluid flow the mechanotransduction and strain amplification in
osteocytes may occur due to deformation of these tethering elements, rather than the
previously proposed fluid-shear hypothesis. In the study by Goulet et al. (2008), the
influence of the VP on fluid flow, pore fluid pressure and solute transport was investigated
using FEA in an anatomically accurate tibial section created from μCT images. Numerical
simulations indicated the genesis of large local pressure gradients surrounding the vascular
canals, in agreement with the studies by Wang et al. (1999). Mechanical loading had a
significant effect on fluid flow velocities and tracer perfusion, mainly in the bone region
with the highest compressive magnitude, in which the fluid exchange between the vascular
canals and the lacunar-canalicular porosity are maximal.

Recent theoretical/experimental studies by Wang et al. (2005) and Zhou et al. (2008) using
fluorescence recovery after photobleaching (FRAP) have significantly advanced the field by
visualizing and quantifying fluid and solute flows in situ and in vivo. In this work, a model
was developed to investigate both fluid and solute flows in the lacunar-canalicular system
while a cyclic intermittent mechanical loading was applied to the entire bone. Both bone
morphology and microstructural parameters of the lacunar-canalicular system were
incorporated in the model, and the effects of the pericellular matrix on both fluid and solute
flows were considered. Lemaire et al. (2008) studied the influence of a fibrous pericellular
matrix on the cortical interstitial fluid movement with hydroelectrochemical effects,
demonstrating that the presence of the fibrous matrix tends to reduce the fluid flow
considerably and that the role of osmotic and electro-osmotic effects needs to be taken into
account.
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While several poroelastic studies have been developed to investigate fluid flow in porous
media with two different characteristic pore sizes (lacunar and canalicular porosities, or
vascular and lacunarcanalicular porosities), most studies have not considered the effect of
having these porosities interconnected. Cowin et al. (2009) introduced the nested porosity
concept for bone under harmonic loading and Gailani and Cowin (2011) for bone excited
using a ramp loading, in which the hierarchical structure of cortical bone was modeled using
two porosity levels, the VP and the LCP. The model could be described as a set of nested
porosities like a set of Russian dolls of decreasing sizes placed one inside another. The
proposed nested structure is a generalization of traditional poroelasticity to a hierarchical
system of uniform porosity levels that allows fluid exchange between the different levels.

Load-induced fluid flow and the permeability of the lacunar-canalicular system has also
been investigated in combined poroelasticity/FEA approaches using representative
geometries of the lacunar-canalicular system, and more recently in models generated from
high-resolution tomographic images of the lacunar-canalicular system (~1 nm pixel size).
The poroelasticity/FEA study by Mak et al. (1997) was developed to study the contributions
from various hierarchical flow channels in bone, including flow through the collagen-
apatite, lacunar-canalicular and vascular porosities. The model included three interconnected
osteons with only a few canaliculi under bending loading and the fluid was free to flow into
the collagen-apatite porosity. The effect of the lacunar-canalicular porosity in this model is
believed to be underestimated due to the limited number of channels considered in the
simulation. Steck et al. (2003) developed a FEA model employing a two-step approach to
study the influence of load-induced fluid flow on molecular transport in bone. Given these
theoretical data in conjunction with experimental data from tibiae under four point-bending
loads in vivo, it was found that mechanical loading modulates local flow distribution and
concentration gradients within the tissue.

The study by Gururaja et al. (2005) presented a two-dimensional FEA model of a periodic
array of lacunae and their surrounding systems of canaliculi to quantify local fluid flow
characteristics in the vicinity of a single lacuna. The results in this study showed that there is
a gradient of fluid pressures in the canaliculi that leads to flow into and out of the lacuna due
to the heterogeneity of the deformation around a lacuna. Fornells et al. (2007) developed a
dual-porosity finite element model of the VP and the LCP. This mixture theory-based model
is a macroscopic approach and the Haversian canals are not physically considered, but the
fluid flow fields predicted were similar to those obtained with previous microscopic models.
The results at both scales were in agreement with previous models that either considered the
macroscopic or the microscopic scale separately.

Remond et al. (2008) built a one-level porosity FEA model based on cylindrical geometry of
the osteon using transverse isotropic mechanical properties, linear elasticity, and Darcy's
law, with both fluid and solid phases considered as compressible. It was found that a
permeability gradient affects the fluid pressure more than the velocity profile, the fluid flow
response depends on the loading strain rate, and a Poisson's ratio gradient affects both fluid
pressure and fluid velocity. Nguyen et al. (2009) presented a numerical approach to study
interstitial fluid flow in cortical bone modeled as a saturated anisotropic poroelastic material
containing three-dimensional periodic groups of osteons. Unlike many previous models, the
cement line was not considered to be impermeable, and the fluid shear stress variations were
studied for various harmonic loading conditions and geometrical or physical bone matrix
parameters, and analyzed in the frequency domain. In the poroelasticity/FEA study by
Goulet et al. (2009), the pore fluid pressure and fluid shear stress were calculated in
response to simulated mechanical loading applied over a range of frequencies. Pore fluid
pressures and fluid shear stress magnitudes were in agreement with previous experimental
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and theoretical studies, confirming the importance of high-magnitude low-frequency loading
on bone interstitial fluid flow.

Anderson and Knothe Tate (2008) used computational fluid dynamics to estimate fluid
velocities, pressures, and wall shear stresses on the osteocyte process surface in two- and
three-dimensional models generated from TEM images and idealized pericellular canalicular
geometries. The study showed that the naturally occurring protrusions of the pericellular
space produced localized stress spikes on the surface of the osteocyte process, up to five
times those predicted using idealized geometries, which are close to the stress level required
to trigger cell responses in vitro. In another recent study, Kamioka et al. (2012) analyzed the
microscale fluid flow within a human osteocyte canaliculus the Lattice Boltzman method
(3.4 and 7.0 nm lattice length) and a realistic 3D model generated from high-resolution
UHVEM images (~1–3 nm resolution). At this resolution, the canalicular wall shows a
highly irregular surface accompanied by protruding axisymetric structures (apparently
collagen fibers), which influence the fluid flow profile within the canaliculi, leading to
highly inhomogenous flow patterns of the Newtonian interstitial fluid in the canaliculus
(Kamioka et al. 2012).

Summary remarks
This review has summarized the imaging technologies used to visualize bone porosities and
architecture at several scale lengths, recent studies aimed to measure the vascular porosity
and the lacunar-canalicular microarchitecture as well as the fluid pressure and permeability
in the vascular and lacunar-canalicular domains, and the recent development of models to
represent the interchange of fluids between these two porosities. Some key points of this
review are highlighted as follows:

1. Recent developments in imaging technologies are opening new avenues toward a
more precise characterization of the vascular and lacunar-canalicular porosities in
bone. These technologies are characterized by higher resolution and the capability
of three-dimensional imaging, such as CLSM, AFM, FIB/SEM, TEM CT,
UHVEM, μCT, nanoCT, TXM CT and SR-μCT.

2. 3D characterization of the lacunar-canalicular micro/nano architecture is now
possible at resolutions in the ~ 1 – 10 nm range, providing exquisite details of the
lacunar-canalicular environment for improved fluid flow modeling.

3. Data on vascular porosity are fairly consistent in mice and more variable in human
tissue, possibly because of the different age of human subjects from which the
samples were obtained. The lacunar-canalicular porosity measurements reported to
date vary with the imaging technique utilized.

4. Analytical studies of the vascular porosity have shown that the permeability in this
domain cannot be smaller than 10−14 m2, otherwise the interstitial fluid pressure
would be higher than the pressure in the blood vessels, which would collapse and
become impaired. Analytical/numerical studies have also shown that the
permeability in the lacunar-canalicular domain should be ~10−20 m2 or smaller to
be able to produce fluid flow inside canaliculi, and stimulate osteocytes.

5. Measuring the fluid flow in situ is possible using FRAP. Tracer studies have shown
that the pore size in the collagen-apatite domain is likely less than 1 nm.

6. There is a 2 – 3 order of magnitude difference between theoretical and
experimental/theoretical measurements of the lacunar-canalicular permeability.
Such variation may be a consequence of theoretical assumptions/boundary
conditions, as well as experimental errors associated with the nested porosities in
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bone, which are difficult to isolate, the freshness of the tissue tested, and the
presence of the soft tissues inside the lacunae and canaliculi, among other factors.

7. Recent analytical models have been developed to take into account the effect of the
hierarchical porosities in bone, and thus the effect of the pore pressure and
permeability of one level to the next level of porosity. However, more realistic
models at the microstructural level are needed.
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Figure 1.
Three-dimensional imaging of vascular porosity using (a) μCT (Cooper et al. 2003) and (b)
SR-μCT (Hannah et al. 2010), as well as osteocyte lacunae and canaliculi using (c) confocal
laser scanning microscopy (Sharma et al. 2012), (d) serial FIB/SEM (Schneider et al. 2011),
(e) SEM (Kubek et al. 2010), and (f) serial FIB/SEM (Stokes et al. 2005). Reproduced with
permission from Cooper et al. 2003; Hannah et al. 2010; Sharma et al. 2012; Schneider et al.
2010; Kubek et al. 2010; Stokes et al. 2005.
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Figure 2.
Panels a-e, two-dimensional, high-resolution imaging of vascular, lacunar and canalicular
pores using AFM at different magnifications (Lin and Xu 2011). Labels in panel a indicate
the Haversian canal (H), lacuna (L), and cement line (CL). In panel b, canaliculi rich (CR)
and canaliculi free (CF) areas are distinguished. Panel f and g display 2D high-resolution
imaging of canaliculi using TEM (You et al. 2004). Panel f shows the cell process (A),
canalicular wall (B), tethering elements (C), and contact beween cell process and canalicular
wall (D). In panel g, tethering elements are shown with black arrows. Reproduced with
permission from Lin and Xu 2011 and You et al. 2004.

Cardoso et al. Page 20

J Biomech. Author manuscript; available in PMC 2014 January 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Cardoso et al. Page 21

Table 1

Imaging technologies used to characterize the vascular and lacunar-canalicular porosities.

Abbreviations: Video microscopy (VM), micro-computed tomography (μCT), light microscopy (LM), confocal laser scanning microscopy
(CLSM), synchrotron radiation-based micro-CT (SR-μCT), transmission X-ray microscopy CT (TXM CT), transmission electron microscopy CT

(TEM CT), atomic force microscopy (AFM), focused ion beam/scanning electron microscopy (FIB/SEM), ultra-high voltage electron microscopy
(UHVEM). Two-dimensional (2D), three-dimensional (3D), vascular (V), lacunar (L) and canalicular (C). Approximate imaging range capability
indicated with color bar.
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Table 2

Measurements and estimates of vascular porosity (VP), lacunar-canalicular porosity (LCP), and collagen-
apatite pore (CAP) size.

Reference Method Tissue Vascular Porosity (%)

Feik et al. (1997) Digitized VM Human femur, male ~7%

Human femur, female ~7%

Stein et al. (1999) Digitized VM Human femur 5.9% (4.3 – 7.9%)

Bousson et al. (2000) CT and microradiography Human mid-diaphysis femur, female ~9%

Human mid-diaphysis femur, male ~8%

Bousson et al. (2001) Microradiography Human mid-diaphysis femur, female 8.26 ± 0.68%

Human mid-diaphysis femur, male 9.72 ± 0.62%

Martin-Badosa et al. (2003) SR-μCT & LM Mouse (B6) femur 0.8 ± 0.2%

Mouse (C3H) femur 1.5 ± 0.3%

Cooper et al. (2004) Microradiography & μCT Human femur ~6%

Bousson et al. (2004) SR-μCT Human femoral neck 15.9 ± 9.9%

Thomas et al. (2005) Microradiography Human femur 4.5 – 16%

Kingsmill et al. (2007) Backscattered SEM Human femoral neck 16.1%

Human mandible 3 – 11%

Human 4th lumbar vertebrae ~5%

Human iliac crest ~8%

Renders et al. (2007) μCT Human mandibular condyle 3.53 ± 1.2%

Cooper et al. (2007) μCT Human femur 7.29 ± 6.9%

Schneider et al. (2007) SR-μCT Mouse (B6) femoral mid diaphysis 1.8 ± 0.6%,

Mouse (C3/B6) femoral mid diaphysis 4.8 ± 1.5%,

Schneider et al. (2009) SR-μCT Mouse (B6) femoral mid diaphysis 1.22 ± 0.26%

Reference Method Tissue Lacunar-canalicular porosity (%)

Schneider et al. (2007) SR-μCT Mouse (B6) femoral mid-diaphysis 1.3% lacunar porosity

Tommasini et al. (2012) SR-μCT Rat femoral diaphysis 1.5% lacunar porosity

Schneider et al. (2011) FIB/SEM Mouse (B6) femoral mid-diaphysis 0.70% canalicular porosity

Sharma et al. (2012) CLSM Rat tibial cortical metaphysis 14% canalicular porosity (overestimated due to partial volume
effects)

Reference Tracer used Tissue Lacunar-canalicular and Collagen-apatite pore size

Wang et al. (2004) Ferritin (~12 nm) Rat tibia Diffused through VP,

Ciani et al. (2005) Rat tibia but not through LCP or CAP

Knothe Tate et al. (1998) Horseradish peroxidase (~6 nm) Rat tibia, metacarpi Diffused through LCP, not CAP

Dillaman et al. (1991), Rat tibia

Wang et al. (2004) Rat tibia

Knothe Tate et al. (2000) Microperoxidase (~2 nm) Rat tibia, metacarpi Diffused through LCP, not CAP

Wang et al. (2004) Rat tibia

Knothe Tate et al. (2000) Procion red (< 1 nm) Rat tibia Diffused through LCP, not CAP
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Reference Tracer used Tissue Lacunar-canalicular and Collagen-apatite pore size

Wang et al. (2004) Reactive red (< 1 nm) Rat tibia Diffused through LCP, not CAP
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Table 3

Measurements and estimates of micro/nanoarchitecture of the lacunar-canalicular network.

Reference Method Tissue Lacuna per unit volume (#/mm3)

Hannah et al. (2010) SR-μCT Human femur 40 – 90 (×103)

Tommasini et al. (2012) SR-μCT Rat femoral diaphysis 56.5 (×103)

Sharma et al. (2012) CLSM Rat tibial cortical metaphysis 67.3 ± 14.0 (×103)

Carter et al. (2012) SR-μCT Human femur 26 – 37 (×103)

Reference Method Tissue Lacunar volume (μm3)

McCreadie et al. (2004) CLSM Human hip 455 ± 200

Hannah et al. (2010) SR-μCT Human femur 290 ± 107

Sharma et al. (2012) CLSM Rat tibial cortical metaphysis 352 ± 30

Carter et al. (2012) SR-μCT Human femur ~400

Reference Method Tissue Lacuna length (μm)

Vatsa et al. (2008) CLSM Mouse (B6) fibula, 28.7 ± 4.7

Mouse (B6) calvaria 13.2 ± 1.5

Hannah et al. (2010) SR-μCT Human femur 8.96 ± 5.5

Lin and Xu (2011) AFM Bovine tibia, transverse direction 9.66 ± 2.82

Bovine tibia, radial direction 10.9 ± 3.38

Reference Method Tissue Lacuna width (μm)

Sugawara et al. (2005) CLSM Chick calvaria, E16-days-old 2 – 5

Vatsa et al. (2008) CLSM Mouse (B6) fibula, 7.60 ± 1.15

Mouse (B6) calvaria 8.07 ± 0.51

Lin and Xu (2011) AFM Bovine tibia, transverse direction 3.86 ± 1.02

Bovine tibia, radial direction 5.37 ± 1.71

Reference Method Tissue Inter lacuna separation (μm)

Sugawara et al. (2005) CLSM Chick calvaria, E16-days-old 24.1 ± 2.8

Hannah et al. (2010) SR-μCT Human femur 21.9 ± 6.3

Sugawara et al. (2011) CLSM Chick calvaria, E16-days-old 23.5 ± 6.1

Mouse calvaria (B6), E17-days-old 39.6 ± 11.6

Sharma et al. (2012) CLSM Rat tibial cortical metaphysis 24.8 ± 1.7

Reference Method Tissue Canaliculi diameter (nm)

Marotti (1990) SEM Human tibia 150 – 550

You et al. (2004) TEM Mouse female 259 ± 129

Sugawara et al. (2005) CLSM Chick calvaria, E16-days-old < 500

Lin and Xu (2011) AFM Bovine tibia, transverse direction 426 ± 118
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Reference Method Tissue Canaliculi diameter (nm)

Bovine tibia, radial direction 459 ± 144

Bovine tibia, longitudinal direction 419 ± 113

Schneider et al. (2011) FIB/SEM Mouse (B6) femoral mid diaphysis 95

Sharma et al. (2012) CLSM Rat tibia, cortical metaphysis trab. remnants 520 ± 42

Rat tibia, cortical metaphysis lamellar region 553 ± 33

Rat tibia, cancellous metaphysis 483 ± 24

SEM Rat tibia, cancellous metaphysis 335 ± 32

TEM Rat tibia, cancellous metaphysis 228 ± 11

Reference Method Tissue Canaliculi density (#/μm2)

Marotti et al. (1995) SEM, light microscopy Human tibia 0.55 ± 0.19

Lin and Xu (2011) AFM Bovine tibia 0.85 ± 0.31

Reference Method Tissue # canaliculi per lacuna

Sugawara et al. (2005) CLSM Chick calvaria, E16-days-old 52.7 ± 5.7

Beno et al. (2006) Estimated from Remaggi et al. (1998) light
microscopy data

Chick 54

Rabbit 60

Bovine 85

Horse 115

Dog 81

Human 41

Schneider et al. (2011) FIB/SEM Mouse (B6) femoral mid-diaphysis 78

Sugawara et al. (2011) CLSM Chick calvaria, E16-days-old 52.7 ± 6.4

Mouse calvaria (B6), E17-days-old 49.7 ± 9.7

Sharma et al. (2012) CLSM Rat tibia, primary canaliculi 83.9 ± 14

Rat tibia, secondary canaliculi 387 ± 34
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Table 4

Measurements and estimates of permeability in the vascular and lacunar-canalicular systems.

Reference Method Tissue VP Permeability (m2)

Rouhana et al. (1981) Perfusion Bovine 3×10−13

Johnson (1984) Theoretical study - 2.5×10−14

Li et al. (1987) Perfusion Canine 5×10−17 – 1×10−15

Dillaman (1984) Theoretical study Rat 1×10−13 – 1×10−11

Zhang et al. (1998a) Theoretical study - 1×10−15 – 1×10−13

Swan et al. (2003) Theoretical study - 1.25×10−13 – 3×10−12

Malachanne et al. (2008) Compression and FEA Bovine, ox femurs 1.1×10−13

Wen et al. (2010) Perfusion Canine 4×10−17

Reference Method Tissue LCP Permeability (m2)

Weinbaum et al. (1994) Ultrastructural model - 1×10−22 – 1×10−19

Zhang et al. (1998a) Theoretical, adapted from Weinbaum et al. 1994 - 1.47×10−20

Wang et al. (1999) Theoretical, adapted from Weinbaum et al. 1994 - 1.0×10−21 – 1.3×10−19

Smit et al. (2002) Finite element analysis - 2.20×10−22

Gururaja et al. (2005) Theoretical, adapted from Weinbaum et al. 1994 - 7.5×10−20

Beno et al. (2006) Adapted from Weinbaum et al. 1994 Chick, rabbit, bovine,
horse, dog, human
(data from Remaggi et
al., 1998)

1×10−22 – 1×10−19

Lemaire et al. (2008) Glycocalyx fiber permeability, adapted from Weinbaum et
al. 1994

- 5.9×10−18 – 2.0×10−17

Anderson et al. (2008) Perfusion on scaled-up models and predictive virtual and
stochastic computational models

Scaled-up, rapid
prototyped models of
human femoral neck

2.65 – 8.73×10−18

Goulet et al. (2009) Carman-Kozeny permeability model - 1.05×10−18 – 1.05×10−20

Kameo et al. (2010) Morphology of LCP using CLSM Swine tibia 3.3×10−19 – 1.27×10−18

Lemaire et al. (2012) FEM, Carman-Kozeny permeability model - 1×10−19 – 1×10−18

Oyen (2008) Nanoindentation-poroelasticity Human 4.14×10−24

Galli and Oyen (2009) Nanoindentation-poroelasticity Human 6.5×10−23

Zhou et al. (2008) FRAP-poroelasticity Mice ~10−21

Gailani et al. (2009) Stress relaxation single osteons-poroelasticity Bovine 5×10−25 – 8×10−24

Gardinier et al. (2010) Step loading in vivo-poroelasticity Canine 2.8×10−23
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