
J. R. Soc. Interface (2012) 9, 2735–2744
*Author for c

doi:10.1098/rsif.2012.0286
Published online 6 June 2012

Received 5 A
Accepted 4 M
Strain amplification in bone
mechanobiology: a computational

investigation of the in vivo mechanics
of osteocytes

Stefaan W. Verbruggen, Ted J. Vaughan
and Laoise M. McNamara*

Biomechanics Research Centre (BMEC), Mechanical and Biomedical Engineering, College of
Engineering and Informatics, National University of Ireland, Galway, Republic of Ireland

The osteocyte is believed to act as the main sensor of mechanical stimulus in bone, controlling
signalling for bone growth and resorption in response to changes in the mechanical demands
placed on our bones throughout life. However, the precise mechanical stimuli that bone cells
experience in vivo are not yet fully understood. The objective of this study is to use compu-
tational methods to predict the loading conditions experienced by osteocytes during normal
physiological activities. Confocal imaging of the lacunar–canalicular network was used to
develop three-dimensional finite element models of osteocytes, including their cell body,
and the surrounding pericellular matrix (PCM) and extracellular matrix (ECM). We inves-
tigated the role of the PCM and ECM projections for amplifying mechanical stimulation
to the cells. At loading levels, representing vigorous physiological activity (3000 m1), our
results provide direct evidence that (i) confocal image-derived models predict 350–400%
greater strain amplification experienced by osteocytes compared with an idealized cell,
(ii) the PCM increases the cell volume stimulated more than 3500 m1 by 4–10% and
(iii) ECM projections amplify strain to the cell by approximately 50–420%. These are the
first confocal image-derived computational models to predict osteocyte strain in vivo and
provide an insight into the mechanobiology of the osteocyte.
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1. INTRODUCTION

Bone is a dynamic and adaptive material that can con-
tinuously adapt its mass and structure to meet the
mechanical demands experienced throughout life. This
adaptive behaviour is fundamental to physiological
function as it allows the skeleton to survive under the
variety of loading conditions experienced throughout
life. The exact nature of how bone can detect and com-
municate the need for bone repair is unknown. It has
been shown that bone cells, such as osteoblasts and
osteocytes, are capable of transducing mechanical sig-
nals into biochemical stimuli [1]. Osteocytes have long
been regarded to be the primary mechanosensors of
bone, owing to their ubiquitous spatial distribution
throughout bone and their extensive communication
network facilitated by cell processes that extend to
other osteocytes and osteoblasts. It is believed that
these cells act as a network of strain gauges that moni-
tor the mechanical environment, and direct and recruit
other cells to adapt bone mass when mechanical
demands are altered. Recent studies have suggested
orrespondence (laoise.mcnamara@nuigalway.ie).

pril 2012
ay 2012 2735
the pathogenesis of bone diseases may be correlated
to the mechanobiology of bone cells [2] and that mech-
anical stimulation enhances bone tissue regeneration
in vitro to a certain extent [3,4], although the pre-
cise mechanisms by which mechanical stimulation
can enhance regeneration is not yet fully understood.
It is likely that mechanobiology-based approaches for
bone tissue regeneration would be enhanced if levels
of mechanical stimulation applied to cells in vitro
were analogous to those experienced in vivo. However,
the precise mechanical stimuli that bone cells experi-
ence in vivo, and the mechanical stimuli that initiate
a biochemical response are not fully understood.

It is well accepted that bone requires regular loading
to remain healthy. Burr et al. [5] and Fritton et al. [6]
have quantified these strains, observing that whole
bones routinely experience mechanical strains between
1000 and 2000 m1. It is believed that disuse bone resorp-
tion is initiated less than 1000 m1, whereas it has been
observed that vigorous exercise generates strains up to
3000 m1 and stimulates new bone formation. Further-
more, strains more than 3500 m1 lead to damage and
resorption of bone [7], with fracture of bone occurring
more than 4000 m1 [8]. However, this presents a
This journal is q 2012 The Royal Society
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paradox, as cell culture studies have shown that in vitro
osteoblasts and osteocytes do not generate a biochemi-
cal response to levels of strain approximately less than
5000 m1, with an appreciable response occurring only
approximately more than 10 000 m1 [9,10]. This would
suggest that some form of strain amplification occurs
during strain transfer to the osteocyte in vivo, as the
strains necessary to elicit an osteogenic response from
cells would damage the extracellular bone matrix.
Investigation of this strain amplification effect is critical
to understand bone cell mechanobiology.

As osteocytes are embedded in a mineralized, matrix
direct experimental studies of these cells within their
native environment are challenging. A particular challenge
to understand the mechanical environment surrounding
bone cells has been the difficulty in obtaining information
regarding the geometry of osteocytes in situ. At present,
high-resolution imaging of the osteocyte environment
under mechanical loading has been limited to two-
dimensional imaging of sections through the lacunae on
an exposed optical microscopy plane [11–14]. Using
these methods, it has been observed that large variations
in perilacunar strain exist, with average strains between
7500 and 20 000 m1, and peak strains as high as 35
000 m1, under an applied load of 2000 m1.

Researchers have sought to overcome experimental
challenges by developing idealized theoretical models
of osteocyte canaliculi and predicted the approximate
levels of shear stress (0.8–3 Pa) at the cell membrane
under load-induced fluid flow [15–18]. In particular,
these studies have shown that load-induced fluid drag
on the pericellular matrix (PCM) might amplify the
strain experienced at the cell membrane to levels that
initiate a biochemical response [15,17]. Recent studies,
using a novel fixation technique and transmission elec-
tron microscopy (TEM), also revealed the presence of
localized projections of the extracellular matrix
(ECM) into the pericellular space of the canaliculi in
which osteocyte cell processes are located [19]. As it
has been demonstrated that the cell processes of osteo-
cytes are the most mechanosensitive parts of the cell,
with a highly developed actin cytoskeleton throughout,
these projections may play a critical role in strain ampli-
fication [20]. Indeed, theoretical models have shown
that ECM projections magnify the axial loading experi-
enced by the cell by an order of magnitude more than
the radial strain generated by transverse tethering
elements in the PCM [21].

Computational modelling has also been used as a tool
to characterize the osteocyte mechanical environment.
A three-dimensional idealized finite element model of a
whole osteocyte lacuna was developed and predicted
that a strain amplification factor of 1.26–1.52 occurred
for an applied global strain of 2000 m1, increasing to 3
with the inclusion of canaliculi in the simulations [22].
However, both the analytical studies and this compu-
tational approach employed idealized geometries, which
do not accurately represent osteocytes in vivo. Compu-
tational fluid dynamic models of individual canaliculi
were developed using three-dimensional axisymmetric
models generated from two-dimensional TEM images of
osteocyte canaliculi and have predicted that the canalicu-
lar geometry has a profound effect on shear stress
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experienced by cell process under interstitial fluid flow
[23]. However, the lacunar and cell body geometry were
not included in these models and, whereas the role of
fluid flow was considered, direct mechanical stimulation
of the osteocyte by the surrounding matrix components
was not investigated. Therefore, detailed geometrically
accurate models are fully required to understand the
role of the complex three-dimensional geometry of the
lacunar–canalicular network on the mechanical stimu-
lation experienced by osteocytes under physiological
loading. Some attempts have been made to develop com-
putational models of osteocyte lacunae from three-
dimensional reconstructions of confocal images [24], but
these did not include the cellular or pericellular com-
ponents and predicted perilacunar strains only, not
strains experienced by osteocytes.

The objectives of this research are (i) to develop
solid models of osteocytes that closely represent their geo-
metry in vivo and (ii) to use computational methods
to predict the loading conditions experienced by osteo-
cytes during normal physiological activities. We develop
confocal image-derived models of an osteocyte and its
immediate surroundings. These studies are compared
with the idealized models of osteocytes to examine
the effect of confocal image-derived geometries on
strain predicted in the cell. We also investigate the role
of the PCM and ECM projections as strain amplifiers
in osteocyte mechanobiology.
2. MATERIAL AND METHODS

2.1. Confocal imaging of osteocytes

To visualize osteocytes within their native environment,
fluorescent staining of the lacunar–canalicular space
and confocal imaging were performed. Thick transverse
sections (400 mm) of the tibia of a male, six- to eight-
month-old Sprague–Dawley rat were cut using a diamond
blade saw (Isomet, Buehler) and then fixed in 4 per cent
paraformaldehyde for 24 h at room temperature. Sections
were then dehydrated in ascending graded ethanol (75%,
95% and 100%, 5 min each). These sections were stained
with fluorescein isothiocyanate (FITC) isomer I (Sigma-
Aldrich) to visualize the pericellular space, similar to the
methods of Ciani et al. [25]. The samples were placed in
a rotator (Agar Scientific) with FITC solution at 1 per
cent in ethanol and mixed for 4 h at room temperature.
The sections were then rinsed in 100 per cent ethanol for
30 min, air-dried and mounted on coverslips using DPX
Mounting Media (Sigma-Aldrich). Samples and contain-
ers were covered in aluminium foil at all times to prevent
photobleaching.

Confocal scans were taken using a confocal micro-
scope (Zeiss LSM 51) with a 40� oil immersion lens,
1.25 numerical aperture, laser wavelength excitation
of 488 nm and the pinhole set at 1 Airy unit. All
scans were taken at a resolution of 2048 � 2048 pixels
giving a field of view of 255 mm. An example of these
images can be seen in figure 1a,b, where lacunae can
clearly be seen oriented concentrically around a Haver-
sian canal. A z-stack was obtained at increments of
0.41 mm using laser scanning mode through the depth
of the section.
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Figure 1. (a) Confocal microscopy scan of the lacunar–canalicular network with (b) an individual osteocyte and (c) a finite
element volume mesh of the osteocyte.
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2.2. Solid model/mesh generation

Finite element models were constructed of confocal
image-derived and idealized cells that included the cell
membrane, PCM and the ECM.

2.2.1. Confocal image-derived models
MIMICS, image-processing software, was employed to gen-
erate a three-dimensional solid model (Materialise).
Confocal image stacks of four osteocyte lacunae were
imported into MIMICS and thresholded to between 2884
and 2769 Hounsfield units. Thresholding allowed seg-
mentation of the lacunar–canalicular space from the
surrounding matrix. The lacunar geometries generated
were similar to a slightly flattened ellipsoid with major
axes ranging between 14 and 16 mm, and minor axes of
8.5–9.5 mm. The canaliculi generated had an average
diameter of 0.5–0.7 mm. These models were then
meshed using 3-MATIC voxel-meshing software (Materia-
lise). A Boolean subtraction was performed to construct
the calcified ECM. In addition, the mesh was offset by
0.08 mm to create a pericellular space and a PCM of
the same thickness was constructed by Boolean subtrac-
tion. A representative geometry of the ECM, PCM and
osteocyte in a confocal image-derived model is shown
in figure 2a. These geometries were then meshed using
four-noded C3D4 tetrahedral elements (figure 1c) and
exported to ABAQUS finite element software.

The PCM represented the entire space between the
ECM and the osteocyte. In order to investigate the
strain amplification effect of the PCM, it was removed
in some simulations. In these cases the ECM volume
was increased to fill this space and contact the cell.
These geometries were then meshed using four-noded
C3D4 tetrahedral elements.

2.2.2. Idealized model
A solid model of an idealized osteocyte lacuna was
developed for comparison using ABAQUS finite element
software. The lacuna was modelled as an ellipsoid
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with minor and major axes equal to 9 and 15 mm,
respectively, which were taken as the median dimen-
sions from our confocal scans [26]. The canaliculi were
modelled as channels in the ECM with a diameter of
0.6 mm. The osteocyte was also modelled as an ellipsoid
with minor and major axes of 7.5 and 13.5 mm, respect-
ively, allowing for a surrounding PCM with a thickness
of 0.75 mm [19,27]. The cell processes were created by
offsetting from the canaliculi by 0.08 mm [28]. The
PCM represented the entire space between the ECM
and the osteocyte and in simulations where the PCM
is removed to examine the effect of its absence, the
ECM is enlarged to fill this space and contact the osteo-
cyte. The geometries of the ECM, PCM and osteocyte
are displayed in figure 2b. These geometries were then
meshed using four-noded C3D4 tetrahedral elements.

2.2.3. Idealized model with extracellular matrix
projections
In order to investigate the effect of ECM projections on
strain transfer into the osteocyte, an idealized model
was developed that included conical ECM protrusions
(height of 0.08 mm and base radius 0.1 mm) that pro-
jected into the PCM space [28]. The projections were
organized in groups of four about the axis of the cana-
liculi, spaced 1 mm apart along its length (figure 2c,d).
While the distance between adjacent projections has
been observed to be approximately 0.1 mm [19], spacing
of 1 mm was selected in order to reduce the computing
power required and to better observe the localized
effects of individual projections.

2.3. Finite element analysis

2.3.1. Material properties and loading
All structures were modelled as linearly elastic, isotropic
materials. The viscoelastic nature of the cell was neglected
for simplicity as physiological loading of bones occurs at a
frequency of approximately 1 Hz, well below the relax-
ation time of 41.5 s measured in bone cells [29,30]. An
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Figure 2. (a) Models of confocal image-derived and (b) idealized osteocytes depicting extracellular matrix (blue), pericellular
matrix (yellow) and osteocyte cell body (green), with ECM projections visible longitudinally in (c) and in cross section in (d).
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elastic modulus of 16 GPa and Poisson’s ratio of 0.38 were
attributed to the ECM [31]. At present, there is no exper-
imental data available to define the material properties of
the PCM surrounding the osteocyte. Therefore, the prop-
erties of chondrocyte PCM were assumed, with an elastic
modulus of 40 kPa and Poisson’s ratio of 0.4 [32,33]. A
modulus of 4.47 kPa and Poisson’s ratio of 0.3 was attrib-
uted to the osteocyte cell body and processes [34]. Tie
constraints were applied to attach the PCM to the
ECM and osteocyte where direct contact (i.e. no space
between the components) occurred at their respective sur-
faces. Similarly, when ECM projections were included in
the idealized model they were also tied directly to the
osteocyte cell membrane.

Finite element simulations were conducted to investi-
gate the strain experienced at the cellular level under
global loading conditions representing under-loading
(500 m1), homeostatic loading (1500 m1) and loading
during physical exertion (3000 m1) [5]. A displacement
boundary condition was applied to model faces to
generate compressive loads of 500, 1500 and 3000 m1

globally. Uniaxial-ramped static loading was applied
symmetrically, with opposing faces constrained sym-
metrically to prevent rigid body motion. In order to
examine the effect of anisotropy of the osteocyte, an
additional analysis was performed, with the cell assumed
to be a transversely isotropic material with a 3 : 1 ratio
of in-plane versus out-of-plane stiffness. A strain ampli-
fication factor was calculated for each osteocyte as
the maximum principal strain in the cell divided by the
applied global strain.
3. RESULTS

The finite element contour plots of the confocal image-
derived and idealized cell models in figure 3 show the
areas of each cell, which experience strain within
specific intervals of microstrain, under global applied
loading of 3000 m1. Qualitatively, it can be seen from
these images that the maximum principal strains
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are higher in the realistic models (a–d) than in the
idealized models (e,f).

For an applied load of 500 m1, representing low levels
of physiological loading, more than 99 per cent of con-
focal image-derived, and idealized osteocyte volumes
experienced strains lower than 1000 m1. Maximum
principal strains of 3800–3900 m1 (s ¼ 3858+ 49 m1)
were experienced in the confocal image-derived cells,
whereas 1100 m1 was the maximum strain predicted in
the idealized model.

Homeostatic physiological loading of 1500 m1

resulted in 2–13% of the volumes of confocal image-
derived osteocytes stimulated more than 2000 m1,
whereas this figure was just 1 per cent for the idealized
model. Maximum principal strains predicted in confocal
image-derived osteocytes were 11 000–13 000 m1 (s ¼
11 933+ 612 m1), with 3300 m1 being the maximum
strain experienced by the osteocyte in the idealized
model. While maximum strains in confocal image-
derived models were more than 10 000 m1, these were
predicted in a negligible proportion (less than 0.001%)
of the models.

For an applied load of 3000 m1, representing vigorous
physiological activity, the confocal image-derived models
predicted strain values more than 3500 m1 throughout
7–28% of the cell body, whereas only 0.1 per cent of
the volume of the idealized osteocytes experienced
strain above this level (figure 4). Maximum principal
strains predicted in the confocal image-derived osteocytes
were 23 000–26 000 m1 (s ¼ 24 233+1033 m1), com-
pared with a maximum strain of 6600 m1 in the
idealized model. The strains observed in the models are
used to calculate a strain amplification factor of 7.7–8.9
for the confocal image-derived models. The strain ampli-
fication factor for the idealized model without the ECM
projections was 2.2. All four confocal image-derived
osteocyte models experienced strains greater than
10 000 m1 in approximately 1 per cent of the cell
volume when 3000 m1 global loading was applied. How-
ever, the idealized model without the projections did
not see these strains. In addition a slight decrease in the
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Figure 3. Strain distribution in four confocal image-derived models of osteocytes (a–d) and idealized osteocytes without extracellular
matrix projections (e), and with extracellular matrix projections included ( f ) under global loading of 3000 m1.
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volume of the PCM, of 0.0836–0.1191% (s ¼ 0.0986+
0.0144%), was also observed during loading in all models.

Evidence of the presence of ECM projections
was detected in the confocal image-derived models
constructed from confocal images, as depicted in
figure 5a,b. Indentations indicating the presence of
ECM projections are highlighted, with strain concen-
trated in these areas on the cell process. Maximum
J. R. Soc. Interface (2012)
strain levels predicted around these points ranged
from 4500 to 5000 m1, resulting in amplification of the
applied loading by 50–67%. This generated a strain
amplification factor of 1.5–1.67. The idealized model
that includes the ECM projections (figure 2f ) shows
more concentrated strain in the cell processes than the
idealized model without these (figure 2e). It can be
seen from the graph in figure 4 that in the idealized
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Figure 5. (a) Close-up image of confocal image-derived osteocytes and (b) loaded at 3000 m1, with indentations circled showing
the presence of ECM projections and associated strain concentration.
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Figure 6. Strain distribution in confocal image-derived (a–d, as in figure 3) and idealized osteocytes under 3000 m1 compressive
loading, without a pericellular matrix.
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loading case of 3000 m1, the inclusion of ECM projec-
tions resulted in a 0.25 per cent increase in the
proportion of the osteocyte experiencing high strain
levels (more than 3500 m1). Maximum strains localized
around the ECM projections in the idealized model
were 6600–12 600 m1, which is 220–420% higher than
the applied global loading. This resulted in a strain
amplification factor of 4.2 for the model. Simulations
of the confocal image-derived and idealized models
without a PCM were performed. The results of the
3000 m1 loading case are shown in figure 6. It can be
J. R. Soc. Interface (2012)
seen that 1–17% of the confocal image-derived models
experience strain levels more than 3500 m1, whereas
the idealized model senses this strain in less than 0.1
per cent of its volume. Maximum principal strains in
the confocal image-derived models without a PCM
were found to be 29 000–69 000 m1 (s ¼ 57 925+
16 630 m1), whereas a maximum strain of 7000 m1 was
predicted in the idealized model without a PCM. The
strain amplification factors for these models were calcu-
lated as 9.8–23.3 for the confocal image-derived models
and 2.3 for the idealized model.
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Furthermore, under applied loading of 3000 m1, the
transversely isotropic osteocytes experienced maximum
principal strains (23 700–29 100 m1) which were 3.7–
12.2% greater than those predicted in isotropic osteocytes.
4. DISCUSSION

In this study, we developed geometrically accurate
three-dimensional computational models of osteocytes
in their native environment to study the effects of phys-
iological loading in detail on the mechanical stimuli
experienced by the osteocyte. Our results show for the
first time that even under strains of 3000 m1, 7–28%
of the volume of the osteocyte experiences strains in
excess of 3500 m1, and indeed 1 per cent of an osteocyte
volume experiences strains in excess of 10 000 m1 with
maximum principal strains of 23 000–26 000 m1. In con-
trast, elevated strains (more than 3500 m1) were
predicted only 1 per cent of the idealized model under
similar loading conditions, with a maximum principal
strain of 6600 m1. The strain amplification factor was
shown to be 3.5–4 times higher in confocal image-
derived models compared with an idealized model.
Most notably, while all osteocyte models experienced
strains more than 5000 m1 level that generates some
biological response in vitro, only the confocal image-
derived models predicted maximum strains well more
than 10 000 m1, which is the approximate strain stimu-
lus necessary to elicit a significant osteogenic response
in osteocytes [10]. These findings demonstrate the
importance of accurate geometrical modelling when
simulating the osteocyte in vivo mechanical environ-
ment, and the strain amplification effect of the
lacunar–canalicular architecture. The results of this
study also served to reinforce two theories: (i) the
PCM plays an important role in osteocyte mechanical
stimulation [35–37] and (ii) ECM projections act to
amplify matrix strains at the cell membrane [21].

It must be noted that a number of assumptions were
made in the development of these models. Firstly, the
ECM, PCM and cell materials were assumed to be
linear elastic isotropic materials, and material pro-
perties were assumed based on values available for
cultured osteocytes and chondrocytes [31–34]. For the
purposes of this study, it was impractical to include
an advanced material model due to the highly nonlinear
nature of the geometry, which resulted in 4.5 million
elements and an average computational solving time
of 12 h. The mechanical behaviour of osteocytes in
vivo has not been characterized at this scale, as direct
analysis of such a closed biological system has proved
unfeasible. Furthermore, the ECM is composed of col-
lagen fibrils and mineral crystals that are intricately
organized within this matrix and have been shown to
affect stress distribution about the lacuna [38–40].
It would therefore be more appropriate to model the
ECM as an anisotropic or transversely isotropic
material [41–42]. It should also be noted that the dis-
tance between the osteocyte and the ECM was
assumed to be constant at 0.08 mm in the confocal
imaged-derived models. However, in vivo tracer studies
and TEM imaging have reported a range of 0.078+
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0.038 mm [19,27,28] for this spacing. Owing to the
experimental challenges of obtaining the precise size
of the gap at all locations surrounding the cell body,
this assumption was deemed necessary. In reality, cer-
tain regions would be in closer proximity to the ECM
and at such locations strain transfer to the osteocytes
would be increased, as is clearly demonstrated by the
results of our idealized ECM projections study.

Furthermore, the cell body and membrane are highly
nonlinear materials [43], and the internal actin cyto-
skeleton in particular plays an integral role in cell
mechanics by actively adapting in response to applied
mechanical forces [44–46]. An analysis of transversely
isotropic cells was performed in order to investigate
the effect of anisotropy of the cell on the strain stimulus
to its membrane. Our results show that there is a 3.7–
12.2% increase in maximum principal strains experi-
enced by a transversely isotropic osteocyte compared
with an isotropic model. However, it must be noted
that the precise anisotropic behaviour of osteocytes
has never been determined. Nonetheless, this analysis
reveals that an anisotropic actin cytoskeleton would
enhance the strain amplification observed in this study.
Future studies should incorporate the active behaviour
of the actin cytoskeleton in order to provide more realistic
simulations of osteocyte mechanobiology in vivo [15].
However, our overall focus was on the role of geometrical
changes and based on these studies we expect that
the strain amplification effect observed here would be
more pronounced if an active actin cytoskeleton and a
fluid-saturated PCM were included.

While previous computational research has exam-
ined idealized models of the osteocyte mechanical
environment in three-dimensional [22,47], this study
represents the first development of accurate three-
dimensional finite element geometries of the osteocyte,
with its canaliculi and surrounding matrix, to predict
osteocyte mechanobiology. We report here that the
maximum strains predicted in confocal image-derived
models are approximately 17 000–20 000 m1 higher
than strains predicted through previous idealized com-
putational approaches [22,47], but are lower than the
maximum strains of approximately 35 000 m1 reported
from experimental imaging of lacunae on a two-
dimensional exposed plane [11–13]. It must be noted
that those experimental studies characterized strain in
the lacunae, as opposed to strain measured in the
cell [11–13], and also that the authors proposed that
microdamage artefacts might be exacerbating local
tissue deformation [11–13]. Therefore, it is unlikely
that such high strain levels would indeed be experienced
by the osteocyte in vivo, and our results correlate better
with average strains between 7500 and 20 000 m1

reported in experimental studies [11–13]. Our results
demonstrate that the in vivo geometrical characteris-
tics of the surrounding ECM and PCM lead to a high
degree of strain transfer into the cell body and must
be considered for understanding mechanotransduction
in osteocytes in vivo.

Our studies provide direct evidence that the PCM
does indeed act to amplify the strains experienced
by the cell membrane, which was previously shown
using two-dimensional idealized analytical models of a
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transverse section of a canaliculus [15–18,21]. It is
interesting to note that in our study we report that
the presence of a PCM reduces the maximum strain in
confocal image-derived osteocytes by approximately
80 per cent, but that the total volume of the cells stimu-
lated more than 3500 m1 increases by 4–10%. This
implies a strain-shielding effect, whereby the PCM
absorbs very high strains while also increasing the over-
all strain transfer to the cell. A similar effect has been
predicted in recent computational studies of chondro-
cytes, which found a wider overall stress distribution
despite a decrease of 20–52% in maximum stress
values in the cell when a PCM was included [29,33].
In the idealized simulation, maximum strains actually
increased by 37 per cent with the inclusion of a PCM,
alongside a slight increase in the volume experiencing
strain more than 3500 m1. This may be explained by
the simplified geometry of the idealized model resulting
in poor strain amplification in the absence of a PCM.
These results emphasize the important role that the
PCM plays in osteocyte strain sensing and mechano-
transduction. The PCM has a low elastic modulus and
deforms significantly under compression compared
with the calcified ECM, resulting in high strain transfer
to the osteocyte cell membrane.

It should be noted that in vivo the PCM consists of
jelly-like glycocalyx, and the interstitial fluid within
this matrix is capable of flowing through the lacunar–
canalicular network under mechanical loading of the
ECM. Analytical models developed by Weinbaum
et al. [15–18,21] represented the PCM as matrix of
fibres, which tethered the cell process to the canalicular
wall, and incorporated interstitial fluid drag forces
under mechanical loading. These studies suggested
that the stimulus arising from loading-induced fluid
flow plays an important role in osteocyte mechanobiol-
ogy. Computational fluid dynamics has also shown that
fluid flow characteristics within osteocyte canaliculi
have a profound effect on shear stress experienced by
cell processes [23]. While fluid dynamics were not incor-
porated into our models, we predict a decrease in the
volume of the PCM (approx. 0.1%) and propose that,
owing to such volumetric changes under mechanical
loading, fluid flow would indeed occur and might provide
an additional stimulus to the cell. Future studies of the
fluid flow within this matrix under the observed volume
change reported here would provide a unique insight
into mechanical stimulation of bone cells under matrix
strain- and loading-induced fluid flow in vivo.

It is interesting that we observe evidence of projec-
tions of the ECM into the pericellular space in our
confocal image-derived geometries, which were first
identified using TEM imaging [19]. Localized strain
amplification appears to occur around these ECM pro-
jections, magnifying the applied strain by 50–67%.
When these projections were incorporated into the ideal-
ized model local strain amplification of 220–420% of
global strain was predicted, increasing the strain amplifi-
cation factor of the overall model by 190 per cent. These
findings highlight the ability of ECM projections to act as
powerful strain amplification mechanisms in osteocyte
mechanobiology, particularly owing to their location in
the most mechanosensitive region of the cell [20].
J. R. Soc. Interface (2012)
Furthermore, the spacing between adjacent projections
was increased from 0.1 to 1 mm to reduce the large
computational power required for the simulations.
Employing a spacing of 0.1 mm would result in the pres-
ence of many more projections, which would in turn
impart even greater strain stimulus to the osteocyte.

Of particular interest is the loading case representing
vigorous physiological activity (3000 m1) as it is under
this level of global mechanical loading that appreciable
strain more than 10 000 m1 is observed in the osteocyte.
This is significant as previous in vitro studies have
shown that strain levels above approximately 10 000 m1

result in elevated levels of intracellular cytosolic calcium
mobilization (Ca2þ

i ) and alkaline phosphatase (ALP) in
cultured osteocyte-like cells [9,48]. As Ca2þ

i mobilization
is an early intracellular signalling event involved in bone
mechanotransduction, and ALP is a marker for bone
mineralization and ECM deposition, these are good indi-
cators of the anabolic effect of mechanical stimulus. Past
studies applying large strains (more than 10 000 m1) have
also observed increased nitric oxide (NO) and prostaglan-
din (PG) production, both essential for an osteogenic
response, at these strain levels [49,50]. In contrast, more
recent studies have suggested that production of NO
and PGs, as well as mRNA expression of the important
bone remodelling protein osteopontin, may be more clo-
sely linked with loading-induced fluid flow than direct
substrate stimulation [9,48,51]. However, these studies
did not investigate direct mechanical loading more than
5000 m1. Therefore, it is possible that the elevated
strain levels (more than 10 000 m1) predicted in our
models and previous experimental studies [11–13] may
also stimulate these biochemical osteogenic responses,
particularly owing to the strain amplification effects of
the PCM and ECM projections.
5. CONCLUSION

In this study, we report that confocal image-derived
models subjected to physiologically active loading levels
(3000 m1) predict 350–400% greater strain amplification
experienced by osteocytes compared with an idealized
cell. Furthermore, we predict that the PCM increases
the cell volume stimulated more than 3500 m1 by 4–
10% and that ECM projections amplify strain to the
cell by approximately 50–420%. In addition, decreases
in the volume of this matrix were also predicted,
suggesting the occurrence of mechanically driven intersti-
tial fluid flow. These are the first confocal image-derived
computational models of osteocytes in vivo and provide a
greater understanding of the mechanical environment of
the osteocyte.
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