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Abstract—Understanding how bone marrow multipotent
stromal cells (MSCs) contribute to new bone formation
and remodeling in vivo is of principal importance for
informing the development of effective bone tissue engineer-
ing strategies in vitro. However, the precise in situ stimuli that
MSCs experience have not been fully established. The shear
stress generated within the bone marrow of physiologically
loaded samples has never been determined, but could be
playing an important role in the generation of sufficient
stimulus for MSCs to undergo osteogenic differentiation. In
this study fluid structure interaction (FSI) computational
models were used in conjunction with a bioreactor which
physiologically compresses explanted trabecular bone sam-
ples to determine whether MSCs can be directly stimulated
by mechanical cues within the bone marrow. Experimentally
loaded samples were found to have greater osteogenic
activity, as verified by bone histomorphometry, compared
to control static samples. FSI models demonstrated a linear
relationship between increasing shear stress and decreasing
bone volume. The FSI models demonstrated that bone strain,
not marrow shear stress, was likely the overall driving
mechanical signal for new bone formation during compres-
sion. However, the shear stress generated in the models is
within the range of values which has been shown previously
to generate an osteogenic response in MSCs.
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INTRODUCTION

Bone marrow in the pores of trabecular bone is
subjected to mechanical cues during activities of daily

living, mediated by the solid structure surrounding it.
Recent studies have demonstrated that the shear stress
generated in marrow can be of significant magnitude to
stimulate an osteogenic response in the bone marrow
cells.3,4,13,16,30,42 The magnitude of shear stress
required to generate an osteogenic responses in MSCs
and pre-osteoblastic cells in vitro is commonly reported
to range between 0.1 and 1 Pa.1,2,11 Other studies have
suggested a lower threshold <0.05 Pa10,39 and have
demonstrated no significant difference in the osteo-
genic response between osteoblastic cells exposed to
either 0.06 or 0.6 Pa.33 However, the response of
marrow cells to this shear stress generated during
physiological loading has yet to be determined.

Bone is understood to adapt its structure in
response to changes in mechanical forces. This is be-
lieved to be mediated by a mechanostat approach19

where bone resorption due to disuse is initiated at a
compressive strain level of less than 1000 le,19 and
vigorous exercise generates compressive strains up to
3000 le which stimulates new bone formation.8,18

However, compressive strains of greater than 3500 le
can lead to damage, resorption and fracture of
bone.9,32

Osteocytes are the primary mechanosensors in bone
remodeling.6,23,40 They are found embedded through-
out the bone matrix with numerous projections
extending outwards into the matrix. It is thought that
osteocytes act as a network of strain gages monitoring
the mechanical environment directly and recruiting
other cells to alter the bone mass as required.43

Osteocytes have been shown to direct the differentia-
tion of MSCs in a simplified bone marrow stem cell
niche.5 However, due to the presence of shear stress
which is generated within bone marrow during physi-
ological loading there is a potential role for the direct
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stimulation of MSC cells in the marrow to
undergo osteogenic differentiation.12,21,22 If this were
to be the case it could augment the osteocyte mediated
strain response of bone.20

In vitro studies of trabecular bone explants have
previously been used to examine bone formation in
response to compression of the bone
matrix.14,15,17,24,29,44 Greater bone growth attributed to
bone strain was found in samples exposed to the
mechanical loading compared to control static sam-
ples,14,29 reproducing the in vivo effects of mechanical
strain on bone growth.

In the present work ovine trabecular bone explants
were exposed to compression in a custom built biore-
actor in a similar manner to the previous stud-
ies.14,15,17,24,29,44 The objective was to examine whether
the shear stress generated in trabecular bone marrow
due to physiological compression of bone was of a
sufficient magnitude to generate an anabolic response
in the bone. l-CT scans of experimental bone explants
were used to generate the meshes for computational
analysis. A fluid structure interaction (FSI) computa-
tional approach developed previously3 was applied to
the specimen specific geometries to determine the strain
in the bone and the corresponding marrow shear stress
in the experimental samples. Mechanically loaded
samples were compared to control samples (which
experienced no loading) using fluorochrome-based
bone histomorphometric methods that determine the
level of bone growth within the samples. These tech-
niques allow for the determination of the relative roles
of bone strain and shear stress in formation of new
trabecular bone. In this way the study generates
important insights into the mechanical cues for gen-
erating an anabolic response in bone.

METHODS

Harvest of Bone Explants

Bone explants were harvested in an approach simi-
lar to previous studies.15,29 Briefly, ovine vertebrae
(C1–C2) were obtained from the slaughterhouse fresh
from slaughter. Working in sterile conditions, skin,
muscle and flesh were removed, and the vertebrae were
dissected apart. The superior endplates were cut off to
reveal the trabecular bone beneath. Using a diamond
coring drill (Eternal Tools, Worcestershire, UK) 8 mm
diameter trabecular bone explants 15–20 mm long
were prepared from the C2 vertebrae. All cutting was
performed under constant irrigation using ice cold PBS
and 5% antibiotic antimycotic (AB-AM, Sigma
Aldrich). Bone explants were stored in cold PBS with
AB-AM until parallel ends were cut using a low speed

diamond saw (Buehler, Lake Bluff, IL) to approxi-
mately 10 mm lengths. Bone explants were then placed
in media overnight, containing DMEM, 10% FBS, 2%
AB-AM, 20 mM b-glycerol phosphate and 50 lM
L-Ascorbic acid 2-phosphate sesquimagnesium salt
hydrate (AA2P, Sigma Aldrich). Steps were taken to
ensure that this preparation time was not longer than
3 h post slaughter to limit cell death and damage.

The bone explants were then divided into control
and loading groups. The Control samples (n = 4) were
kept in media in 6 well plates. Media was changed
every other day. On day 7 calcein blue (Sigma Aldrich)
at a concentration of 50 lg/ml was added to the media,
this was replaced with fresh media the following day.
On day 14 alizarin red was added to the media at the
same concentration of 50 lg/ml, this media was again
replaced on day 15. After 21 days of culture, bone
cores were washed with PBS and fixed in 10% formalin
for 5 days. These control samples were not exposed to
any loading.

Compression Bioreactor

Compression was applied to the bone explants in
the loaded group (n = 4) through the use of an adap-
ted Enduratec bioreactor (Bose Limited, Gillingham,
UK). This was customized in-house to provide physi-
ological loading to trabecular bone cores. This device
was similar to the previously reported Zetos
devices15,24 (Fig. 1). A chamber which provided a
compressive loading regime to the bone explants was
attached to the actuator. The bone explant was held
between a fixed bar which was attached to a load cell in
the top of the chamber and the moving bar controlled
by the actuator (Fig. 2). Media was circulated contin-
uously through the system by a peristaltic pump (Cole
Palmer, Dublin, Ireland). Platinum-cured silicone
tubing (Cole Palmer) was used to allow for oxygen and
carbon dioxide exchange.

A cyclic (1 Hz sine wave) compression applying
2000 le compressive nominal strain to the bone ex-
plants for 10 min was applied for 15 days in a total of
21 days culture. This loading condition was represen-
tative of strains generated in mouse trabecular bone
during caudal vertebral axial compression45 and this
strain has been shown to correspond to trabecular
bone generation.41 Additionally, this level of strain has
generated significant trabecular bone growth in a pre-
vious study on ex vivo bone growth in trabecular
explants.14

On day 7 calcein blue (50 lg/ml) was added to the
media. This media was then filtered in order to re-
sterilize it. This was replaced with fresh media which
was allowed to circulate through the system for 8 h the
following day, before being replaced with fresh media.
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On day 14 alizarin red was added to the media at the
same concentration of 50 lg/ml and filtered to re-
sterilize. This media was again replaced on day 15 with
fresh media which was allowed to circulate for 8 h
before being replaced with more fresh media. After
21 days of culture, bone cores were washed with PBS
and fixed in 10% formalin for 5 days and scanned
using a Scanco lCT40 MicroCT Scanner at a resolu-
tion of 16 lm.

Histomorphometry Analysis

After fixation in formalin, both the control static
explants and the explants exposed to loading were
dehydrated in increasing concentrations of ethanol.31

Explants were then infiltrated overnight and embedded
in polymethylmethacrylate (Osteo-Bed Bone Embed-
ding Kit, Sigma Aldrich). Thin sections were cut using
the low speed diamond saw to approximately 200 lm
thicknesses and polished with decreasing grit size sili-
con carbide paper until the required thickness (60–
100 lm) and surface finish was obtained. Sections were
then mounted on microscope slides using DPX.

Images were obtained using an Olympus Inverted
Fluorescent Microscope IX51microscope with DAPI-
5060c and U-MWG2 filters to visualize the Calcein
Blue and Alizarin Red respectively. Four sections in
total were taken from each bone core with five images
taken from each section at the magnification of 910,
giving a total of twenty images per sample. From each
section bone labeling was quantified using ImageJ
(NIH). The mineralising surface (MS) was calculated
in each image as the length of any double label plus
half the length of any single label divided by the overall
bone surface (BS). MS is dimensionless and expressed
here in percent. The mineral apposition rate (MAR)
was estimated by the mean distance between the dou-
ble labels divided by the time period of 7 days (time
between the two labels), and is expressed here in units
of [lm/day]. The bone formation rate (BFR) was
derived using the formula: BFR = MAR 9 MS, also
expressed here in units of [lm/day]. The nomenclature
assigned to the histomorphometric indices complies
with the standards outlined by ASBMR Histomor-
phometry Nomenclature Committee.34

FIGURE 1. Flow schematic of the bioreactor structure. Media was pumped through the chamber and returns to the reservoir.
Displacement was inputted to control the displacement of the actuator; a load cell relays the resulting force. The pump, media
reservoir, tubing, chamber, load cell and actuator were all kept within the incubator.

FIGURE 2. Photo of the bioreactor with actuator, chamber
and pump in the incubator.
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FSI Modeling

Finite element (FE) voxel meshes for models of the
four loaded samples were generated using Mimics
(Materialise, Belgium), and loading simulations per-
formed using Abaqus (v 6.12 DS SIMULIA, RI,
USA). The marrow part was created as the inverse of
the bone region. Bone and marrow cubes of 1.6 mm3

were analyzed within the center of each sample.
C3D8R elements were used for the solid bone domain
with bone mesh sizes (including the outer casing layer
of elements) of 1.35E5, 2.17E5, 2.97E5 and 2.46E5 for
the 4 analyzes. FC3D8 elements were used for the fluid
domain with marrow mesh sizes of 7.49E5, 8.02E5,
8.16E5 and 8.35E5 for the 4 analyzes. Element size was
fixed at the voxel size of 16 lm3. This gives BV/TV
values for the four analyzes of 10.83, 19.62, 28.73 and
22.11%.

Solid (bone) and fluid (marrow) analyzes were fully
coupled using the Abaqus co-simulation engine
(Gauss–Seidel coupling algorithm), allowing for a two-
way coupled FSI. The equations for the solid and fluid
models were solved separately, and loads and bound-
ary conditions were exchanged at the interface region.
Fluid flow was modeled in an Eulerian domain
employing the Arbitrary Lagrangian–Eulerian (ALE)
method which is used when the boundaries of the
Eulerian domain are moving due to FSI.35 This ALE
formulation allows for mesh deformation of the fluid
domain.

In these models a soft solid outer case was generated
to surround the solid and fluid domains (Fig. 3). This
was required in order to implement the required

boundary conditions due to restrictions in coupling
nodes between the fluid and solid meshes within
Abaqus. A prescribed displacement resulting in an
overall compressive strain of 2000 le, matching
experimental conditions, was applied to a master node
on the top surface and all other nodes on the inside/
bottom surface of the cap were constrained to move
together with the master node in the superior-inferior
(Y) direction, using an equation constraint. The
equation constraint function in Abaqus ensures all
sides remain orthogonal during loading. No constraint
was applied to these nodes in the transverse plane (X
and Z directions). These boundary conditions, com-
bined with the fact that the cap was of negligible
stiffness relative to the bone, ensure that the marrow
and bone domains move as one on this boundary
without constraining lateral motion of the bone struts
on the top surface. Symmetry boundary constraints
were applied to the lateral surfaces, again using an
equation constraint. These couple the displacements of
all nodes on the given strut faces to a master node, for
displacement components in the direction normal to
the respective face for both struts and the fluid domain.
This ensured the sides of the solid bone and marrow
domain remain orthogonal during loading, but could
displace to allow Poisson expansion of the overall
structure. This approach ensured that the fluid domain
sides remain orthogonal during loading (matching the
solid deformation conditions). Flow was modelled as
symmetric in the X and Z directions and on the bottom
surface by preventing velocity normal to the respective
boundaries. These boundary conditions were arrived at

FIGURE 3. Boundary conditions applied to the realistic geometries, following the approach in Birmingham et al.3 Symmetry
deformation constraints were applied to the boundaries of the fluid domain through the use of a soft outer shell; this was used to
explicitly constrain the unit cell boundary both fluid and solid to remain cuboidal during deformation, by coupling the displace-
ments, in the direction normal to the respective faces, of all nodes to a master node on the inside surface. Casing layer of elements
and marrow are transparent for clarity in images.

BIRMINGHAM et al.1194



following a systematic study of the effects of boundary
conditions assumptions described in greater detail in
Birmingham et al.3

The solid bone deformation was simulated using
dynamic implicit analyzes within Abaqus/Standard.
An infinitesimal deformation kinematic framework
was assumed for the simulations, which is the default
kinematic setting for dynamic implicit in Abaqus. This
restriction to small strain kinematics was reasonable
given the relatively small magnitudes of bone strains
considered in these simulations, e.g. 2000 le equates to
only 0.2% compressive strain. Although bending of

some trabeculae during loading may lead to higher
local strains.

Bone was modelled as linearly elastic with
E = 15 GPa and m = 0.3.26 The soft outer case was
also linear elastic with E = 15 MPa3 and m = 0.3. A
density of 2 g/cm3 was applied to both. Bone marrow
was modelled as a Newtonian fluid with a viscosity of
0.4 Pa.s and a density of 0.9 g/cm37 Loading condi-
tions were applied to represent the experimental con-
ditions of a cyclic (1 Hz) compression applying 2000 le
nominal strain to the bone matrix. Shear stress in the
marrow was calculated using the reported shear rate
based on the second invariant of the rate of deforma-
tion tensor and multiplying this by the viscosity.3

Statistical Analysis

A Mann–Whitney Test was used to compare MAR,
MS and BFR between the control static samples and
the samples exposed to compressive loading. The non-
parametric analysis was selected due to the relatively
low samples size. Regression analyzes were performed
to assess the relationship between shear stress and bone
strain/marrow stress as calculated in the computa-
tional models. All analyzes were performed with
Minitab. For all comparisons, the level of significance
was p £ 0.05.

RESULTS

Trabecular Bone Histomorphometry

Analysis of the trabecular sections showed that
there was a greater mineral apposition rate for bone
explants exposed to compressive loading compared to
the explants cultured in control static conditions
(MAR p = 0.0304, Fig. 4a). There was no significant
difference between the two groups for mineralising
surface (MS, p = 0.1939, Fig. 4b). However, the bone
formation rate was greater in the loaded groups com-
pared to the control static group (BFR, p = 0.0304,
Fig. 4c). Representative images of calcein, alizarin red
and double labels are presented in Fig. 5. For clarity,
alizarin is red in color with calcein pseudo-colored in
green.

FSI Modelling of Trabecular Bone

Bone Strain

The distribution of maximum principal strain is
demonstrated for each loaded trabecular bone ex-
plant in Fig. 6, where L1, L2, L3 and L4 represent
each of the loaded samples. The majority of bone in

FIGURE 4. (a) Mineral Apposition Rate (MAR) (b) Mineralis-
ing Surface (MS) and (c) Bone Formation Rate (BFR) for the
loaded and the control static bone explants where asterisk
indicates significance between the average values for the
loaded group compared to the control static group. p< 0.05 as
calculated using a paired t test.
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each loaded sample was experiencing compressive
strain of less than 1000 le (88–98%, Table 1).
Average values of compressive strains in each sam-
ple, ranged from 363 to 635 le. The percentage of
bone experiencing compressive strain within the
reported stimulatory range (1000–3000 le) for each
sample is displayed in Table 1. In addition to strain
throughout the bone a particular focus was applied
to the strain on the bone surface with elements at
the bone/marrow interface analyzed in isolation.

The percentage of bone surface experiencing com-
pressive strain within the reported stimulatory range
(1000–3000 le) is displayed in Fig. 7b for each sam-
ple. By calculating the strain in the surface elements
alone, the amount of elements experiencing less than
1000 le compressiive strain decreased to 83–96%.
Additionally the average value of compressive strain
across the bone surface increased to 419–677 le and
the percentage of bone experiencing between 1000 and
3000 le compressive strain was greater at the surface
than within the total bone (Table 2).

Shear Stress in Marrow

The distribution of shear stress within the marrow is
shown for each trabecular bone explant in Fig. 8. In
the mechanically loaded trabecular explants the aver-
age shear stress within the marrow was found to range
from 0.018 to 0.020 Pa with less than 1% of the mar-
row in each sample (0.58, 0.22, 0.11 and 0.04%)
experiencing greater than 0.1 Pa. The percentage of
total marrow experiencing shear stress within the range
of 0.01 and 0.1 Pa is displayed in Fig. 9a and sum-
marized in Table 3. When the surface elements alone
were examined, the percentage of marrow experiencing
stress greater than 0.1 Pa increased in all samples (6.22,
1.57, 1.36 and 0.23%, Fig. 9b and Table 4).

Correlation Between Mechanical Loading
and Bone Growth

It was of significant interest to explore potential
correlations between the primary variables in the
computational modelling and the experiments. No

FIGURE 5. Representative images of calcein and alizarin labels. Alizarin (red) labels are indicated with #, calcein (green) labels are
indicated with asterisk and double labels are indicated with arrows. All scale bars are 100 lm.
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significant correlation was found between specific
levels of bone strain or shear stress within each loaded
sample and the amount of formed bone, as calculated
using MAR, MS and BFR. Figures 10a and 10b
demonstrate the lack of correlation between the sur-
face bone strain or surface marrow shear stress calcu-
lated from the models and the BFR calculated from
the explanted trabecular bone samples exposed to
loading. For the simulations, the average shear stress
within the marrow was found to be lower in models
with higher BV/TV as shown in Fig. 10. This BV/TV
was determined post-experiment using the l-CT scans.
A significant correlation was found between average
shear stress within the total marrow and the BV/TV.
This, however, was not the case for the average surface
shear stress. No significant correlation was found
between the average strain within the bone (p = 0.418)
or at the surface (p = 0.425) and BV/TV.

DISCUSSION

In this study the effect of compressive loading on
bone formation in trabecular bone explants was
determined through the use of a custom built biore-

actor coupled with computational modelling of the
bone and marrow. Bone explants exposed to com-
pressive loading were found to have a significantly
higher MAR and BFR compared to the control static
explants, demonstrating the anabolic effect of com-
pressive loading in the bone explant model. Compu-
tational results show that average shear stress within
the marrow ranged from 0.018 to 0.030 Pa, while the
average strain experienced in each sample ranged from
363 to 635 le. Bone strain and marrow shear stress
were highest in the regions at the bone/marrow surface,
and the averages of both shear stress and strain
increased when the surfaces alone were examined
(0.032 to 0.050 Pa and 419 to 677 le).

Both the control static samples and compressively
loaded samples were found to be actively producing
new matrix, with mineralising surfaces visible in both
cases and with both single and double labels visible.
However, the MAR and the BFR were significantly
greater in the compressively loaded samples compared
to the control static samples. This is in agreement with
similar studies that found that the in vivo anabolic ef-
fects of mechanical strain are reproduced in a trabec-
ular bone explant model.14,29 However, to the author’s

FIGURE 6. Max principal strain in the solid bone of each sample. Samples are sectioned, with the outer case of elements removed
and the marrow colored in gray for clarity.
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knowledge, this was the first time the ex vivo effects of
bone strain have also been examined using a combined
computational and experimental approach.

Some limitations of the study include the relatively
small sample size and short experiment duration. It
would be of significant interest to repeat this study for
a longer duration to see if the effects are maintained
over time. However, it is not known if this is possible
with the explant model as similar models have only
been studied up to 3 weeks14 and 4 weeks.29 Explant
models have advantages in that samples can be
obtained and maintained relatively easily and cheaply
compared to animal models. Additionally, for exam-
ining the causes of bone remodeling in response to

mechanical loading, the explant models have the
advantage of isolating the bone (and marrow) from
other potential effectors, such as muscle stimula-
tion,36,37 the nervous system25 and circulating blood.

The MAR reported in this study for the samples
exposed to a compressive load (approximately 1.0) is
of a similar level (0.25–0.94) with previous studies
which exposed bone explants to a similar loading re-
gime for a similar duration.14,29 The current study has
a mean BFR which is higher than reported in these
studies by 0.2 lm/day. Additionally, it compares
favorably with an in vivo study of post-menopausal
bone which reported a mean value of 0.53.38

It is of significant interest to compare the experi-
mental data with the computational model predictions.
Strains of the magnitude 1000–3000 le are thought to
stimulate new bone formation.8,18 However, it should
be noted that these studies derived the bone strain at
the overall bone scale rather than the micro scale. The
strains reported in the current study are derived from a
lFE analysis and therefore the use of the use of the
1000–3000 le range is a major assumption of the cur-
rent study. Previous studies into trabecular bone for-
mation in response to strain have demonstrated an
in vivo correlation in a mouse model between bone
strain and trabecular bone formation.27,28

Results from the current study demonstrate that
2.2–12.1% of the total bone in the compressively loa-
ded samples was experiencing between 1000 and
3000 le. This increased to 4.3–17.4% when just the
bone surface was examined. While no direct correla-
tion was apparent between the average strain magni-
tudes in a sample and the corresponding bone growth
in this study, it was clear that there was sufficient strain
generated in certain regions of the bone to stimulate an
anabolic response. This suggests that the compressive
strain does not have to reach the 1000–3000 le range
throughout the whole trabecular structure to stimulate
local bone formation. For example, in the sample (L1)
with only 2.2% of the total bone experiencing com-
pressive strain between 1000 and 3000 le, 97.8% of the
bone was experiencing compressive strain <1000 le
which is thought to be at a level which leads to
resorption however the sample as a whole had a BFR

TABLE 1. The percentage of total bone experiencing strain within different ranges and the average max principal strain within
each sample.

Value of max principal strain (le)

Loaded samples

L1 L2 L3 L4

% of bone <1000 98 96 94 88

1000–3000 2.2 4.4 6.0 12

>3000 0.00 0.03 0.03 0.02

Average max principal strain (le) 363 406 494 635

FIGURE 7. Distributions of max principal strain within the
bone of each compressively loaded trabecular bone explants
for the (a) total bone and (b) at the bone surface.
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of 0.24 lm/day. This indicates that the effects of this
strain, which was highest in localized regions, were
being transduced throughout the structure. This is
likely due to the extensive network of osteocytes
throughout the trabecular bone structure.40 These
cells, ideally placed within the bone,6,23,40 are directly
stimulated when the bone is under strain43 and are
capable of inducing an osteogenic response in MSCs
and other marrow resident cells.

2D parallel plate flow chamber experiments which
expose cells to shear stress values of 0.1–1 Pa have
been shown to stimulate osteogenic responses in
MSCs and pre-osteoblastic cells.1,2,11 Here, less than
1% of the total marrow, in each compressively loaded

sample, was experiencing shear stress in the stimula-
tory range of greater than 0.1 Pa. However when the
surface alone was examined the percentage experi-
encing greater than 0.1 Pa increased in all cases,
similar to the strain results. Although some portion of
the marrow was experiencing stresses greater than
0.1 Pa in all four samples, no significant correlation
was apparent between the individual shear stress
values in each sample and the corresponding bone
growth in this study. However, it was clear that the
lower the BV/TV the higher the shear stress experi-
enced by the marrow. This is in agreement with
previous studies,3,13 although a different trend has
been observed elsewhere.30

FIGURE 8. Shear stress within the bone marrow of the compressively loaded trabecular bone explants. The bone is colored in
white and the marrow mesh is removed for clarity.

TABLE 2. The percentage of the bone surfaces experiencing strain within different ranges and the average strain within each
sample.

Value of max principal strain (le)

Loaded samples

L1 L2 L3 L4

% of bone surface <1000 93 96 90 83

1000–3000 7.1 4.3 9.9 17

>3000 0.09 0.00 0.08 0.05

Average max principal strain (le) 419 462 540 677
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The aim of this study was to assess whether physi-
ological compression of trabecular bone generates
shear stress within the bone marrow which stimulates
new bone growth. It was found within the computa-
tional models of the sample specific geometries that
shear stress of sufficient magnitude to produce an os-
teogenic response in MSCs was indeed generated
during physiological compression. However, there was
also bone strain of significant magnitude generated
during compression which has the potential of being
transduced by osteocytes in their extensive network
and transmitted through a biochemical response
throughout the bone structure. The osteocyte network
is well established as capable of detecting, transducing
and transmitting a mechanobiological response to
MSCs.5 It is unknown if localized shear stress effects
can be transduced through the marrow. However, re-
cent work on the micromechanical modelling of mar-
row could provide some insights42 into potential
networks within the marrow. Given that both marrow
shear stress and bone shear strain were present in the
current study it was important to assess their relative
dominance, and based on the current results it is likely
that bone strain is the dominant driver at work to in-
duce the anabolic response in bone growth. This is due
to the greater amount of bone experiencing strain of
sufficient magnitude to generate an anabolic bone

TABLE 4. The percentage of the bone marrow surface experiencing shear stress within different ranges and the average shear
stress within each sample.

Value of shear stress (Pa)

Loaded samples

L1 L2 L3 L4

% of marrow surface <0.01 3.5 6.6 11 7.8

0.01–0.05 55 70 67 76

0.05–0.10 36 21 21 16

>0.1 6.2 1.6 1.4 0.23

Average shear stress (Pa) 0.050 0.037 0.034 0.032

TABLE 3. The percentage of the bone marrow experiencing shear stress within different ranges and the average shear stress
within each sample.

Value of shear stress (Pa)

Loaded samples

L1 L2 L3 L4

% of marrow <0.01 5.7 10 17 6.6

0.01–0.05 84 86 80 91

0.05–0.10 10 4.0 2.6 2.7

>0.1 0.58 0.22 0.11 0.04

Average shear stress (Pa) 0.030 0.021 0.018 0.022

FIGURE 9. Distributions of shear stress within the bone
marrow of each compressively loaded trabecular bone ex-
plants.
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growth response, compared to the amount of marrow
experiencing shear stress of such a sufficient magni-
tude.

CONCLUSIONS

In summary in vivo responses of trabecular bone to
compression loading were simulated in explanted tra-
becular bone samples as demonstrated by the increase
in MAR and BFR. Bone strain and marrow shear
stress were highest in the regions at the bone/marrow

surface. The average marrow shear stress was found to
decrease for samples with increasing BV/TV, which is
consistent with other studies. No significant relation-
ship was apparent between bone growth and individual
levels of bone strain or marrow shear stress within each
sample, however both bone strain and marrow shear
stress were above the minimum stimulatory levels in
localized regions for all four loaded samples. On this
basis, potential differentiation of MSCs within the
marrow may be more likely due to a combination of
indirect stimulation (bone strain through the osteocyte
network) and direct stimulation (shear stress in the
marrow).

Furthermore, given that it was a low percentage of
each sample that was shown to experience bone strain
and marrow shear stress within the stimulatory range
(1000–3000 le for compressive bone strain and
>0.1 Pa for marrow shear stress), it appears that the
extensive osteocyte network within the bone structure
is in play and is capable of transmitting the local effects
of high strain into a biochemical response to stimulate
other cells throughout the bone structure. It is not
known if such a network exists for the marrow,
meaning that the localized regions of high shear stress
could indeed remain localized to cells within that area.
Further research is required in the area of microme-
chanical modelling of the multi-cellular bone marrow
structure to determine if such a marrow network exists.
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