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MECHANICAL LOADING AND BONE

Topic Editor:
Jonathan H. Tobias, University of Bristol, United Kingdom

This research topic is focused on recent advances in our understanding of effects of mechanical 
loading on the skeleton, and research methods used in addressing these. Though it is well 
established that mechanical loading provides an essential stimulus for skeletal growth and 
maintenance, there have been major advances recently in terms of our understanding of the 
molecular pathways involved, which are thought to provide novel drug targets for treating 
osteoporosis. The articles included in this topic encompass the full spectrum of laboratory 
and clinical research, and range from review articles, editorials, hypothesis papers and original 
research articles. Together, they demonstrate how mechanical loading underpins many aspects 
of bone biology, including the pathogenesis and treatment of osteoporosis and other clinical 
disorders associated with skeletal fragility.

Citation: Tobias, J. H., ed. (2016). Mechanical Loading and Bone. Lausanne: Frontiers Media.  
doi: 10.3389/978-2-88919-751-4

2Frontiers in Endocrinology January 2016 | Mechanical Loading and Bone

http://journal.frontiersin.org/journal/endocrinology
http://journal.frontiersin.org/article/10.3389/fendo.2015.00184/full


05 Editorial: Mechanical Loading and Bone
 Jonathan H. Tobias

07 Alterations in the synthesis of IL-1a, TNF-`, IL-6, and their downstream targets 
RANKL and OPG by mouse calvarial osteoblasts in vitro: inhibition of bone 
resorption by cyclic mechanical strain

 Salvador García-López, Rosina Villanueva and Murray C. Meikle

14 Physical activity and bone: may the force be with you
 Jonathan H. Tobias, Virginia Gould, Luke Brunton, Kevin Deere,  

Joern Rittweger, Matthijs Lipperts and Bernd Grimm

19 Objectively measured physical activity predicts hip and spine bone  
mineral content in children and adolescents ages 5–15 years: Iowa bone  
development study

 Kathleen F. Janz, Elena M. Letuchy, Shelby L. Francis, Kristen M. Metcalf,  
Trudy L. Burns and Steven M. Levy

26 The contribution of experimental in vivo models to understanding  
the mechanisms of adaptation to mechanical loading in bone

 Lee B. Meakin, Joanna S. Price and Lance E. Lanyon

39 A new method to investigate how mechanical loading of osteocytes  
controls osteoblasts

 Marisol Vazquez, Bronwen A. J. Evans, Daniela Riccardi, Sam L. Evans,  
Jim R. Ralphs, Christopher Mark Dillingham and Deborah J. Mason

57 Mechanical regulation of bone regeneration: theories, models,  
and experiments

 Duncan Colin Betts and Ralph Müller

71 The effect of altering the mechanical loading environment on the  
expression of bone regenerating molecules in cases of distraction  
osteogenesis

 Mohammad M. Alzahrani, Emad A. Anam, Asim M. Makhdom,  
Isabelle Villemure and Reggie Charles Hamdy

82 New insights into Wnt–Lrp5/6–a-catenin signaling in mechanotransduction
 Kyung Shin Kang and Alexander G. Robling

87 Improvement of skeletal fragility by teriparatide in adult  
osteoporosis patients: a novel mechanostat-based hypothesis  
for bone quality

 Toshihiro Sugiyama, Tetsuya Torio, Tsuyoshi Sato, Masahito Matsumoto,  
Yoon Taek Kim and Hiromi Oda

Table of Contents

3Frontiers in Endocrinology January 2016 | Mechanical Loading and Bone

http://journal.frontiersin.org/journal/endocrinology
http://journal.frontiersin.org/article/10.3389/fendo.2015.00184/full


90 Ethnic differences in bone health
 Ayse Zengin, Ann Prentice and Kate Anna Ward

96 Romosozumab and blosozumab: alternative drugs of mechanical strain-related 
stimulus toward a cure for osteoporosis

 Toshihiro Sugiyama, Tetsuya Torio, Tsuyoshi Miyajima, Yoon Taek Kim  
and Hiromi Oda

4Frontiers in Endocrinology January 2016 | Mechanical Loading and Bone

http://journal.frontiersin.org/journal/endocrinology
http://journal.frontiersin.org/article/10.3389/fendo.2015.00184/full


EDITORIAL
published: 14 December 2015

doi: 10.3389/fendo.2015.00184

Edited and reviewed by:
Derek LeRoith,

Icahn School of Medicine at
Mount Sinai, USA

*Correspondence:
Jonathan H. Tobias

jon.tobias@bristol.ac.uk

Specialty section:
This article was submitted to Bone

Research, a section of the
journal Frontiers in Endocrinology

Received: 12 November 2015
Accepted: 23 November 2015
Published: 14 December 2015

Citation:
Tobias JH (2015) Editorial:

Mechanical Loading and Bone.
Front. Endocrinol. 6:184.

doi: 10.3389/fendo.2015.00184

Editorial: Mechanical Loading
and Bone
Jonathan H. Tobias*

Musculoskeletal Research Unit, School of Clinical Sciences, University of Bristol, Bristol, UK

Keywords: mechanical loading, skeleton, accelerometry, osteoblast, osteoporosis

The Editorial on the Research Topic

Mechanical Loading and Bone

INTRODUCTION

This Research Topic comprises 11 interesting and topical articles describing amixture of clinical and
laboratory approaches to howmechanical loading influences the skeleton. Of the five clinical papers,
those by Tobias et al. and Janz et al. address important methodological issues concerning the use of
accelerometers to record physical activity in a way that is relevant to mechanical loading of bone.
Two separate papers by Toshihiro Sugiyama et al. discuss how understanding of skeletal responses
to mechanical loading can help interpret the mechanism of action of bone anabolic drugs. The
paper by Zengin et al. illustrates how understanding of mechanical loading responses can be used to
interpret ethnic differences in skeletal structure. Of the six laboratory papers, those by Meakin et al.
and Vazquez et al. focus on methodological approaches to study mechanical loading in vivo and
in vitro, respectively. Four of the papers explore the mechanisms involved in mediating different
aspects ofmechanical loading responses of bone.García-López et al. report their findings concerning
the mechanisms involved in the inhibition of bone resorption by cyclical mechanical strain in vitro;
Kang and Robling review the role of the Wnt pathway in mechanotransduction; Alzahrani et al.
review the mechanisms involved in distraction osteogenesis; and Betts and Müller review theories
and models of mechanical regulation of bone regeneration after bone injury.

CLINICAL PAPERS

The papers by Tobias and Janz represent contrasting approaches to study the relationships between
physical activity and bone measures based on accelerometry. While the former addresses the role of
physical activity in preserving bone in older people, and the latter examines its role in bone accrual
in childhood. Moreover, these papers utilize distinct approaches to extract relevant information
about mechanical loading from accelerometry data. Janz et al. use conventional counts per minute
thresholds but apply a relatively high threshold denoting vigorous PA on the basis that such activity
is more likely to be osteogenic, as borne out by their results. By contrast, Tobias et al. extracted the
number of counts beyond specific g thresholds on the basis that these are more directly related to
ground reaction forces.

The remaining three clinical papers illustrate howunderstanding ofmechanical loading responses
can be used to explain findings from epidemiological to interventional studies of the skeleton. In
their hypothesis article on teriparatide effects on bone, Toshihiro Sugiyama et al. suggest that the
reason why gains in bone at the outer surface are limited is because simultaneous gains at the inner
surface act to limit strain at the outer surface. In a further hypothesis article, the same authors,
Sugiyama et al. suggest that the anti-sclerostin inhibitors blosozumab and romosozumab are partic-
ularly effective at simulating bone formation as a consequence of their ability to overcome negative
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feedback of themechanostat by interferingwith this process due to
its dependence on sclerostin. In their review of ethnic differences
in bone health, Ayse Zengin et al. conclude that differences in frac-
ture rate between ethnic groups cannot adequately be explained by
differences in areal bone mineral density, suggesting the need to
describe these based onmore detailedmeasures of bone structure.
Differences in the latter may in turn reflect ethnic differences in
muscle mass and force, or alternatively how the skeleton responds
to mechanical loading by these factors.

LABORATORY PAPERS

The papers by Meakin et al. and Vazquez et al. describe con-
trasting methodological approaches to studying the mechanisms
that mediate mechanical loading responses. Meakin et al. describe
how use of in vivo studies based on a range of animal models has
contributed to our understanding of the type of strain stimulus to
which the skeleton is most responsive. Vazquez focuses on in vitro
models of mechanical strain responses, describing a novel 3D
osteocyte–osteoblast co-culture system.

The remaining four laboratory papers describe different aspects
of the mechanisms involved in mechanical loading responses.
García-López et al. report that cyclical strain of osteoblast mono-
layers reduces expression of the bone resorptive cytokine RANKL,
but surprisingly other cytokines thatmight be expected tomediate
this response show a paradoxical increase in expression. The
review by Kang and Robling focuses on the role of Wnt sig-
naling in mediating osteogenic responses to mechanical strain
and suggests that while LRP5 is known to be involved, the

closely related receptor LRP6 may also play a hitherto unrecog-
nized role.

In their review article, Alzahrani et al. discuss how characteriza-
tion of themolecular pathways involved inmediating responses to
mechanical loading can be used to select improved protocols for
distraction osteogenesis, a surgical technique used to treat bony
deformities via limb lengthening. Finally, in their paper, Betts
and Müller review the different experimental studies, models,
and theories that explain how mechanical stimuli are sensed and
incorporated during bone regeneration as part of the healing
process after bone injury.

CONCLUSION

Together, the 11 papers published in this Research Topic provide
a good illustration of how mechanical loading underpins many
facets of bone biology, including the pathogenesis and treatment
of osteoporosis and other clinical disorders associated with skele-
tal fragility.

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
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Mechanical strain is an important determinant of bone mass and architecture, and the aim
of this investigation was to further understand the role of the cell–cell signaling molecules,
IL-1β, TNF-α, and IL-6 in the mechanobiology of bone. Mouse calvarial osteoblasts in mono-
layer culture were subjected to a cyclic out-of-plane deformation of 0.69% for 6 s, every 90 s
for 2–48 h, and the levels of each cytokine plus their downstream targets RANKL and OPG
measured in culture supernatants by ELISAs. Mouse osteoblasts constitutively synthesized
IL-1β, TNF-α, and IL-6, the production of which was significantly up-regulated in all three by
cyclic mechanical strain. RANKL and OPG were also constitutively synthesized; mechan-
ical deformation however, resulted in a down-regulation of RANKL and an up-regulation
OPG synthesis. We next tested whether the immunoreactive RANKL and OPG were bio-
logically active in an isolated osteoclast resorption pit assay – this showed that culture
supernatants from mechanically deformed cells significantly inhibited osteoclast-mediated
resorptive activity across the 48 h time-course.These findings are counterintuitive, because
IL-1β, TNF-α, and IL-6 have well-established reputations as bone resorptive agents. Never-
theless, they are pleiotropic molecules with multiple biological activities, underlining the
complexity of the biological response of osteoblasts to mechanical deformation, and the
need to understand cell–cell signaling in terms of cytokine networks. It is also important to
recognize that osteoblasts cultured in vitro are deprived of the mechanical stimuli to which
they are exposed in vivo – in other words, the cells are in a physiological default state that
in the intact skeleton leads to decreased bone strains below the critical threshold required
to maintain normal bone structure.

Keywords: mouse osteoblasts, mechanical deformation, pleiotropic cytokines, RANKL, OPG

INTRODUCTION
Mechanical stimuli play an important role in the growth, struc-
ture, and maintenance of skeletal tissues. It has been estimated
that environmental factors such as physical activity and nutri-
tion account for 20–40% of individual variation in bone mass,
the remaining 60–80% being determined by genetic factors (1,
2). Mechanical stimuli may be growth-generated as in embryonic
tissues with differential growth rates (3), the result of functional
movement as in synovial joints (4, 5), the consequence of physi-
cal activity (6), or by the activation of orthodontic appliances. In
contrast, prolonged bed rest or weightlessness leads to bone loss
and osteopenia (7, 8).

In the adult skeleton, during normal physiological turnover
there is a balance between the amount of bone resorbed by
osteoclasts and that formed by osteoblasts to maintain a con-
stant bone mass (9). Bone resorption and bone formation are
therefore said to be coupled, a process of renewing the skeleton

while maintaining its structural integrity, embodied in the A-R-F
(activation-resorption-formation) sequence of the bone remodel-
ing cycle. Bone remodeling is orchestrated by cells of the osteoblast
lineage and involves a complex network of cell–cell signaling
mediated by systemic osteotropic hormones, locally produced
cytokines, growth factors, and the mechanical environment of
the cells (10–13). One of the most significant developments in
connective tissue biology during the 1980s was the finding that
cytokines such as interleukin-1 (IL-1), tumor necrosis factor
(TNF), and IL-6, originally identified as immunoregulatory mole-
cules, could also act as regulators of pathophysiological resorption
(14–17) and were produced by many different cell types including
osteoblasts (18).

Another key advance was the observation that osteoclast for-
mation and function in vitro was dependent upon the presence
of stromal cells/osteoblasts, which suggested that soluble factor(s)
were involved in osteoblast–osteoclast signaling (19). This led to
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the discovery of OPG (osteoprotegerin) and RANKL (receptor
activator of nuclear factor κB ligand), two cytokines synthesized by
osteoblasts (20–24), and constituents of a ligand–receptor system
known as the RANK/RANKL/OPG triad that directly regulates
the final steps of the bone resorptive cascade. RANKL which
exists in both membrane-bound and soluble forms stimulates
the differentiation and function of osteoclasts, an effect medi-
ated by RANK, a member of the TNF receptor family expressed
primarily on cells of the monocyte/macrophage lineage, includ-
ing osteoclasts and their precursor cells (25). OPG is a secreted
protein that inhibits osteoclastogenesis by acting as a decoy recep-
tor, binding to and neutralizing both cell-bound and soluble(s)
RANKL.

Following the initial mechanotransduction event at the cell
membrane, mechanical stimuli appear to influence bone remod-
eling by their ability to regulate the synthesis and/or action of
cytokines. Since remodeling occurs at distinct sites throughout
the skeleton, osteoblast cytokines are ideally placed to regulate or
modify the action of other cell types in bone, although the interac-
tions are complex and poorly understood. Using mouse calvarial
osteoblasts as our model, the aim of this study was to determine
the effect of cyclic mechanical strain on the synthesis and biolog-
ical activity of the pleiotropic cytokines IL-1β, TNF-α, IL-6, and
their downstream targets RANKL and OPG.

MATERIALS AND METHODS
PREPARATION OF MOUSE OSTEOBLASTS
Calvarial osteoblasts were prepared and characterized by a mod-
ification of the method previously described by Heath et al.
(26). Neonatal mouse calvaria from BALB/C mice were dissected
free from adherent soft tissue, washed in Ca2± and Mg2±free
Tyrode’s solution (10 min) and sequentially digested with 1 mg/ml
trypsin (for 20 and 40 min). Cells from these digests were dis-
carded; the bones were washed in phosphate buffered saline
(PBS) and cut into pieces for a third trypsin digest (20 min).
The cells released from this digest were washed in PBS, cen-
trifuged at 1000 rpm for 5 min and the pelleted cells resuspended
in 1:1 F12/Dulbecco’s modification of Eagle’s medium (DMEM)
supplemented with 20% fetal calf serum (GIBCO, Invitrogen,
Carlsbad, CA, USA), 100 units/ml penicillin, and 100 µg/ml strep-
tomycin, then seeded into 75-cm flasks and grown to conflu-
ence at 37°C in a humidified atmosphere of 5% CO2/95% air.
The cells were identified as osteoblasts by morphological crite-
ria and the fact that more than 95% stained strongly for alkaline
phosphatase (ALP).

APPLICATION OF MECHANICAL DEFORMATION TO MOUSE
OSTEOBLASTS
After the cells had reached confluence (20–25 days), adherent cells
were detached with trypsin-EDTA (0.25%; Sigma), resuspended
in F12/DMEM with 10% fetal calf serum (Gibco), 100 units/ml
penicillin and 100 µg/ml streptomycin and plated at an initial cell
density of 106 cells/dish into 35 mm Petriperm dishes (In vitro
Systems & Services GmbH, Germany) with flexible bases. Vacuum
pressure was used to displace the substrate – maximal deflection
2 mm, according to the method of Banes et al. (27) and a cyclic
strain applied to the cells for 6 s (0.166 Hz), every 90 s for 2–48 h as

described previously (28). The maximal strain applied to the cells
was calculated according to the formula:

Arc =
1

2

√
d2 + 16 b2 +

d2

8b
1n

(
4b +

√
d2 + 16 b2

d

)
d = diameter (33 mm); b=maximum deflection (2 mm);
Arc= 33.23 mm

max strain =
Arc − d

d
100 = 0.69%.

Each dish contained 4 ml of F12/DMEM medium; 500 µl was
sampled at each time point and 500 µl fresh medium added.
Because the deformation is out-of-plane, the level of strain expe-
rienced by the cells will be greatest at the center and least at the
perimeter of the substrate and roughly half that programed into
the computer. The overall level of deformation is therefore compa-
rable with strain levels recorded at the surface of diaphyseal bone
in vivo (1–3× 106 microstrain) depending on location following
dynamic loading (29, 30).

CULTURE MEDIA PROTEOMICS
Media samples were supplemented with 1 mg/ml protease
inhibitor cocktail (Sigma-Aldrich P1860, St. Louis, MO, USA),
stored at −70°C and assayed 2 days later for IL-1β, TNF-α, IL-6,
OPG, and soluble sRANKL protein by enzyme-linked immunosor-
bent assays (ELISAs; R & D Systems, Minneapolis, MN, USA).
Absorbance was measured at 450 nm according to the manufac-
turer’s instructions.

OSTEOCLAST RESORPTION PIT ASSAY
The osteoclast resorption assay is based on the ability of isolated
osteoclasts to resorb cortical bone, dentine, or ivory slices in vitro
(31). Ivory was chosen as the substrate being free of vascular chan-
nels and pre-existing resorbing surfaces and osteoclasts produce
resorption pits in its smooth surface greatly facilitating quantifi-
cation. Ivory slices (250 µm in thickness) were cut with a Micro
Slice 2 machine (Metals Research, Cambridge, England) at low
speed from a 1 cm diameter rod. Osteoclasts were obtained from
the femurs of 2–3-day-old BALB/C mice and allowed to settle on
the slices for 20 min at 37°C as described previously (32). The sub-
strate was then washed free of non-adherent cells, and the slices
incubated for 24 h in a humidified atmosphere of 5% CO2/95%
air at 37°C in 500 µl of conditioned medium plus 500 µl of fresh
DMEM supplemented with 5% fetal calf serum, 100 units/ml peni-
cillin, and 100 µg/ml streptomycin in 1.5 cm multiwall plates. At
the completion of the culture period the cells were removed, the
ivory slices stained with trypan blue and resorption quantified by
measuring the surface area of the resorption lacunae by image
analysis (Stereoscopy Microscope model SKD/SKO/KTD, Arhe,
Holland). A single experiment consisted of eight ivory slices bear-
ing the cells from one mouse, with four slices for each control and
test variable.

STATISTICAL ANALYSIS
Data are expressed as mean± standard error of the mean (SEM).
Differences between control and experimental cultures were deter-
mined by the Student’s t -test (two tailed) using GraphPad Prism
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4 software (GraphPad Software Inc., San Diego, CA, USA) and the
level of significance set at P < 0.05.

RESULTS
EFFECTS OF CYCLIC MECHANICAL STRAIN ON CYTOKINE PRODUCTION
Mouse calvarial osteoblasts in monolayer culture constitutively
synthesized IL-1β, TNF-α, and IL-6 over the 48 h time-course
of the experiments; for IL-1β and TNF-α the levels were 103

pg/ml and for IL-6, 2–3× 103 pg/ml (Figure 1). Cyclic tensile
strain significantly up-regulated IL-1β and TNF-α synthesis two-
to threefold from 2 to 24 h, returning to control levels by 48 h
(Figure 1). In the case of IL-6 the increments were smaller (one-
to twofold), but of greater magnitude (4–8× 103 pg/ml), and were
sustained over the entire 48 h time-course (Figure 2).

EFFECTS OF CYCLIC STRAIN ON sRANKL AND OPG
Cultured mouse osteoblasts constitutively synthesized sRANKL
and OPG. From 2 to 24 h there was a significant reduction in the
level of sRANKL of approximately one- to twofold in mechani-
cally deformed cultures; from 24 to 48 h, however, immunoreactive
sRANKL returned to control levels (Figure 3). In contrast, OPG
levels were not significantly different over the first 24 h, but from
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FIGURE 1 | IL-1β andTNF-α production by mouse calvarial osteoblasts.
Osteoblasts in monolayer culture were subjected to a cyclic tensile strain
(6 s every 90 s) for 2–48 h and the culture media assayed for IL-1β and TNF-α
by ELISAs. Results are expressed as mean±SEM for 10 cultures.
***Experimental significantly greater than control. P <0.001.

24 to 48 h had increased by approximately 50% in culture media
from mechanically deformed cells (Figure 3).

INHIBITION OF OSTEOCLAST RESORPTION
In view of the well-established ability of IL-1β, TNF-α, and IL-6 to
stimulate bone resorption in vitro, and the importance of OPG and
RANKL in regulating the terminal pathway of the bone resorptive
cascade, we next tested the biological activity of the RANKL/OPG
ratio in the culture media using an isolated osteoclast resorption
pit assay. Figure 4 shows the contrary to expectation there was
a significant inhibition of osteoclast resorption by culture media
from mechanically strained cultures over the entire 2–48 h time
scale.

DISCUSSION
Rubin et al. (33) have shown that tensile mechanical strain (2%
at 10 cycles/min) applied to mouse bone marrow stromal cells
in vitro, decreased RANKL mRNA levels by 60%. Kusumi et al. (34)
have similarly reported a decrease in RANKL mRNA expression
and sRANKL release from human osteoblasts following 7% cyclic
tensile strain; they also found that mechanical strain increased
OPG synthesis. The present study builds on these findings, provid-
ing evidence for an upstream mechanism, and shows that contrary
to what one might have expected, mechanical stress up-regulated
the synthesis of IL-1β, TNF-α, and IL-6, three cytokines known to
be potent stimulators of bone resorption in vitro (14–17).

IL-1β, TNF-α, and IL-6 have also been shown to stimulate
osteoclast differentiation and bone resorption in a synergistic
manner (35), and perhaps unexpectedly, to increase the produc-
tion of both RANKL and OPG in the human osteosarcoma cell
line MG-63 (36–38), although the dominant outcome was a net
increase in RANKL activity (39, 40). We were therefore surprised to
find that while intermittent tensile strain up-regulated IL-1β, TNF-
α, and IL-6 synthesis, OPG production increased and sRANKL
decreased, and when tested in an osteoclast resorption assay, cul-
ture supernatants from mechanically deformed cells were found
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FIGURE 2 | IL-6 production by mouse calvarial osteoblasts. Osteoblasts
in monolayer culture were subjected to a cyclic tensile strain (6 s every 90 s)
for 2–48 h and the culture media assayed for IL-6 by an ELISA. Results are
mean±SEM for 10 cultures. ***Experimental significantly greater than
control. P <0.001.
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FIGURE 3 | RANKL and OPG production by mouse calvarial
osteoblasts. Osteoblasts in monolayer culture were subjected to a cyclic
tensile strain (6 s every 90 s) for 2–48 h and the culture media assayed for
RANKL and OPG by ELISAs. Results are expressed as mean±SEM for 10
cultures. ***Experimental significantly different from control. P < 0.001.

to be inhibitory. This highlights the importance of bioassays. The
bone literature contains a good deal of information about gene
expression in normal and transformed cell lines, rather less about
whether the expressed genes of interest are translated into protein,
and if they are, whether the proteins are biologically active – in
other words, real functional molecules.

We have previously shown that cyclic mechanical strain in the
same model system inhibits IL-10 and stimulates IL-12 production
by mouse calvarial osteoblasts (28), two cytokines with the ability
to inhibit bone resorption. IL-10 selectively blocks osteoclasto-
genesis by inhibiting the differentiation of osteoclast progenitors
into preosteoclasts (41, 42), while IL-12 inhibits RANKL-induced
osteoclast formation in mouse bone marrow cell cultures, an effect
mediated by IFN-γ (43, 44). IL-10 also suppresses osteoblast differ-
entiation in mouse bone marrow cultures by inhibition of TGF-β1
production (45, 46).

These data underline the complexity of the biological response
of osteoblasts to mechanical deformation and the potential disad-
vantage of investigating a relatively small number of cytokines at
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FIGURE 4 | Effect of conditioned media from osteoblast cultures on the
surface area of mouse osteoclast resorption lacunae. Osteoclasts were
obtained from the femurs of 2–3-day-old BALB/C mice and allowed to settle
on ivory slices for 20 min at 37°C. The substrate was washed free of
non-adherent cells and the slices incubated for 24 h in 500 µL of
conditioned medium plus 500 µl fresh DMEM; resorption was quantified by
measuring the surface area of the resorption lacunae by image analysis. The
values represent the means±SEM from four slices at each time point.
***Experimental significantly less than control. P <0.001.

any one time. The fusion of real-time RT-PCR with microarray
technology, which enables a large panel of genes to be screened
at the same time under identical experimental conditions using
relatively small quantities of RNA, provides an opportunity to
significantly expand our knowledge of the number of mechanore-
sponsive genes expressed by bone cells. This has been used recently
for periodontal ligament cells in an attempt to understand cell–cell
signaling in terms of cytokine networks, and how these regulate
complex biological processes such as tooth movement (47, 48).
The downside is that more genomic data increases the difficulty
of establishing a coherent sequence of events at the protein level.

This brings us to the significance of the present findings in the
context of intact bone. Mechanical strain is an important deter-
minant of bone mass and architecture, and the introduction of
in vivo models in which carefully controlled external loads could
be applied to bone, led to important advances in understanding
the strain-dependent adaptation of bone to altered function (49–
51). These showed that increased bone strains above a certain
critical threshold resulted in bone formation, while reductions in
strain magnitude resulted in bone loss and osteopenia. In the jaws,
for example, masticatory hypofunction resulting from reduced
occlusal loading leads to a reduction in alveolar bone mass and
bone mineral density (52–55). Stress-shielding and disuse atrophy
resulting from the implantation of rigid metallic devices into bone,
is also a well-recognized complication of total hip arthroplasty and
fracture fixation in orthopedic surgery (56–58).

To describe this tissue-level regulatory negative-feedback
mechanism and add some clarity to the relationship between form
and function in bone, the principle of a “mechanostat” for regu-
lating bone mass was revived by Frost (59); the basic idea being
that for each bone in the skeleton, there is a functional or mechan-
ically adapted state within the boundaries of which normal bone
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mass is maintained. Osteoblasts cultured in vitro are deprived of
the mechanical stimuli to which they would normally be exposed
in vivo – in other words, the cells are in a physiological default
state that in the intact skeleton leads to a decrease in bone strains
below the critical threshold required for the maintenance of nor-
mal osseous architecture. The result is a localized negative skeletal
balance or osteopenia and the reason why in vitro models are ideal
for investigating bone resorption – the osteopenia is not perma-
nent, however, and can be reversed by the restoration of normal
functional loading.

The use of neonatal mouse calvaria as a source of primary cells
of the osteoblast lineage as an alternative to transformed cell lines
in bone biology is well-established. However, phenotypic differ-
ences exist between individual bones of the skeleton depending on
their anatomical location, and calvarial and limb bones do not
demonstrate the same responses to mechanical loading. Rawl-
inson et al. (60) recorded normal functional strains as low as
30 microstrain (µε) on rat parietal bone and found that unlike
tibial osteoblasts (derived from lateral plate mesoderm), calvar-
ial osteoblasts (of neural crest cell origin) did not show the same
early responses to dynamic mechanical strain. Direct strain mea-
surements in a human volunteer further showed that in the skull,
the highest strains recorded (200 µε) were 10-fold lower than for
the tibia (61), levels that in the rest of the skeleton would lead to
profound bone loss.

Differences between neural crest and mesodermal bone in the
concentration of growth factors (62, 63), heterogeneity of the
enzymes produced by their osteoclasts (64, 65), patterns of expres-
sion of bone morphogenetic proteins (66) and the abundance of
several matrix proteins, notably collagen in calvarial bone (67)
have been reported. However, none provide an adequate answer
to the question: what makes calvarial bone resistant to levels of
mechanical strain that in the rest of the skeleton would lead to
profound bone loss? It cannot be because calvarial bone is derived

from the neural crest – the bones of the jaws are also of neural crest
cell origin and do not show the same resistance to reduced mechan-
ical loading. The well-characterized primary human calvarial and
femoral osteoblasts now available from commercial sources pro-
vides an opportunity to further investigate these aspects of the
mechanobiology of bone, but whether in vitro models are able to
provide the answer remains to be seen.

In conclusion, the findings of this investigation are counterintu-
itive because IL-1β, TNF-α, and IL-6 have well-established reputa-
tions as bone resorptive agents. Nevertheless, they are pleiotropic
molecules with multiple biological activities in addition to the
stimulation of resorption, underlining the complexity of the bio-
logical response of osteoblasts to mechanical deformation, and the
need to understand cell–cell signaling in terms of cytokine net-
works. It is also important to recognize that osteoblasts cultured
in vitro are in a physiological default state that in the skeleton
leads to decreased bone strains and osteopenia; this suggests that
the application of mechanical strain to osteoblasts in vitro results
in an osteogenic stimulus by restoring the metabolic activity of the
cells to levels approaching that produced by functional osteoblasts
in vivo.
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Physical activity (PA) is thought to play an important role in preventing bone loss and osteo-
porosis in older people. However, the type of activity that is most effective in this regard
remains unclear. Objectively measured PA using accelerometers is an accurate method
for studying relationships between PA and bone and other outcomes. We recently used
this approach in the Avon Longitudinal Study of Parents and Children (ALSPAC) to examine
relationships between levels of vertical impacts associated with PA and hip bone mineral
density (BMD). Interestingly, vertical impacts >4g, though rare, largely accounted for the
relationship between habitual levels of PA and BMD in adolescents. However, in a subse-
quent pilot study where we used the same method to record PA levels in older people,
no >4g impacts were observed. Therefore, to the extent that vertical impacts need to
exceed a certain threshold in order to be bone protective, such a threshold is likely to be
considerably lower in older people as compared with adolescents. Further studies aimed
at identifying such a threshold in older people are planned, to provide a basis for selecting
exercise regimes in older people which are most likely to be bone protective.

Keywords: impact loading, bone, physical activity, BMD, exercise

INTRODUCTION
Physical Activity (PA) declines markedly in older people; less
than 30% of 65- to 74-year-olds and less than 15% of adults
>75 report any moderate-intensity PA lasting >10 min in the
previous 4 weeks (1). As well as increasing physical frailty and
co-morbidities, psychological, social, and economic factors con-
tribute to this decrease. For example, the OPAL study, which
used a socio-ecological approach to identify psycho-social and
socio-environmental influences on PA as assessed by accelerom-
etry (2), found relationships with the nature and frequency of
outings (3), neighborhood social deprivation (4), lack of intrin-
sic motivation, and lack of an activity companion (5). Higher
levels of PA benefit a wide range of physiological systems in older
people, including cardiovascular, respiratory, metabolic, neurolog-
ical and neuromuscular, and cognitive function1, and improve life
expectancy (6). The WHO recommends that those above age 65
partake in a minimum of 150 min of moderate-intensity aerobic
PA per week (e.g., brisk walking), or 75 min of vigorous-intensity
PA (e.g., jogging)2.

PA AND OLDER PEOPLE’S BONE HEALTH
Hip fracture is a major cause of morbidity and mortality in older
people, leading to loss of independence, and a huge economic bur-
den through both direct medical costs and social sequelae (7). It
is thought that age related declines in the intensity and quantity
of PA contribute to this increase in risk of osteoporotic fracture,
and that promotion of PA in older people helps to maintain bone

1http://www.health.gov/paguidelines/report/pdf/committeereport.pdf
2http://whqlibdoc.who.int/publications/2010/9789241599979_eng.pdf

mass: epidemiological studies report that risk of hip fracture is
reduced in older adults who remain more physically active (8);
walking for leisure is associated with reduced hip fracture risk (9–
11). Therefore, although increased PA in the elderly leads to greater
exposure to falls risk, it would seem that any tendency for this to
increase fracture risk is outweighed by other benefits and that the
net effect is a reduction in fracture risk. As well as benefits in terms
of bone mass as described below,PA may also reduce the risk of falls
through specific muscle-strengthening and balance-training activ-
ities, which preserve muscle strength, delaying sarcopenia, and
maintaining neuromuscular function necessary to keep balance
and react to a fall.

In terms of effects on bone mass, PA may stimulate bone for-
mation and thus improve bone mineral density (BMD), which is
strongly related to hip fracture risk (12), through exposing the
skeleton to mechanical strain (defined as deformation of bone
per unit length in response to loading). An important physio-
logical link exists between exercise and bone, as demonstrated by
findings from animal studies over 30 years ago that the skeleton
is exquisitely responsive to mechanical strain; bone loss caused
by immobilization was prevented by only four loading cycles per
day (13). Though related to fracture risk, there is little evidence
that walking interventions improve BMD, as judged by findings
of a recent meta-analysis (14). In contrast, protocols that com-
bined jogging, walking, and stair climbing consistently improve
hip BMD in older people (15). Interventions to increase aerobic
activities, high impact exercises, “odd-impact” exercise loading,
and resistance training (designed to increase bone loading through
increased muscle strength) also improve hip BMD in this group
(15–19). However, the optimum type of activity for improving
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BMD remains unknown, and it is unclear whether a specific strain
needs to be exceeded. Moreover, other aspects of impacts may also
be important, such as movement frequency. In addition, specific
activities may affect BMD at certain sites in preference to oth-
ers, which may be important if improved BMD is to translate into
reduced fracture risk which is the primary goal, in light of evidence
that hip fracture risk is related to thinning of a specific portion of
the femoral neck (20).

MEASUREMENT OF PA ACCORDING TO LEVEL OF IMPACT
LOAD
Observational studies may be useful for estimating relationships
between PA and bone outcomes, providing the PA measure in
question is related to strain. PA questionnaires have been used to
record participation in different sporting activities graded accord-
ing to vertical impact loads (21). Pedometers were used in a cross
sectional study of 105 individuals aged 49–64 years, with a dose–
response relationship observed in females between cumulative
loading as calculated from a combination of number of steps,
walking speed, and weight, and hip BMD (22). Lower limb impact
during weight bearing reflects their ground reaction force which is
the product of mass times acceleration, and so depending on place-
ment accelerometers can provide objective measures of exposure
to different levels of impact load. To detect vertical movement of
the center of mass, accelerometers need to be attached to the trunk,
for example held in a belt laterally just below the waist, despite the
fact that some dampening through the skin will occur particularly
in obese individuals (other placements such as the ankle are less
accurate as movements can occur independently of the center of
mass). Using an Actigraph device in this way in adolescents from
the Avon Longitudinal Study of Parents and Children (ALSPAC),
vigorous PA (based on a threshold of 6200 cpm, equivalent to
jogging) was positively related to cortical bone mass, but no inde-
pendent relationship was seen for moderate PA after adjusting for
vigorous PA (23).

Although these findings suggest that the Actigraph differenti-
ates between PA exposure and bone outcomes according to impact
level, earlier versions of this device were primarily designed to mea-
sure general body movement, and externally calibrated to energy
consumption to be associated with obesity-related outcomes (24).
They were limited in detecting brief high impact events with high
osteogenic potential due to a narrow dynamic range (original
devices had an upper range of 2.13g), filtering out of high fre-
quency motion, and summation of records into epochs of typically
30–60 s. Moreover, rather than a true representation of “event”
frequency, the counts per minute (cpm) output of the Actigraph
integrates movement frequency with level of acceleration, making
it difficult to relate the output to specific impacts or activities.

Newer generations of digital accelerometers [e.g., Actigraph
GT3X-BT, Gulf Coast Data Concepts (GCDC) X16-1c] have
wider dynamic ranges (8 and 16g, respectively), high sampling
frequencies (>100 Hz), and the raw signal can be accessed with-
out filtering or summation into epochs. Previous studies using
a research prototype developed by Newtest suggest that the abil-
ity to derive impact loads from the raw signal, ideally suited for
studying PA effects on the skeleton, can yield important insights.
The Newtest prototype recorded the number of counts within

33 pre-specified acceleration bands, and distinguished exposure
to high impact loads associated with osteogenic activities like
running and jumping (25). In a prospective study of PA exposure
in 64 premenopausal women using this device, a positive rela-
tionship was only observed between hip BMD and counts >3.9g
(seen during running) (25). Similarly, after analyzing cross sec-
tional relationships between exposure to different g-forces and
bone development in ALSPAC 17-year-olds, hip BMD was most
strongly related to counts >4g, in spite of their rarity, whereas
no association was seen for lower impact loads after adjusting
for exposure to higher impacts (26). This 4g threshold represents
a higher impact than the 6200 cpm threshold for vigorous PA as
used in our previous Actigraph study (23), but is entirely consistent
with current understanding of skeletal physiology (27).

Subsequent analysis of pQCT-based measures performed at
the mid-tibia suggested high impacts improve BMD of the lower
limb through a combination of increased cortical thickness and
periosteal circumference, with the latter effect strongest in boys
(28). In future studies, we hope to repeat these measures to estab-
lish whether exposure to high impacts during childhood and
adolescence has persisting effects on subsequent peak bone mass.
Evidence that past history of sporting activity in childhood and
adolescence is positively associated with cortical bone mass in
young adult men is consistent with the suggestion that the positive
influence of high impact activity on bone which we observed has
a persisting effect (29).

Interestingly, impacts >3.1g (seen during jogging and run-
ning) were also particularly related to lean mass (30), suggesting
this approach may also be more accurate in analyzing relation-
ships with lean mass, with potential application to the study of
sarcopenia. In contrast, impacts within 1–3g (e.g., moderately
brisk walking and jogging (25) were most strongly related to fat
mass (30). The latter relationship was equivalent to that previ-
ously reported from the same cohort based on moderate and
vigorous physical activity (MVPA) as measured by Actigraph (31),
consistent with cross calibration studies showing reasonably high
correlation between Actigraph (MVPA), and the sum of counts in
g bands >1.1g measured by Newtest (r2

= 0.41). Hence, exposure
to lower impacts may be helpful in evaluating effects of PA on
other systems.

PA IMPACTS IN OLDER PEOPLE
While assessment of PA according to impact level has provided
novel insights in adolescents and premenopausal women, it is
unclear whether these findings also apply to older individuals.
Even in adolescents, impacts >4g, or even >3.1g are rare (e.g.,
median 39 impacts >3.1g/day) (30). These impacts are likely to
be even rarer in older people, but we are not aware of any pre-
vious studies examining this question. Therefore, we performed
two pilot studies to characterize habitual exposure to PA in older
people according to level of impact.

PILOT STUDY POST HIP/KNEE REPLACEMENT
We aimed to record habitual PA over 7 days in older people as part
of a wider study of functional outcomes following hip/knee joint
replacement surgery. We studied patients who were 3 months post
joint replacement, by which time they had largely recovered from
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the effects of surgery and returned to their pre-operative func-
tional level. After obtaining written informed consent, a GCDC
Series X250-2 tri-axial accelerometer was attached to an elasticated
belt, and worn in a horizontal orientation just anterior to the ischial
crest during waking hours (except when washing, swimming, or
bathing). Vertical impacts were classified into five bands (0.5–1, 1–
2, 2–3, 3–4, >4g), and the mean count calculated at each band for
each individual. Results were subsequently expressed as number
of counts per day.

All participants wore the monitors for the full 7 days (for a
median of 106 h). Nineteen of 24 participants had usable data
(median age 68.9). As a group, their level of function was relatively
low as reflected by a median of 20 s for their 20 m walk time and
14 s for“get-up-and-go”test. Very few vertical impacts at the hip of
3g or higher were recorded in this study; 12 of the 19 participants
achieved one or more impacts over 3g, with a maximum count of
8 impacts at this level over the 7 days (Table 1). Similarly, only 8 of

Table 1 | Median and quartiles of the number of daily activity counts

for each g band, and total activity counts, for 19 individuals 3 months

post joint replacement.

Median 25th 75th

0.5–1g 512.86 373.71 1744.07

1–2g 72.86 29.00 89.36

2–3g 1.43 0.43 4.50

3–4g 0.14 0.00 0.21

>4g 0.00 0.00 0.21

Total activity count 538.57 434.29 1827.79

the 19 achieved one or more impacts at the hip of 4g or greater, with
a maximum of 4 impacts at this level recorded in the 7 days period.
In order to investigate whether the most active individuals were
also those achieving the highest vertical impacts, mean daily total
counts against mean daily counts in the higher impact bands were
plotted for each individual. The most active individuals, by total
number of activity counts, were not necessarily those sustaining
the highest vertical impacts (Figures 1 and 2).

AEROBICS CLASS PILOT STUDY
Twenty participants were recruited from a group of older females
regularly attending exercise classes at the University of Bristol Cen-
tre for Sports, Exercise and Health. Four study sessions, each with
five participants, were held. Each participant was fitted with a
tri-axial accelerometer as described above. Monitors were turned
on just before the start of the session, and recordings matched
to different activities within it. The study sessions consisted of
a short exercise routine to music, similar to that carried out in
the participants’ usual classes (Table 2). This was also extended
by other activities (20 m walking normal pace, 20 m brisk walk-
ing, 20 cm step up and down with repeats, 30 cm step up and
down with repeats). Data was analyzed as counts of vertical
impacts for each activity, with impacts grouped in 0.3g bands
(from 0–0.3 to >2.1g).

Participants were a mean of 67 years of age, and had a relatively
good level of function as reflected by median of 14 s for 20 walk
and 8 s for “get-up-and-go” test. For one participant, no data was
recorded due to failure of the monitor. In another case, the moni-
tor stopped working after the exercise class part of the session, but
before the further individual activities. No vertical impacts higher
than 2.1g were recorded in this study. One individual recorded 46

FIGURE 1 | Mean daily total activity counts plotted against mean daily vertical impacts >3g for each individual.
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FIGURE 2 | Mean daily total activity counts plotted against mean daily vertical impacts >4g for each individual.

Table 2 | Aerobics class activities.

1 “Mambo” leading from the left leg (left leg step forward, right leg

step in place, left leg step backward).

2 “Mambo” leading from the right leg.

3 “Easy walk” leading from the left leg (Left foot forward, right foot

forward and wide, left foot back, right foot next to left).

4 “Easy walk” leading from the right leg.

5 “Double side-step” (left foot sideways, right on spot, left foot next

to right, right foot sideways, left on spot, right foot next to left).

6 “Half Jack” (jump to five-pointed star with arms to shoulder

height, jump to standing with arms down, and feet together).

7 “Hamstring Curl” (alternate sides step sideways, bring other foot

up to rear).

8 “Knee Lift” (lifting knee on alternate sides).

counts of 1.8–2.1g over all activities, and another 25 counts. Seven
of the 19 participants with impact data achieved no counts in the
1.8–2.1g band, and in once case the highest impact recorded was
in the 0.9–1.2g band.

FUTURE RESEARCH QUESTIONS
Taken together, these pilot studies suggest that not surprisingly,
older individuals are exposed to considerably lower g-forces com-
pared to adolescents and premenopausal women. For example,
there was virtually a complete lack of higher impacts at the level
suggested to be required for optimal bone development in ado-
lescents. Due to the small size of the pilot studies presented here,

and the selective nature of their recruitment, our findings are not
necessarily generalizable to the wider population; in the Verti-
cal Impacts and Bone in the Elderly (VIBE) study, we are in the
process of extending our studies to characterize vertical impacts
in much larger population-based cohorts of older people. Assum-
ing our findings are at least partly representative of the level of
vertical forces to which older people are exposed, impacts within
lower g ranges which we recorded may well exert some protective
effect on the skeleton. Loss of these low impacts may represent
an important contribution to the development of osteoporosis in
later life. The skeleton of older individuals may be more sensi-
tive to low impacts compared to children and younger adults for
several reasons. For example, lower g-forces may be needed to
preserve bone, as opposed to stimulate its acquisition during peak
bone mass attainment. In children and adolescents, bone accrual is
achieved by a process of bone modeling involving a combination
of longitudinal growth and periosteal expansion; it may well be
that these physiological processes are regulated by a different level
of strain, compared to bone remodeling responsible for preserva-
tion of bone in the mature skeleton. Furthermore, a given level of
impact will produce greater strains in older people, due to their
reduced bone strength.

Therefore, although a dose–response relationship between
impact level and BMD may still exist in older people, this is
likely to be shifted to the left. Defining such relationships will
be key to identifying the types of activity that are likely to be the
most effective in preventing bone loss and osteoporosis in older
individuals. An important caveat is that exposure to such forces
must be safe and without risk of injury. If forces between 1.8 and
2.1g, in the upper range of that observed in older participants
performing an aerobics class, are found to be bone protective, it
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seems highly unlikely that these are sufficient to cause injury by
themselves. However, performing such activities without supervi-
sion or appropriate training, or in the presence of co-morbidities
affecting musculoskeletal or neurological function, may lead to
a significant risk of falls and fractures. Therefore, having found
which activities are likely to be bone protective, an important goal
in their evaluation will be to ensure they can be delivered safely as
well as effectively.
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This study examined the association between physical activity (PA) and bone mineral con-
tent (BMC; gram) from middle childhood to middle adolescence and compared the impact
of vigorous-intensity PA (VPA) over moderate- to vigorous-intensity PA (MVPA). Participants
from the Iowa bone development study were examined at ages 5, 8, 11, 13, and 15 years
(n=369, 449, 452, 410, and 307, respectively). MVPA and VPA (minutes per day) were
measured using ActiGraph accelerometers. Anthropometry was used to measure body
size and somatic maturity. Spine BMC and hip BMC were measured via dual-energy x-
ray absorptiometry. Sex-specific multi-level linear models were fit for spine BMC and hip
BMC, adjusted for weight (kilogram), height (centimeter), linear age (year), non-linear age
(year2), and maturity (pre peak height velocity vs. at/post peak height velocity). The inter-
action effects of PA×maturity and PA× age were tested. We also examined differences
in spine BMC and hip BMC between the least (10th percentile) and most (90th percentile)
active participants at each examination period. Results indicated that PA added to predic-
tion of BMC throughout the 10-year follow-up, except MVPA, did not predict spine BMC
in females. Maturity and age neither modify the PA effect for males nor females. At age
5, the males at the 90th percentile for VPA had 8.5% more hip BMC than males in the
10th percentile for VPA. At age 15, this difference was 2.0%. Females at age 5 in the 90th
percentile for VPA had 6.1% more hip BMC than those in the 10th percentile for VPA. The
age 15 difference was 1.8%.VPA was associated with BMC at weight-bearing skeletal sites
from childhood to adolescence, and the effect was not modified by maturity or age. Our
findings indicate the importance of early and sustained interventions that focus on VPA.
Approaches focused on MVPA may be inadequate for optimal bone health, particularly for
females.

Keywords: accelerometry, adolescence, childhood, dual-energy x-ray absorptiometry, exercise, mechanical loading,
skeletal health

INTRODUCTION
Skeletal fractures associated with osteoporosis have significant
health consequences including chronic pain, loss of function, and
loss of independence (1). The economic cost of osteoporotic frac-
tures is also high and growing, e.g., by 2025 in the U.S., fractures are
projected to cost of $25.3 billion/year (2). Previous epidemiologi-
cal studies have estimated that a 10% increase in peak bone mass
may reduce osteoporotic fracture risk by 50% in post-menopausal
women (3, 4). Because of this, prevention strategies during child-
hood and adolescence aimed at increasing peak bone mass are
critical.

A promising method for preventing osteoporosis is participa-
tion in bone-strengthening physical activity (PA). The ability of
PA to stimulate bone remodeling (osteogenic potential) is deter-
mined by the dynamic and odd nature of the load, magnitude
of the load, rate at which the load is applied, and duration of

the loading session. In general, activities that produce ground
reaction forces (GRF) >1–2 times body weight or require sig-
nificant muscle loading of the bones are more effective (5).
Because of its importance in osteoporosis prevention (6), bone-
strengthening PA has been included in the PA Guidelines for
Americans, recommending that children and adolescents include
these activities as part of their 60 min of daily PA on at least
3 days/week (7).

The beneficial effects of PA on bone health throughout the lifes-
pan are evident (6). For example, a review of controlled trials of
weight-bearing exercise and bone mineral content (BMC) in chil-
dren and adolescents from 3 to 17 years (8) conducted by Hind and
Burrows (9) found increases in BMC of 0.9–4.9% in prepubertal
children, 1.1–5.5% in early pubertal children, and 0.3–1.9% in
pubertal children. However, only one study examined spine BMC
and hip BMC in children younger than age 7 and reported that
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PA did not increase BMC (10). The paucity of studies examin-
ing young children’s PA and BMC make it difficult to understand
expected dose–response and therefore plan appropriate interven-
tions. In addition, PA dose on BMC during intervention studies
may not necessarily be generalizable to everyday physical activities
that children and adolescents would voluntarily select. Therefore,
the purpose of our study was to observationally and longitudinally
examine the association between PA and BMC, including young
children (age 5) and to compare the impact of vigorous-intensity
PA (VPA) over moderate- to vigorous-intensity PA (MVPA) from
ages 5 to 15.

MATERIALS AND METHODS
PARTICIPANTS
Participants were recruited for the Iowa bone development study
between 1998 and 2001 from a cohort of families participating
in the Iowa fluoride study. The Iowa bone development study
is a longitudinal study of bone health during childhood, adoles-
cence, and young adulthood. Additional information about the
study design and demographic characteristics of the participants
have been described elsewhere (9, 11–13). This report focuses on
data collected at ages 5, 8, 11, 13, and 15 years (N = 369, 449, 452,
410, and 307, respectively). To be included in the analyses, par-
ticipants were required to have at least two measurements with at
least one of those measurements occurring after age 8. Approval
for this study was obtained from the University of Iowa Institu-
tional Review Board for human subjects. Parents provided written
informed consent and participants provided assent.

PHYSICAL ACTIVITY
Physical activity was measured via the ActiGraph activity monitor
model 7164 at ages 5, 8, 11, and 13. Due to the unavailability of this
ActiGraph model at the age 15 measurement, model GT1M was
used. Previous research has shown a high correlation (r = 0.99)
in movement counts data between the two monitors (14). Move-
ment counts (a proxy for acceleration magnitude) were collected
in 1-min epochs for ages 5, 8, 11, and 13 years and 5-s epochs for
age 15. The 5-s epochs at age 15 were later reintegrated to 1-min
epochs to maintain consistency with the earlier measurements.
Participants at ages 5 and 8 were asked to wear the monitor during
all waking hours for four consecutive days, including one weekend
day. Using the Spearman–Brown prophecy formula, this amount
of wear time provided an 82% reliability coefficient (15). Older
children have previously been shown to have less stable intra-
class correlation coefficients in activity monitored PA compared
to younger children, indicating the need for an additional day of
monitoring (16). Therefore, at ages 11, 13, and 15, the participants
were asked to wear the monitor for five consecutive days, includ-
ing both weekend days. To be included in the analyses, participants
were required to have at least three valid days of monitor wear for
each measurement period. A day was considered valid if the mon-
itor was worn for at least 8 h. To reduce seasonal effects, PA was
only measured during the autumn months.

The PA variables of interest were time spent in MVPA (minutes
per day) and time spent inVPA (minutes per day). After comparing
five independently developed sets of cut points on a sample of 5–
15 years old, Trost and colleagues recommended that researchers

use the Evenson cut points (17, 18) for children and adoles-
cents. As specified by Evenson and colleagues, cut points were
defined as ≥2296 counts/min for MVPA and ≥4012 counts/min
for VPA. These cut points were evaluated using area-under-the-
receiver operating characteristic (ROC-AUC) curve and have been
shown to exhibit good classification accuracy separately (moderate
ROC-AUC= 0.74; vigorous ROC-AUC= 0.84). When combined
to MVPA, the cut points exhibited excellent classification accuracy
(ROC-AUC= 0.90) (17).

BONE MINERAL CONTENT
Bone mineral content (gram) of the lumbar spine and hip was
determined using dual-energy x-ray absorptiometry (DXA) dur-
ing clinical visits to the University of Iowa General Clinical
Research Center by one of three trained technicians. Scans using
Hologic QDR 2000 DXA (Hologic, Inc., Bedford, MA, USA) were
conducted with software version 7.20B and pencil-beam mode at
ages 5 and 8. When the participants were 11, 13, and 15, the Hologic
QDR 4500 DXA (Delphi upgrade) with software version 12.3
and fan-beam mode was used. Software-specific global regions
of interest (ROI) were used to designate the general boundaries of
the spine and hip images. A review of the bone within the ROI box
was confirmed by the operator and edited to ensure appropriate
bone-edge detection. Quality control scans were performed daily
using the Hologic spine phantom. To minimize operator-related
variability, all measurements were conducted by one of three expe-
rienced technicians. The precision error for BMC measurements
is low in our laboratory (coefficient of variation of <1% for qual-
ity control scans performed daily using the Hologic phantom).
Translational equations for 4500 DXA measures to 2000 DXA mea-
sures were used to adjust for the differences between the two DXA
machines. A separate study was conducted where 60 children (32
boys and 28 girls) ages 9–12 were scanned on each machine in
random order during one clinical visit. The actual observations
were closely aligned around the translational equation regression
line, and the coefficient of determination (R2) for the 4500 DXA
regressed on the 2000 DXA data was 0.98 [unpublished observa-
tion, linear regression for spine BMC: intercept= 2.57 (SE= 0.4),
slope= 0.92 (SE= 0.02); hip BMC: intercept= 1.04 (SE= 0.4),
slope= 0.993 (SE= 0.002)].

ANTHROPOMETRY
At the DXA visits, research nurses measured height (centimeter)
and weight (kilogram). Height was measured using a Harpen-
den stadiometer (Holtain, UK), and weight was measured using
a Healthometer physician’s scale (Continental, Bridgeview, IL,
USA); both devices were routinely calibrated. Participants were
measured while wearing indoor clothes, without shoes. At ages 11,
13, and 15 years, sitting height was also measured and used to esti-
mate maturity offset [year from peak height velocity (PHV)] using
predictive equations established by Mirwald and colleagues (19).
These equations include age, sex, weight, height, sitting height,
and leg length as predictors of years from PHV or somatic matu-
rity. This method has been validated in white Canadian children
and adolescents (R2

= 0.91–0.92, SEE= 0.49–0.50) (19). Somatic
maturity was dichotomized as 0 (pre PHV, or premature) or 1
(at/post PHV, or mature).
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STATISTICAL ANALYSIS
Descriptive statistics (means, SD, medians, and interquartile
range) were calculated for the anthropometric, PA, and BMC
characteristics of the participants. Student’s t -tests were used to
examine sex differences. Sex-specific multi-level models (random-
and fixed-effects) (SAS 9.2 MIXED procedure) were used to cre-
ate BMC growth curves for individual participants (level 1) and
to test the group effect of PA (level 2). This approach allowed
us to include participants who missed measurement periods. In
the multi-level models, the intercept and slope for age (at the
time of the DXA scan) were specified as random effects and
PROC MIXED estimated their variance–covariance parameters
(20). Residual diagnostic plots were used to check the model
assumptions and possible outliers. Time-varying predictors that
changed over the multiple assessments included height (centime-
ter), weight (kilogram), linear age (year), non-linear age (year2)
(to allow for non-linearity of growth), maturity (Pre PHV= 0;
at/post PHV= 1), and either MVPA or VPA. Box–Cox transfor-
mations were used for MVPA and VPA variables due to skewed

distributions. We tested the interaction effects of PA×maturity
and PA× age. The Akaike information criterion (AIC) determined
the fit of the models. Lower AIC values describe better fits. The
differences in BMC between the least (10th percentile) and most
(90th percentile) active children were estimated as predicted values
from growth models with typical trajectories of covariates’ change
over time.

RESULTS
PARTICIPANT CHARACTERISTICS
The participant characteristics are shown in Table 1. Males were
significantly taller than females at ages 5, 8, 13, and 15 (p < 0.05)
and significantly heavier than females at ages 8 and 15 (p < 0.05).
Males participated in significantly more MVPA and VPA than
females at every measurement period (p < 0.01). For males, the
mean number of minutes of MVPA and VPA/day increased until
age 11, then decreased thereafter. For females, the highest mean
number of minutes of MVPA/day occurred at age 5 and decreased
thereafter, but VPA increased from age 5 to 8, then decreased

Table 1 | Characteristics of the participants by sex and age.

Age 5 years Age 8 years Age 11 years Age 13 years Age 15 years

Males (n = 172) (n = 215) (n = 217) (n = 205) (n = 158)

Age (years) 5.2 (0.4) 8.7 (0.6) 11.2 (0.3) 13.3 (0.4) 15.4 (0.3)

Height (cm) 112.3 (5.8)* 134.7 (7.1)** 149.1 (7.6) 163.0 (9.5)** 175.2 (7.9)**

Weight (kg) 20.5 (3.6) 33.7 (9.4)* 45.3 (13.1) 58.2 (16.2) 70.4 (16.2)**

MVPA (min/day) 59.0 (23.7)** 64.2 (27.3)** 64.4 (28.5)** 50.5 (23.6)** 37.6 (19.4)**

VPA (min/day) 12.9 (9.4)** 17.9 (13.7)** 22.2 (15.6)** 16.1 (11.8)** 10.4 (10.2)**

Monitor wear/day (min) 731.0 (44.1) 749.3 (42.4) 743.1 (45.2) 745.9 (55.9) 731.7 (74.6)

Spine BMC (g) 16.1 (2.4)∗ 24.0 (3.9)** 30.1 (5.3)** 41.8 (11.0)** 60.1 (13.2)

Hip BMC (g) 7.1 (1.5) 13.1 (2.9)** 19.2 (4.6) 27.6 (7.5)** 37.9 (8.6)**

Median (IR) Median (IR) Median (IR) Median (IR) Median (IR)

MVPA (min/day) 56.3 (43.5, 74.5) 63.8 (44.8, 82.3) 60.2 (42.8, 84.4) 46.6 (33.4, 65.8) 34.8 (22.8, 51.8)

VPA (min/day) 10.4 (6.8, 16.5) 14.0 (8.5, 22.8) 18.0 (10.8, 29.8) 13.5 (7.6, 22.3) 7.1 (3.3, 14.2)

Females (n = 197) (n = 234) (n = 235) (n = 205) (n = 149)

Age (years) 5.3 (0.4) 8.7 (0.6) 11.2 (0.3) 13.2 (0.4) 15.3 (0.3)

Height (cm) 110.0 (5.4) 132.7 (6.7) 149.2 (7.5) 160.5 (6.6) 164.4 (6.4)

Weight (kg) 20.0 (3.8) 31.8 (8.5) 44.5 (12.3) 55.5 (14.0) 61.6 (14.3)

MVPA (min/day) 46.7 (19.9) 45.9 (20.6) 38.6 (18.5) 32.3 (18.0) 25.9 (16.6)

VPA (min/day) 9.9 (7.9) 11.8 (8.8) 10.5 (8.3) 9.3 (9.2) 6.8 (8.2)

Monitor wear/day (min) 731.8 (43.7) 743.4 (43.3) 741.8 (48.6) 752.2 (63.4) 740.4 (74.2)

Spine BMC (g) 15.5 (2.4) 22.9 (4.0) 32.0 (7.9) 47.3 (10.8) 57.7 (10.7)

Hip BMC (g) 6.9 (1.3) 12.2 (2.6) 18.6 (4.5) 25.8 (5.3) 29.2 (5.7)

Median (IR) Median (IR) Median (IR) Median (IR) Median (IR)

MVPA (min/day) 43.5 (31.8, 59.0) 43.3 (30.3, 58.5) 35.2 (25.8, 48.8) 31.0 (18.8, 41.8) 23.4 (13.3, 37.2)

VPA (min/day) 7.8 (4.8, 13.8) 9.4 (5.5, 15.3) 8.4 (4.6, 13.8) 6.3 (3.3, 11.8) 4.2 (1.5, 9.5)

Values are presented as mean (SD) and when skewed medians (IR).

Untransformed MVPA and VPA minutes reported here; Box–Cox transformed values used in all inferential analyses.

MVPA, moderate and vigorous-intensity physical activity; VPA, vigorous-intensity physical activity; BMC, bone mineral content.

*p < 0.05, **p < 0.01 Student’s t-test of males vs. females.
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thereafter. There were no statistically significant differences in the
mean number of minutes the ActiGraph was worn/day between
males and females. Males had significantly more spine BMC than
females at ages 5 and 8 (p < 0.05), but females had significantly
more spine BMC than males at ages 11 and 13 (p < 0.05). At age 15,
there was no significant difference in spine BMC between males
and females. Males had significantly more hip BMC than females
at ages 8, 13, and 15 (p < 0.05), but there were no significant dif-
ferences in hip BMC between males and females at ages 5 and 11
(p > 0.05).

ASSOCIATIONS BETWEEN MVPA, VPA, AND BMC
Results for sex-specific multi-level models examining the
effects of MVPA on BMC and VPA on BMC are shown in
Tables 2–5. For males, both MVPA and VPA were significantly
associated with spine BMC and hip BMC. The AIC were similar for
both models (MVPA spine AIC= 5471.7,VPA spine AIC= 5474.0;
MVPA hip AIC= 4382.1, VPA hip AIC= 4382.2). For females,
MVPA predicted hip BMC but not spine BMC; however, VPA
predicted both spine BMC and hip BMC. The model fit was sig-
nificantly better for models with VPA than MVPA (MVPA spine
AIC= 5495.8, VPA spine AIC= 5490.6; MVPA hip AIC= 3909.3,
VPA hip AIC= 3902.3). While both maturity offset and age were
statistically significant in all BMC models, PA×maturity and
PA× age interaction effects were not significant. This was true for
both PA intensity levels (MVPA and VPA). We therefore present
models without interaction in Tables 2–5.

At each measurement age, values were predicted for spine BMC
and hip BMC for the 90th percentile (high VPA) and the 10th
percentile (low VPA) (Figure 1). In these comparisons, weight,
height, and maturity were set as the average values specific to
sex and measurement age. Differences in BMC were statisti-
cally significant between high VPA and low VPA (p < 0.05) at
all measurement ages. Greater percent differences in BMC were
seen in younger participants with high vs. low VPA as com-
pared to older participants because of both increase in BMC
and decrease in VPA over study the period. For example, at age
5 years (15 years), males at the 90th percentile of VPA had 8.5%
(2.0%) more hip BMC than those at the 10th percentile. For
females, the differences were 6.1 and 1.8%, at ages 5 and 15 years,
respectively.

DISCUSSION
This study examined the effect of PA on BMC from middle
childhood to middle adolescence using two metabolic intensi-
ties, MVPA and VPA. Measurement of BMC at the spine and
hip skeletal sites were chosen because they are clinically relevant
for osteoporotic fractures. Spinal fractures can lead to chronic
disabling pain (21), and ~20% of hip fracture patients require
long-term nursing home care (6). The multi-level models, which
we used fit each participant with an individual growth trajec-
tory for spine BMC and hip BMC. This was important since
the slope and intercept coefficients (level 1, not shown) varied
across participants. This approach allowed us to identify the inde-
pendent inter-group effects of PA on BMC while controlling for
growth (age) and age-dependent covariates of height, weight, and
maturity. With the exception of MVPA in the female spine BMC

Table 2 | Fixed-effects of the multi-level models examining the

association of MVPA with spine and hip BMC in males.

Effect β estimate SE p-Value

SPINE

Intercept −16.81 3.66 <0.0001

Age centered (years) 1.89 0.16 <0.0001

Age centered squared (year2) 0.26 0.02 <0.0001

Height (cm) 0.29 0.03 <0.0001

Weight (kg) 0.04 0.02 0.0591

Maturity (pre vs. at/post PHV) 8.52 0.56 <0.0001

MVPA (min/day) 0.16 0.05 0.0020

HIP

Intercept −12.98 2.14 <0.0001

Age centered (years) 1.34 0.10 <0.0001

Age centered squared (year2) 0.14 0.01 <0.0001

Height (cm) 0.17 0.02 <0.0001

Weight (kg) 0.11 0.01 <0.0001

Maturity (pre vs. at/post PHV) 3.91 0.30 <0.0001

MVPA (min/day) 0.12 0.03 <0.0001

Box–Cox transformed values for MVPA.

Table 3 | Fixed-effects of the multi-level models examining the

association of MVPA with spine and hip BMC in females.

Effect β estimate SE p-Value

SPINE

Intercept −6.11 3.35 0.0692

Age centered (year) 2.54 0.12 <0.0001

Age centered squared (years2) 0.30 0.01 <0.0001

Height (cm) 0.20 0.03 <0.0001

Weight (kg) 0.18 0.02 <0.0001

Maturity (pre vs. at/post PHV) 3.85 0.39 <0.0001

MVPA (min/day) 0.06 0.05 0.2319

HIP

Intercept −24.38 1.83 <0.0001

Age centered (years) 0.42 0.06 <0.0001

Age centered squared (year2) 0.10 0.01 <0.0001

Height (cm) 0.24 0.01 <0.0001

Weight (kg) 0.13 0.01 <0.0001

Maturity (pre vs. at/post PHV) 1.78 0.16 <0.0001

MVPA (min/day) 0.06 0.02 0.0072

Box–Cox transformed values for MVPA.

model, results showed that PA predicts BMC in males and females
from ages 5 to 15 and the slope of the relationship between PA
and BMC does not change across age groups or (somatic) matu-
rity. The results also show that as PA decreases with aging, the
effect size decreases. The percentage differences (~1–8%) that we
report between high VPA participants (90th percentile) and low
(10th percentile) are comparable to differences observed in tar-
geted exercise interventions designed to increase BMC (10). For
example, Gunter and colleagues reported that the 7- to 9-year-
old children in their intervention group had 7.9% more BMC at
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the spine and 8.4% more BMC at the hip than the control group
after a 7-month jumping intervention (22). Meyer and colleagues
reported that the 6–7 and 11–12-year olds in their intervention
group had 4.7% more bone mineral density (BMD) at the spine
and 5.4% more BMD at the hip than the control group after a
9-month multi-component intervention including daily physical
education with at least 10 min of jumping or strength training (23).
Finally, McKay and colleagues reported a 1.9% increase in spine
areal BMD and 3.2% increase in hip areal BMD in their third and

Table 4 | Fixed-effects of the multi-level models examining the

association of VPA with spine and hip BMC in males.

Effect β estimate SE p-Value

SPINE

Intercept −15.77 3.66 <0.0001

Age centered (years) 1.88 0.16 <0.0001

Age centered squared (year2) 0.25 0.02 <0.0001

Height (cm) 0.29 0.03 <0.0001

Weight (kg) 0.04 0.02 0.0825

Maturity (pre vs. at/post PHV) 8.59 0.56 <0.0001

VPA (min/day) 0.25 0.10 0.0178

HIP

Intercept −12.16 2.14 <0.0001

Age centered (years) 1.34 0.10 <0.0001

Age centered squared (year2) 0.14 0.01 <0.0001

Height (cm) 0.17 0.02 <0.0001

Weight (kg) 0.11 0.01 <0.0001

Maturity (pre vs. at/post PHV) 3.96 0.30 <0.0001

VPA (min/day) 0.23 0.06 0.0001

Box–Cox transformed values for VPA.

Table 5 | Fixed-effects of the multi-level models examining the

association of VPA with spine and hip BMC in females.

Effect β estimate SE p-Value

SPINE

Intercept −6.30 3.34 0.0599

Age centered (years) 2.53 0.12 <0.0001

Age centered squared (year2) 0.30 0.01 <0.0001

Height (cm) 0.20 0.03 <0.0001

Weight (kg) 0.19 0.02 <0.0001

Maturity (pre vs. at/post PHV) 3.80 0.39 <0.0001

VPA (min/day) 0.22 0.10 0.0223

HIP

Intercept −24.30 1.83 <0.0001

Age centered (years) 0.41 0.06 <0.0001

Age centered squared (year2) 0.10 0.01 <0.0001

Height (cm) 0.24 0.01 <0.0001

Weight (kg) 0.13 0.01 <0.0001

Maturity (pre vs. at/post PHV) 1.75 0.16 <0.0001

VPA (min/day) 0.17 0.05 0.0004

Box–Cox transformed values for VPA.

fourth graders after participating in an 8-month jumping inter-
vention twice/week during physical education classes. However,
not all of the increases in areal BMD were significantly different
from the increases seen in the control participants (24).

Similar reports from others (25–27), we found VPA to be a
more consistent predictor of BMC than MVPA and, importantly,
for the same duration of time, VPA would be expected to pro-
vide greater increases in BMC (when compared to MVPA). For
females, the prediction slopes that we report would, on average,
suggest that a 30-min/day increase in VPA would result in a 0.5-g
increase in hip BMC (vs. 0.2 g for a similar increase in MVPA).
For low active (10th percentile) 5-year-old females, this is an 8%
increase in hip BMC associated with VPA (when compared to a
4% increase associated with MVPA). For males, increases of 0.7
and 0.5 g in hip BMC would be expected with a 30-min increase
in VPA and MVPA, respectively. These values correspond to a 10%
increase (VPA) vs. a 6% increase (MVPA) for 5-year-old low VPA
males. Consistent with findings of Fuchs et al., MacKelvie et al.,
Heinonen et al., Stear et al., and Witzke and Snow, we also found
greater increases in BMC at the hip when compared to the spine
(28–32).

We have previously shown that the effect of PA at age 5 is sus-
tained 3–6 years later (at age 8 and 11) but not at age 13 and 15 (33,
34) Our current report using a larger sample size and multi-level
modeling, assesses acute effects of PA on BMC rather than sus-
tained. The results suggest that what children and adolescents do
in the present is associated with BMC. The lack of significance of
the PA×maturity and PA× age interaction effects suggest that the
BMC response to PA is consistent between 5 and 15 years of age.
However, our data also show that the percent increases are greater
when participants are more active. From a public health perspec-
tive, this finding is important since most young children are active
and willing to engage in age-appropriate PA (when compared to
adolescents) and therefore compliance with activity interventions
is likely to be high. In addition, consistent with others (35–37),
we have previously shown moderate tracking of activity behaviors
in our cohort from ages 5 to 15 (38) suggesting that establishing
a habit of bone-enhancing PA early in life is likely to continue
through adolescence.

Limitations of our study include the use of a 1-min ActiGraph
epoch, and a low minority, mostly white, convenience sample. It
is possible that other, unmeasured factors could have contributed
to differences in BMC, such as genetics or diet. Strengths of this
report are the use of a longitudinal study design spanning 10 years,
multi-level model to reduce confounding by growth and matu-
ration, the clinically relevant outcomes of spine and hip BMC,
and the use of an objective measure of PA. Although, we used
a metabolic cut point to count minutes of PA, the ActiGraph
accelerometer measures acceleration (meter per square second),
which is proportional to the impact and muscular load forces
acting on the skeletal system (22). Our placement of the Acti-
Graph at the waist provided a sensitive measure of weight-bearing
PA but not swimming and cycling, activities thought to con-
tribute little to bone loading. Recently, Deere and colleagues have
shown positive associations between hip BMD and accelerometry-
measured PA calibrated to mechanical load (gravitational force,
g). Their findings indicated that only high impacts (>4.2 g) were
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FIGURE 1 | (A) Difference in spine BMC for high VPA (at the 90th percentile) over low VPA (at the 10th percentile) males and females at all measurement ages.
(B) Difference in hip BMC for high VPA (90th percentile) over low VPA (10th percentile) males and females at all measurement ages. p < 0.05 at all ages.

associated with BMD. High impacts are, in general, associated
with VPA.

In conclusion, we found that objectively measured VPA is
associated with BMC at the spine and hip from childhood to ado-
lescence. The magnitude of impact was greater when children were
younger. Current public health approaches focusing on moderate
PA, with an emphasis on reducing obesity, may be inadequate.
Emphasizing VPA in young children, prior to the known decline
in PA, may help to optimize peak BMC.
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Changing loading regimens by natural means such as exercise, with or without interference
such as osteotomy, has provided useful information on the structure:function relationship
in bone tissue. However, the greatest precision in defining those aspects of the overall
strain environment that influence modeling and remodeling behavior has been achieved
by relating quantified changes in bone architecture to quantified changes in bones’ strain
environment produced by direct, controlled artificial bone loading. Jiri Hert introduced the
technique of artificial loading of bones in vivo with external devices in the 1960s using
an electromechanical device to load rabbit tibiae through transfixing stainless steel pins.
Quantifying natural bone strains during locomotion by attaching electrical resistance strain
gages to bone surfaces was introduced by Lanyon, also in the 1960s. These studies in
a variety of bones in a number of species demonstrated remarkable uniformity in the
peak strains and maximum strain rates experienced. Experiments combining strain gage
instrumentation with artificial loading in sheep, pigs, roosters, turkeys, rats, and mice has
yielded significant insight into the control of strain-related adaptive (re)modeling.This diver-
sity of approach has been largely superseded by non-invasive transcutaneous loading in
rats and mice, which is now the model of choice for many studies. Together such studies
have demonstrated that over the physiological strain range, bone’s mechanically adaptive
processes are responsive to dynamic but not static strains; the size and nature of the adap-
tive response controlling bone mass is linearly related to the peak loads encountered; the
strain-related response is preferentially sensitive to high strain rates and unresponsive to
static ones; is most responsive to unusual strain distributions; is maximized by remarkably
few strain cycles, and that these are most effective when interrupted by short periods of
rest between them.

Keywords: bone, mechanical loading, experimental models, mechanostat, mechanical strain

INTRODUCTION
The effect of mechanical loading on bone has been studied since
the nineteenth century. These studies have primarily utilized ani-
mal models of mechanical loading since bone adaptation is a
highly complex process that is difficult to fully appreciate in vitro or
in silico. The first aim of this review is to discuss the various models
that have aided our understanding of this adaptive process. The
second section will discuss the knowledge that has been gained
from such in vivo studies, which have determined how to modify
the mechanical strain stimulus to give a more osteogenic outcome.
Finally, we will explore the effect of physiological context on bone’s
adaptive response to loading using the example of estrogen’s role
in the adaptive process and its contribution to post-menopausal
osteoporosis.

WOLFF’S LAW AND THE MECHANOSTAT
In 1892, the anatomist and orthopedic surgeon Julius Wolff postu-
lated that bone adapted to its mechanical environment according
to strict mathematical laws. This principle, now commonly known
as Wolff ’s Law (1) was based on anatomical dissection studies

which demonstrated increased bone mass in areas predicted to
be subject to high mechanical stresses and low bone mass where
stresses were predicted to be low. Incorporating previous work
by the anatomist Meyer and the Swiss engineer Culmann, Wolff
further observed that trabeculae in the femoral head and neck
were orientated to reduce bending stresses when the material was
loaded. These observations allowed Wolff to state his “Law” as
“Every change in form or function of bone or of their function alone is
followed by certain definite changes in their internal architecture, and
equally definite alteration in their external conformation, in accor-
dance with mathematical laws” (2). Wolff ’s Law was expanded by
Wilhelm Roux who suggested bone adaptation was the result of a
“quantitative self-regulating mechanism” based in the tissue at the
level of the cell (3).

Architectural bone changes such as those observed by Wolff
were hypothesized to occur due to a dynamic adaptive process
in response to changes in the mechanical stimulus derived from
load-bearing. This theory was further developed by Harold Frost in
1960 whose thoughts form the basis of the current “mechanostat”
theory of bone adaptation (4). Frost recognized that the most likely
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loading-derived stimulus for bone cells would be the strains devel-
oped in the bone tissue as a result of loading. His mechanostat
theory suggests a negative feedback system in which the input
is local mechanical strain, engendered by functional mechani-
cal loading, and the output is a structurally appropriate bone
mass and architecture. Accordingly, in areas of bone experiencing
mechanical strains higher than the strain set point, bone forma-
tion would occur to make a stiffer bone construct thus reducing
strains and restoring set point strains. Conversely, if bones expe-
rienced strains lower than the set point, then bone resorption
would occur, bone mass would decrease and, for the same loads,
strains would again be restored to the level of the set point. This
theory was extensively described in the Utah Paradigm of Skele-
tal Physiology (4). It is an important component of this theory
that the mechanostat is a local phenomenon with local changes
in strain adjusting local bone mass through local bone forma-
tion or resorption. However, it is also important to remember that
the mechanostat operates within a wider physiological context
and that its ability to establish and maintain structural compe-
tence may be substantially modified, or overwhelmed, by systemic
circumstances (5, 6).

EXTRINSIC MODELS OF MECHANICAL LOADING
What neither Wolff nor Frost was able to state was the specific
components of bone cells’ strain environment that act as the con-
trolling stimulus for architectural modeling and remodeling. It
is this question that has been addressed principally by animal
experiments.

One of the simplest ways to increase the mechanical loads expe-
rienced by bones in the skeleton is to increase the level of exercise
undertaken. A large variety of techniques have been described to
achieve this in experimental animals, usually taking the form of
forced exercise such as treadmill running (7–9), swimming (10–
12), or jumping (13, 14). Other models have also been described
in which animals (usually rats) wear increasingly weighted back-
packs or have to press levers with increasing levels of resistance to
get food rewards (15).

In these exercise models, the whole body is loaded through
coordinated muscular contraction and ground reaction forces in

a manner that is an exaggeration or extension of that to which
they are habituated. Such studies are useful since they require little
in the way of specialized equipment and they mimic the natural
challenge to skeletal strength that the mechanostat presumably
evolved to address. However, while exercise may be the easiest
therapy to prescribe in an attempt to regulate bone mass or adjust
bone architecture, it involves a mixed stimulus of change in load-
ing and physiological context that makes the results difficult to
interpret.

As well as (presumably) altering local mechanical strain, exer-
cise engenders a great many other physiological responses such
as increasing tissue blood flow and oxygenation (16, 17), chang-
ing the endocrine environment (18), muscular contraction, and
local release of potentially osteogenic factors from muscle (19),
which could complicate interpretation of the intrinsic loading-
related response of the bone alone. A further disadvantage with
exercise models is that exercise is a whole body phenomenon,
therefore comparison has to be made with controls whose total
exercise experience (both during the exercise periods and the
rest of the day) has to mimic the experimental subjects in every
respect, except the modified exercise under study. Lastly, but by
no means least, the changes in the strain environment of bone
cells brought about by change in exercise can usually only be esti-
mated mathematically with no means of experimental verification.
Such verification had to await the introduction of the chronically
implanted electrical resistance strain gage (20).

QUANTIFYING THE MECHANICAL STRAIN STIMULUS
Although Gaynor Evans had attached electrical resistance strain
gages to bone surfaces in vivo in the 1940s (21), these were only
used for the assessment of bone strains in response to impact load-
ing in anesthetized animals in short term experiments. Lanyon and
co-workers were the first to chronically implant electrical resis-
tance strain gages attached to the surfaces of bones of a variety
of living animals, including humans (Figure 1), and analyze the
various components of the strain stimulus during a variety of
activities (20, 22–30). In the majority of weight bearing long bones,
the peak mechanical strains were remarkably similar across dif-
ferent species and activities measuring approximately 2–3000 µε

FIGURE 1 | Quantifying the mechanical strain stimulus. Rosette (A) or
linear (C) electrical resistance strain gages are bonded to the surface of
bones to measure the strain stimulus being engendered during a variety

of activities and also to match experimental groups with different bone
stiffness. (B) A strain gage bonded to a human tibia and (D) to a mouse
tibia.
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(2–3 × 10−3). Peak compressive strains have subsequently been
recorded from the horse third metacarpal bone during galloping
where the recorded maximum strain magnitude reached 5,000 µε

(5 × 10−3) (26).
This similarity in peak strains recorded from different bones

from different species supported Frost’s mechanostat theory of
bone adaptation and suggested that the set point for peak func-
tional strain was similar across species. Nevertheless, it is impor-
tant to remember that this similarity in peak strains across different
load-bearing bones in different animals does not imply a single
target strain at every skeletal location. Since the highest physio-
logically induced strains are due to bending, the peak longitudinal
strains around the bone’s circumference will change from com-
pression to tension and pass through the neutral axis. However,
the cortical thickness is reasonably similar around the circum-
ference of the bone. Additionally, significantly lower strains have
also been recorded at other sites in load-bearing bones and on
the surfaces of bones whose primary role may not be sustaining
high loads. For example, low functional strains have been recorded
on the skull during activities such as chewing, smiling, and even
heading a ball (80–200 µε). This suggests that different bones, and
different sites on the same bone, have different local settings for
the target strains that their mechanostat attempts to achieve (31).

Most of the early studies using bone-bonded strain gages were
undertaken using rosette gages which respond to strain in three
different directions and therefore allow the direction of the prin-
cipal tensile, compressive, and shear strains to be calculated. These
calculations confirmed the essence of Wolff ’s hypothesis in his
trajectorial theory that bone trabecule tend to be aligned in the
directions of principal tension and compression strains (22). In
addition to measurement of strain magnitude and direction, elec-
trical resistance gages allow recording of the rate of change of
strain (the strain rate) experienced by the bone during loading
and unloading. The highest strain rate so far recorded during
natural activity was from the sunfish operculum (the bone cover-
ing the gills) during striking at prey. At −615 × 108 µε this peak
strain rate is over 10 times higher than anything so far recorded in
terrestrial animals during locomotion (32). Despite the obvious
advantage of using rosette strain gages they substantially compli-
cate the experimental procedure due to their size and the extra
number of channels that need to be monitored. Thus, particu-
larly in studies on small animals such as rodents, it has been more
usual to use single element gages (33, 34). These can only respond
to strains in the direction in which they are aligned so cannot
distinguish between changes in strain magnitude and changes in
strain direction. When using single element gages it is important
to ensure that the gage is aligned in the direction of interest and
to realize that a reduction in strain reading may mean a change in
direction as well as a reduction in strain magnitude.

Although used most widely, particularly in vivo, strain gages
are not the only devices employed to measure mechanical strains
on bone surfaces, particularly ex vivo. Other techniques include
the use of digital image correction. This method requires a speckle
pattern to be applied to the surface of the bone of interest. Sequen-
tial images are then taken during loading to trace the movement
of the speckle pattern. This allows the resulting strain to be calcu-
lated across different areas of the bone surface (35). Finite element

analysis is widely employed to calculate stresses (and thus strains)
but this requires substantial assumptions to be made as to the load
path within the bones and the material properties of the bone
tissue, which are not homogeneous along the bone’s length (36,
37). Despite these limitations, finite element analysis allows esti-
mation of the strain pattern throughout a whole bone, something
that is impossible with strain gages, which can only sample the
strain from the surfaces to which they are attached. Thus finite
element analysis can extend knowledge of the strain situation to
the depths of the bone and to the bone trabecule where strain mea-
surements using strain gages would be impossible (38–40). Using
finite element analysis combined with in vivo µCT scanning, accu-
rate prediction of sites of bone formation and resorption following
the application of mechanical loading has been possible (39).

Whichever technique is used to measure loading-engendered
mechanical strains, it is vital that strains and strain rates are nor-
malized between experimental groups. The same loads applied to
bones of different size, shape, or material properties will inevitably
result in different strains. Therefore the loads, and load rates, must
be adjusted so that the strain stimulus is the same in all bones in
the same study. It is only by doing this that their adaptive responses
can be directly compared.

INVASIVE MODELS OF MECHANICAL LOADING
While the availability of chronically implanted bone-bonded strain
gages provided the means to sample the strain environment expe-
rienced by bone cells, it was still necessary to find a suitable means
to alter this environment in a controlled manner and assess the
adaptive response. One means used to achieve this was to surgi-
cally remove a bone, or piece of bone, where paired bones exist,
to alter the functional strains on the remaining bone. An example
of this technique is the ulna ostectomy experiments performed
by Goodship et al. (41). In this experiment, a portion of the pig
ulna was removed, which increased the strains during ambula-
tion in the remaining radius. This had the effect of causing an
increase in radial bone formation. After 3 months, the strains in
the radius had normalized back to those measured in the contralat-
eral radius in the intact limb. An advantage of this model over the
whole body exercise models is that there is a control limb with
which to compare bone’s adaptive response. However, osteotomy
involves invasive surgery near to the site being investigated and
thus it is only possible to monitor rather than control the various
components of the strain stimulus.

The first successful attempts to control bones’ mechanical load-
ing in order to study their adaptive responses was established in
the 1960s by Jiri Hert who applied different loading regimens from
an external electromagnetically operated device to the tibia of rab-
bits through transfixing pins (Figure 2). By using this approach
and assessing the adaptive response of the bone Hert and his co-
workers were able to establish, amongst other findings, that adap-
tive bone (re)modeling occurred without the need for any central
nervous connection (42–44). Hert’s experiments, while ground
breaking, lacked knowledge of what the actual strains were that his
device engendered. This capability was established by Lanyon and
co-workers by combining the techniques of loading a bone in vivo
through transfixing pins with that of chronically implanted strain
gages. Although the first animal they used for this approach was the
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FIGURE 2 |The invasive rabbit loading model. Jiri Hert was the first to
describe an artificial mechanical loading model in 1969. Loading was applied
through surgically implanted pins in the lapine tibia. Using this approach and
assessing the adaptive response of the bone Hert and his co-workers were
able to establish, amongst other findings, that adaptive bone (re)modeling
occurred without the need for any central nervous connection (42–44).

FIGURE 3 |The invasive sheep loading model. Lance Lanyon adapted
Hert’s original loading model to the sheep radius and combined the loading
with strain measurements using implanted strain gages (45).

sheep (Figure 3) (45) their most productive large animal model
was the avian (rooster and later turkey) ulna (Figure 4) (46–48).
This was chosen since the ulna was large enough to receive trans-
fixing pins at its ends and three rosette strain gages around the
circumference of its midshaft. Furthermore, as domestic turkeys
and roosters are flightless, functional isolation of the bone’s natural
loading did not greatly inconvenience their lifestyle.

The preparation used in the functionally isolated externally
loadable avian ulna model involved performing a proximal and
distal ulna osteotomy, placing metal caps over each end of the cut
section of bone and securing them in place with metal pins placed
through predrilled holes in the caps. This model has an advantage
over the previous limb long bone models in that the section of
bone being loaded is functionally isolated from the rest of the wing
preventing any confounding strain stimulus derived from habit-
ual activity. Using these models, several important observations
were made documenting the effects of the different components
of the strain stimulus on bone mass and architecture. These will
be discussed in a later section of this review.

One of the disadvantages of the invasive loading models is
that placing pins through the bone to be loaded invokes a local
periosteal woven bone response (46, 48). This prevents the whole

bone from being analyzed. Furthermore, since the majority of tra-
becular bone resides at either end of the long bones, this cannot
be analyzed since it is not loaded. To overcome these problems,
Chambers et al. developed the rat tail vertebra loading model
(49). This involves placing pins through tail vertebrae in the rat
(later adapted for the mouse) adjacent to the vertebra of inter-
est that will undergo mechanical loading. This means that any
periosteal woven bone reaction is limited to bones on either side
of the one being loaded thereby permitting full analysis of the
bone of interest. Furthermore, the tail vertebrae contain abun-
dant trabecular bone enabling study of trabecular bone’s adaptive
response to loading. For these reasons, the tail vertebra loading
model is still in use today (50–52). However, there remains a con-
cern that surgical placement of pins invokes not only the woven
bone reaction in the region immediately surrounding the pin, but
also a local inflammatory reaction, which could affect adjacent
bones. Another concern is the relevance of bone adaptation in a
bone that is not normally subject to such loads since it is likely that
rodent tail vertebrae normally experience low strains during loco-
motion and other activities. A further disadvantage is that there
must be a period, once the pins have been placed, to allow their
integration into the bone prior to starting any loading studies.

NON-INVASIVE MODELS OF MECHANICAL LOADING
The first of the non-invasive artificial loading models was
described by Charles Turner et al. in 1991 (53) where he reported
applying four-point bending to the rat tibia and observing the
subsequent adaptive response. The loading arrangement consists
of two contact points on the underside (the lateral aspect) of the
limb and two on the upper medial side of the limb, which are
inside those on the underside. A force is applied by downwards
pressure from the upper contact points, which generates a bending
of the tibia and causes a subsequent remodeling response. A sham
loading arrangement where pressure is applied but no bending
force generated can be created by placing the upper contact points
directly opposite the lower ones. Although this model has advan-
tages over the invasive models previously described, the contact
points through which the loading is applied are quite close together
and they apply their loads through the periosteum. Periosteal dis-
turbance such as this is sufficient by itself to induce periosteal
woven bone formation (54). This limited the region of analysis to
the endosteal surface, which may behave inherently differently in
response to strain from the periosteum.

To address some of the issues of the four-point bending model,
Ted Gross’ group developed a cantilever bending model in which
the knee and the ankle of the mouse hindlimb were placed in spe-
cially designed cups and the ankle moved laterally in relation to the
knee to generate a bending moment in the tibia/fibula (55). This
eliminated the periosteal woven bone observed with the previous
bending model allowing analysis of both periosteal and endosteal
bone compartments. However, there was still the concern that this
bending moment does not accurately recreate the axial loading
generated during ambulation in people and animals. Furthermore,
only the central diaphyseal region of the bone displays a response
to loading meaning the metaphyseal region containing the major-
ity of the trabecular bone is not loaded and therefore does not
display an adaptive process.
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FIGURE 4 |The functionally isolated invasive turkey loading model. Lanyon and Rubin further applied the invasive loading model to the functionally isolated
avian ulna, which had the advantage that the loaded bone is isolated from the confounding influence of background strain stimuli (46–48).

FIGURE 5 |The non-invasive axial murine tibial loading model.
(A) De Souza et al. adapted the non-invasive rat (56) and ulna (33) axial
loading models to the tibia enabling study of trabecular and cortical

compartments in a single loaded bone (34). (B) Representative µCT
scans demonstrating trabecular and cortical bone formation within a
single loaded bone (58).

A significant advance was made when Torrance et al. (56) estab-
lished that physiologically relevant strains could be engendered in
the ulna of rats when their forearm was loaded axially through
the skin over the olecranon and flexed carpus. They used the ulna
rather than the tibia because the loads necessary to engender suf-
ficiently high strains in the tibia caused necrosis of the skin over
the knee and ankle. This disadvantage did not occur when the
tibia was loaded in mice and these have more recently become the
species of choice for such experiments (5, 33, 34, 57).

The advantage of the non-invasive mouse tibial loading model
is that precisely controlled loading regimens can be established
in long bones in mice over a sufficient period of time to allow
the adaptive response to be completed. Also no surgical inva-
sion is required and the loading-related response throughout the
whole bone can be studied. These substantial advantages were
further increased when extended to the mouse fibula (57). The
design of the mouse tibia/fibula loading model is relatively sim-
ple with custom-designed cups placed over the knee and tarsus
(Figure 5). The uppermost cup is attached to the actuator arm of

a hydraulic or electromagnetic materials testing machine and the
lower cup attached to a load cell so that the load applied to the
bone can be accurately controlled. Axial compression causes strain
due to compression and bending of the bone increasing the strain
stimulus and inciting an adaptive response.

Due to the placement of the cups in the tibia/fibula axial load-
ing model, the whole bone is loaded including the metaphyseal
region so the adaptive response can be observed in both cor-
tical and trabecular bone compartments (5). Additionally, the
loaded tibia and fibula have no direct contact with the loading
machine cups since the load is applied through the distal femur
and the flexed tarsus. Since this arrangement allows the simulta-
neous loading of both the tibia and fibula, the adaptive response in
both bones can then be differentially processed for different ana-
lytical techniques reducing the number of experimental animals
required. Finally, there are regions of the tibia (37% site measured
from the proximal end) where the loading response is maximal
while other regions (75%) where no loading response is observed
(5). Interestingly, maximal strains are estimated to be similar at
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both regions however, down-regulation of osteocytic sclerostin, a
necessary step in bone’s response to mechanical loading (59), is
more closely related to sites of bone formation than to maximum
strain (36).

Because the axial loading models can be used in both the
rat and mouse, it is possible to use genetically modified animals
enabling the role of specific genes (and pathways) in bone’s adap-
tive response to be determined (60–62). One of the disadvantages
with the axial loading models is that the bone is stiffer when loaded
in this direction, compared to being loaded in a non-physiological
direction, so the loads required to engender an adaptive response
are higher in the axial models than the bending models. A conse-
quence of this may be premature closure of the growth plates when
skeletally immature animals undergo axial loading of the ulna or
tibia and fibula (63, 64).

MODELS OF MECHANICAL UNLOADING
In addition to studying the effect of artificially increasing mechani-
cal strain and observing how bone adapts to this change in strain, it
is also important to determine how bone adapts to a decrease in the
mechanical strain stimulus. As well as increasing our knowledge
of both extremes of the mechanostat theory of bone (re)modeling,
these models can also be used to simulate clinical conditions asso-
ciated with low bone mass such as disuse osteoporosis and bone
loss following space flight.

The ideal model would allow bone strains to be reduced to
zero. However, even in animals experiencing weightlessness dur-
ing space flight, muscle contractions will still generate strains on
the bone surface. Nevertheless, multiple animal studies have been
performed during space flight and the resultant bone resorption
has been studied (65–68). However, for most experiments this is
not a feasible option.

More practical alternative experimental models of mechanical
unloading have been described in the literature, which include
applying a cast to a limb, performing an Achilles tenotomy to
unload the calcaneus, performing a tenotomy of the knee ten-
dons to unload the tibia, and bandaging a limb to the abdomen
(69–75).

A surrogate to recapitulate the conditions of weightlessness is
the tail suspension model (76). Using this model, mice or rats
have their hindlimbs suspended by their tail while they are free to
move around“normally”on their forelimbs. This model eliminates
ground reaction forces on the hindlimbs although again, muscu-
lar contractions will still produce some mechanical strain on the
bones involved. Using this model, researchers have demonstrated
marked reductions in bone mass and deterioration in bone archi-
tecture (77–79). An adaptation of the tail suspension model has
been developed, which allows graded levels of mechanical unload-
ing (80). To try and further recapitulate the effects of space flight,
one group simultaneously irradiated the tibia of mice and then
performed hindlimb suspension (81). Interestingly, the effect of
mechanical unloading on bone mass combined with radiation
was far more extensive than that of radiation alone. Although
hindlimb suspension causes measureable bone loss in the tibia,
several disadvantages are associated with this model. Firstly, special
cages are required, which have pulley systems to allow the animals
to move around the cages. Secondly, there is a redistribution of

blood to the cranial end of the animal with some systemic stress
responses observed (82). Thirdly, this model causes bilateral bone
loss losing the ability to compare one limb with its contralateral
control and thus at least doubling the number of experimental ani-
mals required. Finally, in some countries, e.g., the UK, this model
has been prohibited based on concerns for animal welfare since
animals are unable to move freely.

A further two methods have been reported, which induce neu-
rogenic paralysis of the hindlimb and therefore bone loss. This is
achieved either by sciatic or tibial denervation or by the injection
of botulinum toxin (83–86). These neurogenic paralysis methods
have the advantage of reducing bone surface strains to around
300 µε (one tenth of the normal peak strains) and the tibia can
be subsequently reloaded using the axial tibial loading model to
prevent bone loss (85, 86). Both approaches have their advantages
and disadvantages. Sciatic neurectomy causes a permanent paral-
ysis whereas botulinum toxin only lasts 1–2 weeks before some
ambulation is regained. Sciatic neurectomy causes a more com-
plete paralysis since botulinum toxin injection-induced paralysis,
which affects the neuromuscular junction, relies on separate injec-
tions into each muscle group. Finally, botulinum toxin is more
difficult to obtain due to its status as a prescription only medicine.
In contrast, sciatic neurectomy requires minimal surgical instru-
ments and the surgery is simple taking approximately 3–4 min per
mouse in experienced hands.

A recent paper has reported the combined effects of hindlimb
suspension and injection of botulism toxin (87). This showed
that bone and muscle loss following hindlimb suspension and
botulinum toxin injection were similar but when combined had
additive effects. Interestingly, they also report bone and muscle loss
in the contralateral (non-injected) hindlimb following botulinum
toxin injections alone, suggesting systemic effects even though the
injection primarily targets local muscle. An additional considera-
tion is that inducing unilateral paralysis may increase load-bearing
in the contralateral limb, although this does not appear to hold true
for the botulinum toxin model.

KNOWLEDGE GAINED FROM IN VIVO ANIMAL LOADING
MODELS
BONE RESPONDS TO DYNAMIC BUT NOT STATIC LOADS
Hert was the first to publish data suggesting that bone
(re)modeling was not affected by static strains but rather by
dynamic strain change (42). This inference was confirmed by one
of the first studies published using the isolated avian ulna loading
model. This study compared the effect of a continuous static load
with that of the same magnitude of load applied dynamically for
a single 100-s period per day in a trapezoidal waveform for an
8-week period (48). When the load was applied in a static manner,
there was a 13% loss of bone due to endosteal expansion and an
increase in cortical porosity. This level of bone loss was no dif-
ferent to that exhibited by the control group, which underwent
osteotomy but no loading. However, the group in which the load
was applied in a dynamic manner exhibited a 24% increase in bone
mass due to periosteal bone formation. For this reason, the major-
ity of studies using exogenously applied load apply a dynamic
waveform of either triangular, sinusoidal, or trapezoidal shape (5,
34, 38, 88–90). However, to our knowledge, no studies have directly
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Meakin et al. Experimental evaluation of loading-related adaptation

FIGURE 6 |The “lazy zone” is an artifact associated with background mechanical strain stimuli. Increasing mechanical strain is associated with a linear
increase in bone mass in studies when background strains are eliminated in the isolated avian ulna [(A), (91)] and combined sciatic neurectomy and tibial
loading models [(B), (86)]. This indicates there is no “lazy zone” in bone’s adaptation to loading [(C), (86)]. MES, minimum effective strain stimulus.

compared the relative effects of these different waveforms on bone
formation.

LOADING-RELATED BONE FORMATION CORRELATES WITH PEAK
STRAIN MAGNITUDE
The single most important component of the strain stimulus to
engender an osteogenic response to mechanical loading is the peak
strain magnitude. Multiple studies by our laboratory and others
have demonstrated that by varying the peak strain magnitude, but
keeping all other parameters the same, there is a dose:response
relationship between the peak strains engendered and the amount
of new bone formed (53, 61, 86, 88, 91). Several previous studies
made the assumption that there was an adapted window or lazy
zone in which bone mass and architecture would not change over
a set range of strain stimuli. However, in the isolated turkey ulna
where disuse and artificial loading are combined, there was no
evidence of this window (91). A more recent study, stimulated by
editors’ refusal to accept the veracity of this earlier finding, con-
firmed the absence of this lazy zone using the combined sciatic
neurectomy and axial tibial loading model (Figure 6) (86). This
is also supported by the graded mechanical unloading model of
Ellman et al., which confirmed a linear relationship between per-
centage weight bearing and bone loss (80). It is important to realize
that these experiments refer only to a single loading modality. In
the natural situation where the osteoregulatory effects of all the
normal loading modalities are added together this may constitute
a spectrum of strain magnitudes that averaged within a particular
window do indeed result in little or no adaptive response.

As previously discussed, the mechanostat is a local phenome-
non (5, 6, 92). As such, mechanical loading will engender a range
of peak strain magnitudes in different regions of the same bone
(34, 36). Studies have repeatedly shown periosteal bone forma-
tion following mechanical loading to occur primarily in regions
where strains are high and lower levels of bone formation, or even
resorption, to occur where peak strains are lower (37, 51, 93, 94).

STRAIN-RELATED STIMULUS IS DETERMINED BY THE NOVELTY OF
LOADING
In the avian ulna studies, substantial increases in bone mass
occurred with artificially applied loads, despite these loads

engendering lower peak maximum strains and strain rates than
those measured during normal wing flapping (46). Thus it is
impossible to say that peak strain per se engendered the strain-
related stimulus. It is instead likely that this substantial stimulus
arises from the strains being engendered in a novel configuration.
Similarly, in the tibial bending studies (53, 55), relatively low loads
were required to induce adaptive new bone formation. Conversely
in the axial loading models where the load is being applied more
closely to the normal direction in which the bone is loaded, higher
loads appear to be necessary to generate new bone formation,
although since the bone is more resistant to load in this direction
the strains may be similar in magnitude.

Nevertheless, a recent study used different enclosure designs
to force growing female C57Bl/6J mice to use non-linear, diverse-
orientation locomotor loading showed that, when compared to
mice using primarily linear locomotion, those with diverse non-
linear locomotion had increased humeral trabecular bone volume
fraction and indices of cortical bone volume (95). This is despite
no difference in overall activity levels between mice in the two dif-
ferent types of enclosure. These findings support a previous study
that used transarticular external fixators in sheep to prevent cal-
caneal load-bearing, which resulted in bone loss (96). When disuse
was interrupted by periods of steady walking on a treadmill, when
the tarsus was mobilized, the strain stimulus from walking was
unable to prevent bone loss suggesting either that the duration of
the stimulus was insufficient [unlikely in view of the turkey ulna
data (47)] or that the variety or novelty of the strain-related stim-
ulus was not being provided. Another study demonstrated that
fighting between male mice housed in groups was associated with
an increase in measures of cortical and trabecular bone mass and
architecture, which “masked” the effect of mechanical loading in
these animals (97). When males were individually housed, and
thus not involved in vigorous diverse activity, their response to
mechanical loading was no different from that observed in group
or individually housed female mice, which did not fight.

INCREASING STRAIN RATE DURING LOADING AND UNLOADING
STIMULATES BONE FORMATION
The rate of change of strain magnitude, both when load is
applied and released, is an important determinant of a strain
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regimen’s osteogenic potential. This was first suggested in an early
study using an invasive loading model in sheep where (in the
rather uncontrolled loading situation achievable with a pneu-
matic loading device) change in strain rate accounted for more
of the variation in the amount of new bone formed in response
to loading than peak strain magnitude (45). Interestingly, this
effect of maximum strain rate was unaffected by whether this
occurred during loading (compression) or unloading (tension).
A later study using the much better controlled rat ulnar axial load-
ing model demonstrated, using various strain rates but the same
peak magnitude, number of loading cycles, etc. that increasing the
strain rate by approximately fivefold (from −0.018 to −0.100 s−1)
increased the osteogenic bone formation response both in amount
and extent (98). A further study by Turner et al. found similar
results concluding that the amount of new bone formation was
directly proportional to the rate of change in strain in bone tissue
(99). However, one of the difficulties with interpretation of both of
these studies is that to increase strain rates but keep all other para-
meters the same, a period of rest has to be inserted between each
of the loading cycles. Although not appreciated at the time there
is now evidence that such a rest period can itself enhance bone’s
adaptive response to artificial loading. Despite this reservation, the
consensus from a number of studies is that the rate of change of
strain is an important determinant of the stimulus for a bone for-
mation response. This finding is consistent with the results from
human studies; exercise regimens involving high levels of impact
loading (squash, tennis, and triple jump) being far more effective
than those that do not (swimming and cycling) in stimulating new
bone and thus increasing bone mass (100–103). In an additional
study by LaMothe et al. using the cantilever bending model, they
increased the dwell time (the length of time the load was applied
for) when the strain rate was increased ensuring the duration of
each loading cycle and frequency of cycles was consistent between
groups (104). Again they showed a significant increase in the bone
formation response when strain rate was increased.

In the first study describing the non-invasive axial tibial load-
ing model, there was actually a loss of trabecular bone volume
fraction reported, which we now believe is due to their use of a
relatively low strain rate of 1,500–2,000 µεs−1 during loading and
unloading (34). Another more recent paper using a much higher
number of cycles but with the same low strain rate reported in the
first study also documented a loss of trabecular bone in the prox-
imal tibia with loading (38). However, studies using an identical
experimental protocol, but with a strain rate 10 times higher than
that used in the first study, have consistently reported a robust
increase in trabecular bone volume fraction, thickness, and even
number (58, 61, 62, 86, 97, 105). To the authors’ knowledge, no
studies have directly compared the influence of strain rate on the
relative responses of cortical and trabecular bone.

NUMBER OF LOADING CYCLES REQUIRED TO MAXIMALLY STIMULATE
BONE FORMATION IS SMALL
Two important studies have compared the number of cycles of
loading required to stimulate an osteogenic response and have
shown it to be surprisingly small. Rubin and Lanyon first demon-
strated in the isolated avian ulna that increasing the number of
loading cycles in a given episode of mechanical loading from 36 to

as many as 1,800 did not generate any additional adaptive response
(46). Perhaps as interesting, was their finding that only four load-
ing cycles a day were sufficient to prevent the bone loss associated
with disuse (zero cycles). Another study in rats trained to jump
a 40 cm height showed little additional effect on increasing the
number of jumps from 5 up to 40 per day (14).

Although relatively few cycles of loading are required to max-
imize the amount of new bone formed, there are a number of
publications using in vivo mechanical loading where several thou-
sand loading cycles are performed. For some this is a deliberate
design to induce fatigue loading of bone and examine subsequent
damage repair (106). However, for many studies, although a robust
way of ensuring osteogenesis, this high number of cycles is likely
to be unnecessary and may indeed have detrimental effects. These
include an increase in the length of anesthesia time required for
each episode of loading and also an increased likelihood of bone
and soft tissue damage.

INSERTING REST BETWEEN LOADING CYCLES INCREASES BONE
FORMATION
A study by Robling et al. demonstrated that partitioning 360 load-
ing cycles into 4 bouts of 90 cycles or 6 bouts of 60 cycles per
day enhanced the osteogenic response to loading (107). Robling
went on to demonstrate that inserting a 14-s rest period between
loading cycles optimized the bone formation response to load-
ing (108). This was confirmed by LaMothe and Zernicke using
the cantilever bending model which showed that when a 10 s rest
period was inserted every 11 s in a 30 Hz 100 s loading protocol,
the bone formation response increased by 72% despite a 100-
fold decrease in the number of loading cycles (104). Additional
studies by Gross’ group, also using the cantilever bending model,
observed that inserting a 10 or 15 s rest period between each load-
ing cycle enhanced the osteogenic stimulus in both young and
aged mice (109–111). Finally, a study by Charles Turner’s group
demonstrated that as the length of the loading study is increased,
the percentage new bone formation response per week decreases
suggesting the stimulus may become less potent over time. How-
ever, introducing a rest period of several weeks between bouts of
mechanical loading can partially restored this decreased response
to loading (112).

MAXIMIZING THE STRAIN STIMULUS
It is important when designing a loading protocol that all of the
evidence reported in the previous section is taken into account.
The method for applying mechanical load using the tibial load-
ing model has already been extensively described (34, 113). The
protocol in current use in our laboratory is as follows:

The tibia is held in place by a 0.5 N continuous static pre-load.
Forty cycles of dynamic load are superimposed using a trape-
zoidal waveform with 10 s rest intervals between each cycle. The
protocol for one cycle consists of loading to the target peak load,
hold for 0.05 s at the peak load, and unloading back to the 0.5 N
pre-load. Strain gaging data from our current materials testing
machine (Bose ElectroForce 3100) indicate that a load of 15N is
equivalent to 2500 µε on the medial surface of the tibia at 37%
of the length from the proximal end in a young adult 17-week
old female C57Bl/6J mouse. The load rate we use in young adult
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female mice is 500Ns−1, which equates to an average strain rate
of 30,000 µεs−1. These values are within the normal physiologi-
cal range recorded for this species (34). Using this protocol, we
observe approximately a 20–30% increase in cortical bone area at
the 37% site and approximately a 50–75% increase in trabecular
BV/TV in the secondary spongiosa. While we do not believe that
the same loading protocol should be recapitulated in all laborato-
ries using the non-invasive axial tibial loading model, designing a
protocol should be based on previous studies so that interpretation
of novel or unexpected results is made more reliable.

INFLUENCE OF PHYSIOLOGICAL CONTEXT ON THE
MECHANOSTAT
As discussed earlier in this review, the mechanostat is primarily
a local phenomenon in which bone responds to local changes in
mechanical strain and adapts its local bone mass and architecture
accordingly to adjust strains to restore the set point. However, it is
well accepted that the functioning of the mechanostat can be influ-
enced by systemic changes. For example, during the menopause
in women there is a loss of bone mass sufficient to increase the
incidence of fragility fractures (114, 115). The rapidity of this loss
is unlikely to be accounted for by any sudden change in mechani-
cal loading of the bone through decreased exercise, etc. Therefore,
there must be some mechanism, which influences the mechano-
stat and impairs its function (116). The most likely candidate is
decline in the levels of available estrogen and we have attributed at
least part of this failure to altered function of its receptors; estrogen
receptor (ER) α and β (62, 90). Aspects of the changes that are likely
to occur with the menopause have been recapitulated in animal
models where loading can be artificially increased and therefore
allowing interrogation of the link between the mechanostat and
estrogen receptor signaling in more detail. The interventions used
to investigate this mechanism will now be discussed.

SURGICAL MODELING OF PATHOLOGY
A simple way to recreate the menopause and deplete endoge-
nous estrogen in animals is by removal of the gonads i.e., an
ovariectomy. The earliest study which investigated the effect of
ovariectomy on the loading response was using the four-point
bending model in rats (117). They concluded that the cortical
response to loading was not affected by ovariectomy, although
a concurrent loss of trabecular bone due to estrogen depletion
was observed. As discussed earlier in this review, there are issues,
which surround the use of bending models of loading, particu-
larly in these circumstances where analysis of trabecular bone is
key. However, more recently the lack of the effect of ovariectomy
on the adaptive response has been confirmed using the axial tib-
ial loading model (60). Chambers’ group have also investigated
the effect of combining ovariectomy with invasive mechanical
loading of the rat tail vertebra, which contains predominantly
trabecular bone (118). Unexpectedly, they found that the tra-
becular bone formation rate following loading was increased in
ovariectomized compared to control animals. Interestingly, the
enhancing effect of ovariectomy on the response to loading was
not inhibited by the addition of pamidronate, a bisphosphonate,
which inhibits bone resorption by inducing osteoclast apopto-
sis. This suggests that estrogen may have an inhibitory effect on

osteoblastic bone formation such that once removed by ovariec-
tomy, loading-induced bone formation is increased. More recently,
these findings have been confirmed using the non-invasive axial
tibial loading model where it was also demonstrated that ovariec-
tomy increases the loading-related gain in trabecular but not
cortical bone (119).

PHARMACOLOGIC INTERVENTIONS
In addition to investigating the effect of loss of estrogen following
ovariectomy on the function of the mechanostat, studies have also
been performed to examine the effect of estrogen supplementation
by injecting rats daily with biologically active 17β-estradiol (118).
In agreement with the previously mentioned enhanced response
to loading following ovariectomy, in trabecular bone, estrogen
supplementation inhibited the response to loading. This was also
unexpected since estradiol is well accepted to prevent the deleteri-
ous effects of ovariectomy on trabecular bone (120). Interestingly,
estrogen also appears to have an inhibitory effect on cortical bone’s
response to mechanical loading (121), which is surprising given
the lack of effect of ovariectomy on cortical bone’s response to
mechanical loading (60, 119). One of the complexities encoun-
tered when interpreting these studies are the relative effects of
ERα and β activation. Newer drugs have been developed, which
act as selective ER modulators (SERMs). One of these SERMs,
tamoxifen, is used clinically as a breast cancer treatment and has
been shown to be more potent than estradiol at preventing the
ovariectomy-induced loss of trabecular bone (120). Perhaps more
beneficially, it has been demonstrated that tamoxifen causes a syn-
ergistic increase in trabecular bone formation when combined
with mechanical loading (119).

GENETIC MANIPULATION
To further decipher the relative involvement of ERα and β in bone’s
response to mechanical loading, an alternative to the administra-
tion of selective pharmacologic agents is to create animals, usually
mice, with genetic modifications and apply mechanical loading.
As discussed previously, one vital undertaking prior to mechani-
cal loading of genetically modified animals is to determine whether
the intrinsic load:strain relationship in these animals has also
been modified such that similar strain stimuli can be applied to
mice with potentially different bone phenotypes. The first study to
investigate the effect of ER deletion on bone’s response to mechan-
ical loading was by Lee et al. (90). Using the axial ulna loading
model (33), they demonstrated that global deletion of ERα in
mice significantly impaired cortical bone’s adaptive response to
mechanical loading. Later studies confirmed these findings using
the axial tibial loading model (60, 62, 122). One of these stud-
ies subsequently investigated the effect of genetic modifications
of the specific activation function regions of the ERα found that
deletion of AF1, but not AF2, was responsible for the effect of
ERα knockout on the cortical response to mechanical loading
(60). This is interesting because estrogen’s effect on bone mass
is via AF2 and not AF1 (123) suggesting that in cortical bone,
the effect of mechanical loading is via the ERα but independent
of estrogen itself, potentially explaining why ERα deletion, but
not depletion of estrogen, decreases bone’s adaptive response to
mechanical loading.
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Other studies have investigated the role of ERβ using the non-
invasive ulna and tibia loading models and found that global
deletion of ERβ in mice enhances cortical bone’s response to
mechanical loading (62, 124). Taken together, these data suggest
that ERα and β have opposing roles in bone’s adaptation to load-
ing. However, the story is more complex since global deletion of
one ER can result in up regulation of circulating estrogen and other
hormones confounding interpretation of these experiments (125–
127). With the more recent advent of cell-type specific knockout
mice being available (128–130), the cell-type specific role of ERs in
the mechanostat is currently being further investigated. For exam-
ple, deletion of ERα specifically from osteocytes has no effect on
cortical bone’s adaptation to loading (128).

Another level of complexity is added when the role of the ERs
in trabecular bone’s adaptation to loading is considered. In female
mice, deletion of ERα does not affect the response to loading while
in male mice ERα deletion increases the response to loading (62).
In contrast deletion of ERβ enhances loading-related trabecular
bone gain (62). However, interpretation of the effect of ER deletion
on loading-related changes in trabecular bone is problematic since
strain-matching between groups is not possible due to the limited
means to measure loading-engendered strains in these compart-
ments and because deletion of ERα, and ERβ in female but not
male mice, increases trabecular bone mass (131).

Inevitably, it is to be expected that elucidation of the role of
estrogen and the ERs is likely to be complex and to complete our
understanding it is likely that a combined in vivo and in vitro
approach will be required. However, the purpose of its discus-
sion here was to illustrate the type of interventions that can
be combined with mechanical loading studies to determine the
mechanisms involved in the mechanostat in more detail.

CONCLUSION
In this review, we have discussed the animal models of mechan-
ical loading, which are available to dissect the mechanisms of
the mechanostat and how they have been used to determine the
components of the strain stimulus involved in bone’s adaptive
response to mechanical loading. The complex process of bone
modeling and remodeling can only be fully observed in animals
and humans. Nearly all the understanding we have of the bones’
adaptive response to mechanical loading has been derived from
experiments using animal models.

In summary, over the physiological strain range bones’mechan-
ically adaptive processes are responsive to dynamic but not static
strains; the size and nature of the adaptive response is linearly
related to the peak strains engendered; it is preferentially sen-
sitive to high strain rates and unresponsive to static ones; it is
most responsive to unusual strain distributions; it is maximized
by remarkably few strain cycles, and that these are most effective
when interrupted by short periods of rest between them.

No studies have so far demonstrated any unique mechanically
responsive pathway in bone cells, rather the mechanisms of the
mechanostat appear to be those used by a wide variety of cells
to also respond to endocrine, paracrine, and autocrine influences.
How these complex influences combine to so precisely regulate
bone architecture that in the vast majority of situations it is appro-
priate to each individual’s changing loading history remains to be
determined. When it is, much of the essential data contributing to

the solution will have been generated by animal experimentation
of the type described here.

REFERENCES
1. Wolff J. The Law of Bone Transformation. Berlin: Hirschwald (1892).
2. Cowin SC. Wolff ’s law of trabecular architecture at remodeling equilibrium.

J Biomech Eng (1986) 108(1):83–8. doi:10.1115/1.3138584
3. Roesler H. The history of some fundamental concepts in bone biomechanics.

J Biomech (1987) 20(11–12):1025–34. doi:10.1016/0021-9290(87)90020-0
4. Frost HM. The Utah Paradigm of Skeletal Physiology, Vol. 1, Bone and Bones and

Associated Problems. Athens, Greece: ISMNI (2004).
5. Sugiyama T, Price JS, Lanyon LE. Functional adaptation to mechanical loading

in both cortical and cancellous bone is controlled locally and is confined to the
loaded bones. Bone (2010) 46(2):314–21. doi:10.1016/j.bone.2009.08.054

6. Lanyon LE, Sugiyama T, Price JS. Regulation of bone mass: local control or
systemic influence or both? IBMS Bonekey (2009) 6(6):218–26. doi:10.1138/
20090382

7. Woo SL, Kuei SC,Amiel D, Gomez MA, Hayes WC,White FC, et al. The effect of
prolonged physical training on the properties of long bone: a study of Wolff ’s
law. J Bone Joint Surg Am (1981) 63(5):780–7.

8. Loitz BJ, Zernicke RF. Strenuous exercise-induced remodelling of mature bone:
relationships between in vivo strains and bone mechanics. J Exp Biol (1992)
170:1–18.

9. Yeh JK, Aloia JF, Chen MM, Tierney JM, Sprintz S. Influence of exercise on
cancellous bone of the aged female rat. J Bone Miner Res (1993) 8(9):1117–25.
doi:10.1002/jbmr.5650080913

10. Bourrin S, Ghaemmaghami F, Vico L, Chappard D, Gharib C, Alexandre C.
Effect of a five-week swimming program on rat bone: a histomorphometric
study. Calcif Tissue Int (1992) 51(2):137–42. doi:10.1007/BF00298502

11. Snyder A, Zierath JR, Hawley JA, Sleeper MD, Craig BW. The effects of exer-
cise mode, swimming vs. running, upon bone growth in the rapidly growing
female rat. Mech Ageing Dev (1992) 66(1):59–69. doi:10.1016/0047-6374(92)
90073-M

12. Martínez-Mota L, Ulloa R-E, Herrera-Pérez J, Chavira R, Fernández-Guasti
A. Sex and age differences in the impact of the forced swimming test on the
levels of steroid hormones. Physiol Behav (2011) 104(5):900–5. doi:10.1016/j.
physbeh.2011.05.027

13. Ju Y-I, Sone T, Ohnaru K, Choi H-J, Fukunaga M. Differential effects of
jump versus running exercise on trabecular architecture during remobilization
after suspension-induced osteopenia in growing rats. J Appl Physiol (2012)
112(5):766–72. doi:10.1152/japplphysiol.01219.2011

14. Umemura Y, Ishiko T, Yamauchi T, Kurono M, Mashiko S. Five jumps per
day increase bone mass and breaking force in rats. J Bone Miner Res (1997)
12(9):1480–5. doi:10.1359/jbmr.1997.12.9.1480

15. Buhl KM, Jacobs CR, Turner RT, Evans GL, Farrell PA, Donahue HJ. Aged bone
displays an increased responsiveness to low-intensity resistance exercise. J Appl
Physiol (2001) 90(4):1359–64.

16. Schefer V, Talan MI. Oxygen consumption in adult and AGED C57BL/6J mice
during acute treadmill exercise of different intensity. Exp Gerontol (1996)
31(3):387–92. doi:10.1016/0531-5565(95)02032-2

17. Albouaini K, Egred M, Alahmar A, Wright DJ. Cardiopulmonary exercise test-
ing and its application. Heart (2007) 93(10):1285–92. doi:10.1136/hrt.2007.
121558

18. Price JS, Sugiyama T, Galea GL, Meakin LB, Sunters A, Lanyon LE. Role of
endocrine and paracrine factors in the adaptation of bone to mechanical load-
ing. Curr Osteoporos Rep (2011) 9(2):76–82. doi:10.1007/s11914-011-0050-7

19. Bonewald LF, Kiel DP, Clemens TL, Esser K, Orwoll ES, O’Keefe RJ, et al.
Forum on bone and skeletal muscle interactions: summary of the pro-
ceedings of an ASBMR workshop. J Bone Miner Res (2013) 28(9):1857–65.
doi:10.1002/jbmr.1980

20. Lanyon LE, Smith RN. Measurements of bone strain in the walking animal. Res
Vet Sci (1969) 10(1):93–4.

21. Evans FG, Lissner HR, Pedersen HH. Deformation studies of the femur under
dynamic vertical loading. Anat Rec (1948) 101(2):225–41. doi:10.1002/ar.
1091010208

22. Lanyon LE. Analysis of surface bone strain in the calcaneus of sheep during nor-
mal locomotion. Strain analysis of the calcaneus. J Biomech (1973) 6(1):41–9.
doi:10.1016/0021-9290(73)90036-5

www.frontiersin.org October 2014 | Volume 5 | Article 154 | 35

http://dx.doi.org/10.1115/1.3138584
http://dx.doi.org/10.1016/0021-9290(87)90020-0
http://dx.doi.org/10.1016/j.bone.2009.08.054
http://dx.doi.org/10.1138/20090382
http://dx.doi.org/10.1138/20090382
http://dx.doi.org/10.1002/jbmr.5650080913
http://dx.doi.org/10.1007/BF00298502
http://dx.doi.org/10.1016/0047-6374(92)90073-M
http://dx.doi.org/10.1016/0047-6374(92)90073-M
http://dx.doi.org/10.1016/j.physbeh.2011.05.027
http://dx.doi.org/10.1016/j.physbeh.2011.05.027
http://dx.doi.org/10.1152/japplphysiol.01219.2011
http://dx.doi.org/10.1359/jbmr.1997.12.9.1480
http://dx.doi.org/10.1016/0531-5565(95)02032-2
http://dx.doi.org/10.1136/hrt.2007.121558
http://dx.doi.org/10.1136/hrt.2007.121558
http://dx.doi.org/10.1007/s11914-011-0050-7
http://dx.doi.org/10.1002/jbmr.1980
http://dx.doi.org/10.1002/ar.1091010208
http://dx.doi.org/10.1002/ar.1091010208
http://dx.doi.org/10.1016/0021-9290(73)90036-5
http://www.frontiersin.org
http://www.frontiersin.org/Bone_Research/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meakin et al. Experimental evaluation of loading-related adaptation

23. Lanyon LE, Hampson WG, Goodship AE, Shah JS. Bone deformation recorded
in vivo from strain gauges attached to the human tibial shaft. Acta Orthop Scand
(1975) 46(2):256–68. doi:10.3109/17453677508989216

24. Lanyon LE, Smith RN. Bone strain in the tibia during normal
quadrupedal locomotion. Acta Orthop Scand (1970) 41(3):238–48. doi:10.
3109/17453677008991511

25. Lanyon LE. In vivo bone strain recorded from thoracic vertebrae of sheep.
J Biomech (1972) 5(3):277–81. doi:10.1016/0021-9290(72)90044-9

26. Rubin CT, Lanyon LE. Limb mechanics as a function of speed and gait: a study
of functional strains in the radius and tibia of horse and dog. J Exp Biol (1982)
101:187–211.

27. Lanyon LE. Strain in sheep lumbar vertebrae recorded during life. Acta Orthop
Scand (1971) 42(1):102–12. doi:10.3109/17453677108989030

28. Lanyon LE, Hartman W. Strain related electrical potentials recorded in vitro
and in vivo. Calcif Tissue Res (1977) 22(3):315–27. doi:10.1007/BF02010370

29. Lanyon LE. The measurement of bone strain “in vivo”. Acta Orthop Belg (1976)
42(Suppl 1):98–108.

30. Clark EA, Goodship AE, Lanyon LE. Locomotor bone strain as the stimulus for
bone’s mechanical adaptability. J Physiol (Lond) (1975) 245(2):57.

31. Skerry TM. One mechanostat or many? Modifications of the site-specific
response of bone to mechanical loading by nature and nurture. J Musculoskelet
Neuronal Interact (2006) 6(2):122–7.

32. Lauder GV, Lanyon LE. Functional anatomy of feeding in the bluegill sunfish,
Lepomis macrochirus: in vivo measurement of bone strain. J Exp Biol (1980)
80:33–55.

33. Lee KC, Maxwell A, Lanyon LE. Validation of a technique for studying func-
tional adaptation of the mouse ulna in response to mechanical loading. Bone
(2002) 31(3):407–12. doi:10.1016/S8756-3282(02)00842-6

34. De Souza RL, Matsuura M, Eckstein F, Rawlinson SC, Lanyon LE, Pitsillides
AA. Non-invasive axial loading of mouse tibiae increases cortical bone forma-
tion and modifies trabecular organization: a new model to study cortical and
cancellous compartments in a single loaded element. Bone (2005) 37(6):810–8.
doi:10.1016/j.bone.2005.07.022

35. Sztefek P, Vanleene M, Olsson R, Collinson R, Pitsillides AA, Shefelbine S.
Using digital image correlation to determine bone surface strains during load-
ing and after adaptation of the mouse tibia. J Biomech (2010) 43(4):599–605.
doi:10.1016/j.jbiomech.2009.10.042

36. Moustafa A, Sugiyama T, Prasad J, Zaman G, Gross TS, Lanyon LE, et al.
Mechanical loading-related changes in osteocyte sclerostin expression in mice
are more closely associated with the subsequent osteogenic response than the
peak strains engendered. Osteoporos Int (2011) 23(4):1225–34. doi:10.1007/
s00198-011-1656-4

37. Gross TS, Edwards JL, McLeod KJ, Rubin CT. Strain gradients correlate with
sites of periosteal bone formation. J Bone Miner Res (1997) 12(6):982–8.
doi:10.1359/jbmr.1997.12.6.982

38. Willie BM, Birkhold AI, Razi H, Thiele T, Aido M, Kruck B, et al. Diminished
response to in vivo mechanical loading in trabecular and not cortical bone in
adulthood of female C57Bl/6 mice coincides with a reduction in deformation
to load. Bone (2013) 55(2):335–46. doi:10.1016/j.bone.2013.04.023

39. Lambers FM, Kuhn G, Schulte FA, Koch K, Müller R. Longitudinal assess-
ment of in vivo bone dynamics in a mouse tail model of postmenopausal
osteoporosis. Calcif Tissue Int (2012) 90(2):108–19. doi:10.1007/s00223-011-
9553-6

40. Lambers FM, Stuker F, Weigt C, Kuhn G, Koch K, Schulte FA, et al. Longitudinal
in vivo imaging of bone formation and resorption using fluorescence molecular
tomography. Bone (2013) 52(2):587–95. doi:10.1016/j.bone.2012.11.001

41. Goodship AE, Lanyon LE, McFie H. Functional adaptation of bone to
increased stress. An experimental study. J Bone Joint Surg Am (1979) 61(4):
539–46.

42. Hert J, Lisková M, Landa J. Reaction of bone to mechanical stimuli. 1. Contin-
uous and intermittent loading of tibia in rabbit. Folia Morphol (Praha) (1971)
19(3):290–300.

43. Lisková M, Hert J. Reaction of bone to mechanical stimuli. 2. Periosteal and
endosteal reaction of tibial diaphysis in rabbit to intermittent loading. Folia
Morphol (Praha) (1971) 19(3):301–17.

44. Hert J, Sklenská A, Lisková M. Reaction of bone to mechanical stimuli. 5. Effect
of intermittent stress on the rabbit tibia after resection of the peripheral nerves.
Folia Morphol (Praha) (1971) 19(4):378–87.

45. O’Connor JA, Lanyon LE, MacFie H. The influence of strain rate on adap-
tive bone remodelling. J Biomech (1982) 15(10):767–81. doi:10.1016/0021-
9290(82)90092-6

46. Rubin CT, Lanyon LE. Regulation of bone formation by applied dynamic loads.
J Bone Joint Surg Am (1984) 66(3):397–402.

47. Lanyon LE. Functional strain as a determinant for bone remodeling. Calcif
Tissue Int (1984) 36(Suppl 1):S56–61. doi:10.1007/BF02406134

48. Lanyon LE, Rubin CT. Static vs dynamic loads as an influence on bone remod-
elling. J Biomech (1984) 17(12):897–905. doi:10.1016/0021-9290(84)90003-4

49. Chambers TJ, Evans M, Gardner TN, Turner-Smith A, Chow JW. Induction of
bone formation in rat tail vertebrae by mechanical loading. Bone Miner (1993)
20(2):167–78. doi:10.1016/S0169-6009(08)80025-6

50. Webster DJ, Morley PL, van Lenthe GH, Müller R. A novel in vivo mouse
model for mechanically stimulated bone adaptation – a combined experi-
mental and computational validation study. Comput Methods Biomech Biomed
Engin (2008) 11(5):435–41. doi:10.1080/10255840802078014

51. Lambers FM, Schulte FA, Kuhn G, Webster DJ, Müller R. Mouse tail verte-
brae adapt to cyclic mechanical loading by increasing bone formation rate and
decreasing bone resorption rate as shown by time-lapsed in vivo imaging of
dynamic bone morphometry. Bone (2011) 49(6):1340–50. doi:10.1016/j.bone.
2011.08.035

52. Lambers FM, Koch K, Kuhn G, Ruffoni D, Weigt C, Schulte FA, et al. Tra-
becular bone adapts to long-term cyclic loading by increasing stiffness and
normalization of dynamic morphometric rates. Bone (2013) 55(2):325–34.
doi:10.1016/j.bone.2013.04.016

53. Turner CH, Akhter MP, Raab DM, Kimmel DB, Recker RR. A noninva-
sive, in vivo model for studying strain adaptive bone modeling. Bone (1991)
12(2):73–9. doi:10.1016/8756-3282(91)90003-2

54. Turner CH, Forwood MR, Rho JY, Yoshikawa T. Mechanical loading thresholds
for lamellar and woven bone formation. J Bone Miner Res (1994) 9(1):87–97.
doi:10.1002/jbmr.5650090113

55. Gross TS, Srinivasan S, Liu CC, Clemens TL, Bain SD. Noninvasive loading
of the murine tibia: an in vivo model for the study of mechanotransduction.
J Bone Miner Res (2002) 17(3):493–501. doi:10.1359/jbmr.2002.17.3.493

56. Torrance AG, Mosley JR, Suswillo RF, Lanyon LE. Noninvasive loading of
the rat ulna in vivo induces a strain-related modeling response uncompli-
cated by trauma or periostal pressure. Calcif Tissue Int (1994) 54(3):241–7.
doi:10.1007/BF00301686

57. Moustafa A, Sugiyama T, Saxon LK, Zaman G, Sunters A, Armstrong VJ, et al.
The mouse fibula as a suitable bone for the study of functional adaptation to
mechanical loading. Bone (2009) 44(5):930–5. doi:10.1016/j.bone.2008.12.026

58. Sugiyama T, Meakin LB, Galea GL, Jackson BF, Lanyon LE, Ebetino FH, et al.
Risedronate does not reduce mechanical loading-related increases in cortical
and trabecular bone mass in mice. Bone (2011) 49(1):133–9. doi:10.1016/j.
bone.2011.03.775

59. Tu X, Rhee Y, Condon KW, Bivi N, Allen MR, Dwyer D, et al. Sost downreg-
ulation and local Wnt signaling are required for the osteogenic response to
mechanical loading. Bone (2012) 50(1):209–17. doi:10.1016/j.bone.2011.10.
025

60. Windahl S, Saxon L, Börjesson A, Lagerquist M, Frenkel B, Henning P, et al.
Estrogen receptor-α is required for the osteogenic response to mechanical load-
ing in a ligand-independent manner involving its activation function 1 but not
2. J Bone Miner Res (2012) 28(2):291–301. doi:10.1002/jbmr.1754

61. Saxon LK, Jackson BF, Sugiyama T, Lanyon LE, Price JS. Analysis of multiple
bone responses to graded strains above functional levels, and to disuse, in mice
in vivo show that the human Lrp5 G171V High Bone Mass mutation increases
the osteogenic response to loading but that lack of Lrp5 activity reduces it.
Bone (2011) 49(2):184–93. doi:10.1016/j.bone.2011.03.683

62. Saxon LK, Galea G, Meakin L, Price J, Lanyon LE. Estrogen receptors α and
β have different gender-dependent effects on the adaptive responses to load
bearing in cancellous and cortical bone. Endocrinology (2012) 153(5):2254–66.
doi:10.1210/en.2011-1977

63. Mosley JR, Lanyon LE. Growth rate rather than gender determines the size
of the adaptive response of the growing skeleton to mechanical strain. Bone
(2002) 30(1):314–9. doi:10.1016/S8756-3282(01)00626-3

64. Ohashi N, Robling AG, Burr DB, Turner CH. The effects of dynamic axial
loading on the rat growth plate. J Bone Miner Res (2002) 17(2):284–92.
doi:10.1359/jbmr.2002.17.2.284

Frontiers in Endocrinology | Bone Research October 2014 | Volume 5 | Article 154 | 36

http://dx.doi.org/10.3109/17453677508989216
http://dx.doi.org/10.3109/17453677008991511
http://dx.doi.org/10.3109/17453677008991511
http://dx.doi.org/10.1016/0021-9290(72)90044-9
http://dx.doi.org/10.3109/17453677108989030
http://dx.doi.org/10.1007/BF02010370
http://dx.doi.org/10.1016/S8756-3282(02)00842-6
http://dx.doi.org/10.1016/j.bone.2005.07.022
http://dx.doi.org/10.1016/j.jbiomech.2009.10.042
http://dx.doi.org/10.1007/s00198-011-1656-4
http://dx.doi.org/10.1007/s00198-011-1656-4
http://dx.doi.org/10.1359/jbmr.1997.12.6.982
http://dx.doi.org/10.1016/j.bone.2013.04.023
http://dx.doi.org/10.1007/s00223-011-9553-6
http://dx.doi.org/10.1007/s00223-011-9553-6
http://dx.doi.org/10.1016/j.bone.2012.11.001
http://dx.doi.org/10.1016/0021-9290(82)90092-6
http://dx.doi.org/10.1016/0021-9290(82)90092-6
http://dx.doi.org/10.1007/BF02406134
http://dx.doi.org/10.1016/0021-9290(84)90003-4
http://dx.doi.org/10.1016/S0169-6009(08)80025-6
http://dx.doi.org/10.1080/10255840802078014
http://dx.doi.org/10.1016/j.bone.2011.08.035
http://dx.doi.org/10.1016/j.bone.2011.08.035
http://dx.doi.org/10.1016/j.bone.2013.04.016
http://dx.doi.org/10.1016/8756-3282(91)90003-2
http://dx.doi.org/10.1002/jbmr.5650090113
http://dx.doi.org/10.1359/jbmr.2002.17.3.493
http://dx.doi.org/10.1007/BF00301686
http://dx.doi.org/10.1016/j.bone.2008.12.026
http://dx.doi.org/10.1016/j.bone.2011.03.775
http://dx.doi.org/10.1016/j.bone.2011.03.775
http://dx.doi.org/10.1016/j.bone.2011.10.025
http://dx.doi.org/10.1016/j.bone.2011.10.025
http://dx.doi.org/10.1002/jbmr.1754
http://dx.doi.org/10.1016/j.bone.2011.03.683
http://dx.doi.org/10.1210/en.2011-1977
http://dx.doi.org/10.1016/S8756-3282(01)00626-3
http://dx.doi.org/10.1359/jbmr.2002.17.2.284
http://www.frontiersin.org/Bone_Research
http://www.frontiersin.org/Bone_Research/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meakin et al. Experimental evaluation of loading-related adaptation

65. Földes I, Szilágyi T, Rapcsák M, Velkey V, Oganov VS. Changes of lumbar ver-
tebrae after Cosmos-1887 space flight. Physiologist (1991) 34(1 Suppl):S57–8.

66. Vico L, Novikov VE, Very JM, Alexandre C. Bone histomorphometric compar-
ison of rat tibial metaphysis after 7-day tail suspension vs. 7-day spaceflight.
Aviat Space Environ Med (1991) 62(1):26–31.

67. Zérath E, Holy X, Malouvier A, Caissard JC, Noguès C. Rat and monkey
bone study in the Biocosmos 2044 space experiment. Physiologist (1991) 34(1
Suppl):S194–5.

68. Vico L, Alexandre C. Microgravity and bone adaptation at the tissue level.
J Bone Miner Res (1992) 7(Suppl 2):S445–7. doi:10.1002/jbmr.5650071415

69. Uhthoff HK, Jaworski ZF. Bone loss in response to long-term immobilisation.
J Bone Joint Surg Br (1978) 60-B(3):420–9.

70. Turner RT, Bell NH. The effects of immobilization on bone histomorphometry
in rats. J Bone Miner Res (1986) 1(5):399–407. doi:10.1002/jbmr.5650010504

71. Rubin CT, Pratt GW, Porter AL, Lanyon LE, Poss R. Ultrasonic measurement
of immobilization-induced osteopenia: an experimental study in sheep. Calcif
Tissue Int (1988) 42(5):309–12. doi:10.1007/BF02556365

72. Weinreb M, Rodan GA, Thompson DD. Osteopenia in the immobilized rat
hind limb is associated with increased bone resorption and decreased bone
formation. Bone (1989) 10(3):187–94. doi:10.1016/8756-3282(89)90052-5

73. Li XJ, Jee WS, Chow SY,Woodbury DM. Adaptation of cancellous bone to aging
and immobilization in the rat: a single photon absorptiometry and histomor-
phometry study. Anat Rec (1990) 227(1):12–24. doi:10.1002/ar.1092270103

74. Skerry TM, Lanyon LE. Immobilisation induced bone loss in the sheep is not
modulated by calcitonin treatment. Bone (1993) 14(3):511–6. doi:10.1016/
8756-3282(93)90188-G

75. Thomas T, Vico L, Skerry TM, Caulin F, Lanyon LE, Alexandre C, et al. Archi-
tectural modifications and cellular response during disuse-related bone loss in
calcaneus of the sheep. J Appl Physiol (1996) 80(1):198–202.

76. Shaw SR, Zernicke RF, Vailas AC, DeLuna D, Thomason DB, Baldwin KM.
Mechanical, morphological and biochemical adaptations of bone and mus-
cle to hindlimb suspension and exercise. J Biomech (1987) 20(3):225–34.
doi:10.1016/0021-9290(87)90289-2

77. Sakai A, Nakamura T. Changes in trabecular bone turnover and bone mar-
row cell development in tail-suspended mice. J Musculoskelet Neuronal Interact
(2001) 1(4):387–92.

78. Sakai A, Mori T, Sakuma-Zenke M, Takeda T, Nakai K, Katae Y, et al.
Osteoclast development in immobilized bone is suppressed by parathyroidec-
tomy in mice. J Bone Miner Metab (2005) 23(1):8–14. doi:10.1007/s00774-
004-0534-y

79. Aguirre JI, Plotkin LI, Stewart SA, Weinstein RS, Parfitt AM, Manolagas SC,
et al. Osteocyte apoptosis is induced by weightlessness in mice and precedes
osteoclast recruitment and bone loss. J Bone Miner Res (2006) 21(4):605–15.
doi:10.1359/jbmr.060107

80. Ellman R, Spatz J, Cloutier A, Palme R, Christiansen BA, Bouxsein ML. Partial
reductions in mechanical loading yield proportional changes in bone density,
bone architecture, and muscle mass. J Bone Miner Res (2013) 28(4):875–85.
doi:10.1002/jbmr.1814

81. Lloyd SA, Bandstra ER, Willey JS, Riffle SE, Tirado-Lee L, Nelson GA, et al.
Effect of proton irradiation followed by hindlimb unloading on bone in
mature mice: a model of long-duration spaceflight. Bone (2012) 51(4):756–64.
doi:10.1016/j.bone.2012.07.001

82. Can A, Dao DT, Terrillion CE, Piantadosi SC, Bhat S, Gould TD. The tail sus-
pension test. J Vis Exp (2012) 59:e3769. doi:10.3791/3769

83. Warner SE, Sanford DA, Becker BA, Bain SD, Srinivasan S, Gross TS. Botox
induced muscle paralysis rapidly degrades bone. Bone (2006) 38(2):257–64.
doi:10.1016/j.bone.2005.08.009

84. Ausk BJ, Huber P, Poliachik SL, Bain SD, Srinivasan S, Gross TS. Cortical bone
resorption following muscle paralysis is spatially heterogeneous. Bone (2012)
50(1):14–22. doi:10.1016/j.bone.2011.08.028

85. De Souza RL, Pitsillides AA, Lanyon LE, Skerry TM, Chenu C. Sympathetic ner-
vous system does not mediate the load-induced cortical new bone formation.
J Bone Miner Res (2005) 20(12):2159–68. doi:10.1359/JBMR.050812

86. Sugiyama T, Meakin LB, Browne WJ, Galea GL, Price JS, Lanyon LE. Bones’
adaptive response to mechanical loading is essentially linear between the
low strains associated with disuse and the high strains associated with the
lamellar/woven bone transition. J Bone Miner Res (2012) 27(8):1784–93.
doi:10.1002/jbmr.1599

87. Warden SJ, Galley MR, Richard JS, George LA, Dirks RC, Guildenbecher
EA, et al. Reduced gravitational loading does not account for the skele-
tal effect of botulinum toxin-induced muscle inhibition suggesting a direct
effect of muscle on bone. Bone (2013) 54(1):98–105. doi:10.1016/j.bone.2013.
01.043

88. Brodt MD, Silva MJ. Aged mice have enhanced endocortical response and nor-
mal periosteal response compared with young-adult mice following 1 week of
axial tibial compression. J Bone Miner Res (2010) 25(9):2006–15. doi:10.1002/
jbmr.96

89. Zaman G, Saxon LK, Sunters A, Hilton H, Underhill P, Williams D, et al.
Loading-related regulation of gene expression in bone in the contexts of
estrogen deficiency, lack of estrogen receptor alpha and disuse. Bone (2010)
46(3):628–42. doi:10.1016/j.bone.2009.10.021

90. Lee K, Jessop H, Suswillo R, Zaman G, Lanyon L. Endocrinology: bone
adaptation requires oestrogen receptor-alpha. Nature (2003) 424(6947):389.
doi:10.1038/424389a

91. Rubin CT, Lanyon LE. Regulation of bone mass by mechanical strain magni-
tude. Calcif Tissue Int (1985) 37(4):411–7. doi:10.1007/BF02553711

92. McKenzie JA, Silva MJ. Comparing histological, vascular and molecular
responses associated with woven and lamellar bone formation induced by
mechanical loading in the rat ulna. Bone (2011) 48(2):250–8. doi:10.1016/j.
bone.2010.09.005

93. Judex S, Gross TS, Zernicke RF. Strain gradients correlate with sites of exercise-
induced bone-forming surfaces in the adult skeleton. J Bone Miner Res (1997)
12(10):1737–45. doi:10.1359/jbmr.1997.12.10.1737

94. Kotha SP, Hsieh YF, Strigel RM, Müller R, Silva MJ. Experimental and finite
element analysis of the rat ulnar loading model-correlations between strain
and bone formation following fatigue loading. J Biomech (2004) 37(4):541–8.
doi:10.1016/j.jbiomech.2003.08.009

95. Wallace IJ, Kwaczala AT, Judex S, Demes B, Carlson KJ. Physical activity engen-
dering loads from diverse directions augments the growing skeleton. J Muscu-
loskelet Neuronal Interact (2013) 13(3):283–8.

96. Skerry TM, Lanyon LE. Interruption of disuse by short duration walking
exercise does not prevent bone loss in the sheep calcaneus. Bone (1995)
16(2):269–74. doi:10.1016/8756-3282(94)00039-3

97. Meakin LB, Sugiyama T, Galea GL, Browne WJ, Lanyon LE, Price JS. Male mice
housed in groups engage in frequent fighting and show a lower response to
additional bone loading than females or individually housed males that do not
fight. Bone (2013) 54(1):113–7. doi:10.1016/j.bone.2013.01.029

98. Mosley JR, Lanyon LE. Strain rate as a controlling influence on adaptive mod-
eling in response to dynamic loading of the ulna in growing male rats. Bone
(1998) 23(4):313–8. doi:10.1016/S8756-3282(98)00113-6

99. Turner CH, Owan I, Takano Y. Mechanotransduction in bone: role of strain
rate. Am J Physiol (1995) 269(3 Pt 1):E438–42.

100. Taaffe DR, Robinson TL, Snow CM, Marcus R. High-impact exercise pro-
motes bone gain in well-trained female athletes. J Bone Miner Res (1997)
12(2):255–60. doi:10.1359/jbmr.1997.12.2.255

101. Jones HH, Priest JD, Hayes WC, Tichenor CC, Nagel DA. Humeral hypertrophy
in response to exercise. J Bone Joint Surg Am (1977) 59(2):204–8.

102. Deere K, Sayers A, Rittweger J, Tobias JH. Habitual levels of high, but not mod-
erate or low, impact activity are positively related to hip BMD and geometry:
results from a population-based study of adolescents. J Bone Miner Res (2012)
27(9):1887–95. doi:10.1002/jbmr.1631

103. Bennell KL, Malcolm SA, Khan KM, Thomas SA, Reid SJ, Brukner PD,
et al. Bone mass and bone turnover in power athletes, endurance athletes,
and controls: a 12-month longitudinal study. Bone (1997) 20(5):477–84.
doi:10.1016/S8756-3282(97)00026-4

104. LaMothe JM, Zernicke RF. Rest insertion combined with high-frequency load-
ing enhances osteogenesis. J Appl Physiol (2004) 96(5):1788–93. doi:10.1152/
japplphysiol.01145.2003

105. Meakin LB, Galea GL, Sugiyama T, Lanyon LE, Price JS. Age-related impairment
of bones’ adaptive response to loading in mice is associated with gender-related
deficiencies in osteoblasts but no change in osteocytes. J Bone Miner Res (2014)
29(8):1859–71. doi:10.1002/jbmr.2222

106. Kennedy OD, Herman BC, Laudier DM, Majeska RJ, Sun HB, Schaffler MB.
Activation of resorption in fatigue-loaded bone involves both apoptosis and
active pro-osteoclastogenic signaling by distinct osteocyte populations. Bone
(2012) 50(5):1115–22. doi:10.1016/j.bone.2012.01.025

www.frontiersin.org October 2014 | Volume 5 | Article 154 | 37

http://dx.doi.org/10.1002/jbmr.5650071415
http://dx.doi.org/10.1002/jbmr.5650010504
http://dx.doi.org/10.1007/BF02556365
http://dx.doi.org/10.1016/8756-3282(89)90052-5
http://dx.doi.org/10.1002/ar.1092270103
http://dx.doi.org/10.1016/8756-3282(93)90188-G
http://dx.doi.org/10.1016/8756-3282(93)90188-G
http://dx.doi.org/10.1016/0021-9290(87)90289-2
http://dx.doi.org/10.1007/s00774-004-0534-y
http://dx.doi.org/10.1007/s00774-004-0534-y
http://dx.doi.org/10.1359/jbmr.060107
http://dx.doi.org/10.1002/jbmr.1814
http://dx.doi.org/10.1016/j.bone.2012.07.001
http://dx.doi.org/10.3791/3769
http://dx.doi.org/10.1016/j.bone.2005.08.009
http://dx.doi.org/10.1016/j.bone.2011.08.028
http://dx.doi.org/10.1359/JBMR.050812
http://dx.doi.org/10.1002/jbmr.1599
http://dx.doi.org/10.1016/j.bone.2013.01.043
http://dx.doi.org/10.1016/j.bone.2013.01.043
http://dx.doi.org/10.1002/jbmr.96
http://dx.doi.org/10.1002/jbmr.96
http://dx.doi.org/10.1016/j.bone.2009.10.021
http://dx.doi.org/10.1038/424389a
http://dx.doi.org/10.1007/BF02553711
http://dx.doi.org/10.1016/j.bone.2010.09.005
http://dx.doi.org/10.1016/j.bone.2010.09.005
http://dx.doi.org/10.1359/jbmr.1997.12.10.1737
http://dx.doi.org/10.1016/j.jbiomech.2003.08.009
http://dx.doi.org/10.1016/8756-3282(94)00039-3
http://dx.doi.org/10.1016/j.bone.2013.01.029
http://dx.doi.org/10.1016/S8756-3282(98)00113-6
http://dx.doi.org/10.1359/jbmr.1997.12.2.255
http://dx.doi.org/10.1002/jbmr.1631
http://dx.doi.org/10.1016/S8756-3282(97)00026-4
http://dx.doi.org/10.1152/japplphysiol.01145.2003
http://dx.doi.org/10.1152/japplphysiol.01145.2003
http://dx.doi.org/10.1002/jbmr.2222
http://dx.doi.org/10.1016/j.bone.2012.01.025
http://www.frontiersin.org
http://www.frontiersin.org/Bone_Research/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meakin et al. Experimental evaluation of loading-related adaptation

107. Robling AG, Burr DB, Turner CH. Partitioning a daily mechanical stimulus
into discrete loading bouts improves the osteogenic response to loading. J Bone
Miner Res (2000) 15(8):1596–602. doi:10.1359/jbmr.2000.15.8.1596

108. Robling AG, Burr DB, Turner CH. Recovery periods restore mechanosensitivity
to dynamically loaded bone. J Exp Biol (2001) 204(Pt 19):3389–99.

109. Srinivasan S, Ausk BJ, Poliachik SL, Warner SE, Richardson TS, Gross TS.
Rest-inserted loading rapidly amplifies the response of bone to small increases
in strain and load cycles. J Appl Physiol (2007) 102(5):1945–52. doi:10.1152/
japplphysiol.00507.2006

110. Srinivasan S, Agans SC, King KA, Moy NY, Poliachik SL, Gross TS. Enabling
bone formation in the aged skeleton via rest-inserted mechanical loading. Bone
(2003) 33(6):946–55. doi:10.1016/j.bone.2003.07.009

111. Srinivasan S, Weimer DA, Agans SC, Bain SD, Gross TS. Low-magnitude
mechanical loading becomes osteogenic when rest is inserted between each
load cycle. J Bone Miner Res (2002) 17(9):1613–20. doi:10.1359/jbmr.2002.17.
9.1613

112. Saxon LK, Robling AG, Alam I, Turner CH. Mechanosensitivity of the rat skele-
ton decreases after a long period of loading, but is improved with time off. Bone
(2005) 36(3):454–64. doi:10.1016/j.bone.2004.12.001

113. de Souza RL, Saxon L. In vivo mechanical loading. Methods Mol Biol (2012)
816:621–36. doi:10.1007/978-1-61779-415-5_38

114. Kanis JA, McCloskey EV, Johansson H, Oden A, Melton LJ, Khaltaev N. A refer-
ence standard for the description of osteoporosis. Bone (2008) 42(3):467–75.
doi:10.1016/j.bone.2007.11.001

115. FitzGerald G, Boonen S, Compston JE, Pfeilschifter J, LaCroix AZ, Hosmer
DW, et al. Differing risk profiles for individual fracture sites: evidence from the
global longitudinal study of osteoporosis in women (GLOW). J Bone Miner Res
(2012) 27(9):1907–15. doi:10.1002/jbmr.1652

116. Lanyon L, Skerry T. Postmenopausal osteoporosis as a failure of bone’s
adaptation to functional loading: a hypothesis. J Bone Miner Res (2001)
16(11):1937–47. doi:10.1359/jbmr.2001.16.11.1937

117. Hagino H, Raab DM, Kimmel DB, Akhter MP, Recker RR. Effect of ovariec-
tomy on bone response to in vivo external loading. J Bone Miner Res (1993)
8(3):347–57. doi:10.1002/jbmr.5650080312

118. Jagger CJ, Chow JW, Chambers TJ. Estrogen suppresses activation but enhances
formation phase of osteogenic response to mechanical stimulation in rat bone.
J Clin Invest (1996) 98(10):2351–7. doi:10.1172/JCI119047

119. Sugiyama T, Galea GL, Lanyon LE, Price JS. Mechanical loading-related bone
gain is enhanced by tamoxifen but unaffected by fulvestrant in female mice.
Endocrinology (2010) 151(12):5582–90. doi:10.1210/en.2010-0645

120. Turner RT, Wakley GK, Hannon KS, Bell NH. Tamoxifen inhibits osteoclast-
mediated resorption of trabecular bone in ovarian hormone-deficient rats.
Endocrinology (1988) 122(3):1146–50. doi:10.1210/endo-122-3-1146

121. Saxon LK, Turner CH. Low-dose estrogen treatment suppresses periosteal
bone formation in response to mechanical loading. Bone (2006) 39(6):1261–7.
doi:10.1016/j.bone.2006.06.030

122. Callewaert F, Bakker A, Schrooten J, Van Meerbeek B, Verhoeven G, Boo-
nen S, et al. Androgen receptor disruption increases the osteogenic response
to mechanical loading in male mice. J Bone Miner Res (2010) 25(1):124–31.
doi:10.1359/jbmr.091001

123. Börjesson AE, Windahl SH, Lagerquist MK, Engdahl C, Frenkel B, Movérare-
Skrtic S, et al. Roles of transactivating functions 1 and 2 of estrogen receptor-

alpha in bone. Proc Natl Acad Sci U S A (2011) 108(15):6288–93. doi:10.1073/
pnas.1100454108

124. Saxon LK, Robling AG, Castillo AB, Mohan S, Turner CH. The skeletal respon-
siveness to mechanical loading is enhanced in mice with a null mutation in
estrogen receptor-beta. Am J Physiol Endocrinol Metab (2007) 293(2):E484–91.
doi:10.1152/ajpendo.00189.2007

125. Lindberg MK, Weihua Z, Andersson N, Movérare S, Gao H, Vidal O, et al.
Estrogen receptor specificity for the effects of estrogen in ovariectomized mice.
J Endocrinol (2002) 174(2):167–78. doi:10.1677/joe.0.1740167

126. Sunters A, Armstrong VJ, Zaman G, Kypta RM, Kawano Y, Lanyon LE, et al.
Mechano-transduction in osteoblastic cells involves strain-regulated estrogen
receptor alpha-mediated control of insulin-like growth factor (IGF) I recep-
tor sensitivity to ambient IGF, leading to phosphatidylinositol 3-kinase/AKT-
dependent Wnt/LRP5 receptor-independent activation of beta-catenin signal-
ing. J Biol Chem (2010) 285(12):8743–58. doi:10.1074/jbc.M109.027086

127. Galea GL, Price JS, Lanyon LE. Estrogen receptors’ roles in the control
of mechanically adaptive bone (re)modeling. Bonekey Rep (2013) 2:413.
doi:10.1038/bonekey.2013.147

128. Windahl SH, Börjesson AE, Farman HH, Engdahl C, Movérare-Skrtic S, Sjö-
gren K, et al. Estrogen receptor-α in osteocytes is important for trabecular
bone formation in male mice. Proc Natl Acad Sci U S A (2013) 110(6):2294–9.
doi:10.1073/pnas.1220811110

129. Almeida M, Iyer S, Martin-Millan M, Bartell SM, Han L, Ambrogini E, et al.
Estrogen receptor-α signaling in osteoblast progenitors stimulates cortical bone
accrual. J Clin Invest (2012) 123(1):394–404. doi:10.1172/JCI65910

130. Kondoh S, Inoue K, Igarashi K, Sugizaki H, Shirode-Fukuda Y, Inoue E, et al.
Estrogen receptor α in osteocytes regulates trabecular bone formation in female
mice. Bone (2014) 60:68–77. doi:10.1016/j.bone.2013.12.005

131. Sims NA, Dupont S, Krust A, Clement-Lacroix P, Minet D, Resche-Rigon
M, et al. Deletion of estrogen receptors reveals a regulatory role for estrogen
receptors-beta in bone remodeling in females but not in males. Bone (2002)
30(1):18–25. doi:10.1016/S8756-3282(01)00643-3

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest. The Specialty Chief Editor Jonathan H. Tobias
declares that, despite being affiliated to the same institution as the authors, the
review process was handled objectively and no conflict of interest exists.

Received: 28 July 2014; paper pending published: 17 August 2014; accepted: 12
September 2014; published online: 01 October 2014.
Citation: Meakin LB, Price JS and Lanyon LE (2014) The contribution of experimental
in vivo models to understanding the mechanisms of adaptation to mechanical loading
in bone. Front. Endocrinol. 5:154. doi: 10.3389/fendo.2014.00154
This article was submitted to Bone Research, a section of the journal Frontiers in
Endocrinology.
Copyright © 2014 Meakin, Price and Lanyon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Endocrinology | Bone Research October 2014 | Volume 5 | Article 154 | 38

http://dx.doi.org/10.1359/jbmr.2000.15.8.1596
http://dx.doi.org/10.1152/japplphysiol.00507.2006
http://dx.doi.org/10.1152/japplphysiol.00507.2006
http://dx.doi.org/10.1016/j.bone.2003.07.009
http://dx.doi.org/10.1359/jbmr.2002.17.9.1613
http://dx.doi.org/10.1359/jbmr.2002.17.9.1613
http://dx.doi.org/10.1016/j.bone.2004.12.001
http://dx.doi.org/10.1007/978-1-61779-415-5_38
http://dx.doi.org/10.1016/j.bone.2007.11.001
http://dx.doi.org/10.1002/jbmr.1652
http://dx.doi.org/10.1359/jbmr.2001.16.11.1937
http://dx.doi.org/10.1002/jbmr.5650080312
http://dx.doi.org/10.1172/JCI119047
http://dx.doi.org/10.1210/en.2010-0645
http://dx.doi.org/10.1210/endo-122-3-1146
http://dx.doi.org/10.1016/j.bone.2006.06.030
http://dx.doi.org/10.1359/jbmr.091001
http://dx.doi.org/10.1073/pnas.1100454108
http://dx.doi.org/10.1073/pnas.1100454108
http://dx.doi.org/10.1152/ajpendo.00189.2007
http://dx.doi.org/10.1677/joe.0.1740167
http://dx.doi.org/10.1074/jbc.M109.027086
http://dx.doi.org/10.1038/bonekey.2013.147
http://dx.doi.org/10.1073/pnas.1220811110
http://dx.doi.org/10.1172/JCI65910
http://dx.doi.org/10.1016/j.bone.2013.12.005
http://dx.doi.org/10.1016/S8756-3282(01)00643-3
http://dx.doi.org/10.3389/fendo.2014.00154
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Bone_Research
http://www.frontiersin.org/Bone_Research/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METHODS ARTICLE
published: 09 December 2014

doi: 10.3389/fendo.2014.00208

A new method to investigate how mechanical loading
of osteocytes controls osteoblasts
Marisol Vazquez 1, Bronwen A. J. Evans2, Daniela Riccardi 3, Sam L. Evans4, Jim R. Ralphs3,
Christopher Mark Dillingham5 and Deborah J. Mason3*
1 Arthritis Research UK Biomechanics and Bioengineering Centre, School of Biosciences, Cardiff University, Cardiff, UK
2 Institute of Molecular and Experimental Medicine, School of Medicine, Cardiff University, Cardiff, UK
3 Division of Pathophysiology and Repair, School of Biosciences, Cardiff University, Cardiff, UK
4 Institute of Mechanical and Manufacturing Engineering, School of Engineering, Cardiff University, Cardiff, UK
5 School of Psychology, Cardiff University, Cardiff, UK

Edited by:
Jonathan H. Tobias, University of
Bristol, UK

Reviewed by:
Andy Sunters, Royal Veterinary
College, UK
Jonathan Gooi, The University of
Melbourne, Australia

*Correspondence:
Deborah J. Mason, Division of
Pathophysiology and Repair, School of
Biosciences, Cardiff University,
Museum Avenue, Cardiff, CF10 3AX,
UK
e-mail: masondj@cardiff.ac.uk

Mechanical loading, a potent stimulator of bone formation, is governed by osteocyte  

regulation of osteoblasts. We developed a three-dimensional (3D) in vitro co-culture sys-  

tem to investigate the effect of loading on osteocyte–osteoblast interactions. MLO-Y4  

cells were embedded in type I collagen gels and MC3T3-E1(14) or MG63 cells layered  

on top. Ethidium homodimer staining of 3D co-cultures showed 100% osteoblasts and  

86% osteocytes were viable after 7 days. Microscopy revealed osteoblasts and osteocytes  

maintain their respective ovoid/pyriform and dendritic morphologies in 3D co-cultures.  

Reverse-transcriptase quantitative polymerase chain reaction (RT-qPCR) of messenger  

ribonucleic acid (mRNA) extracted separately from osteoblasts and osteocytes, showed  

that podoplanin (E11), osteocalcin, and runt-related transcription factor 2 mRNAs were  

expressed in both cell types. Type I collagen (Col1a1) mRNA expression was higher in  

osteoblasts (P < 0.001), whereas, alkaline phosphatase mRNA was higher in osteocytes  

(P =0.001). Immunohistochemistry revealed osteoblasts and osteocytes express E11, type  

I pro-collagen, and connexin 43 proteins. In preliminary experiments to assess osteogenic  

responses, co-cultures were treated with human recombinant bone morphogenetic pro-  

tein 2 (BMP-2) or mechanical loading using a custom built loading device. BMP-2 treatment  

significantly increased osteoblast Col1a1 mRNA synthesis (P =0.031) in MLO-Y4/MG63
 

 
co-cultures after 5 days treatment. A 16-well silicone plate, loaded (5 min, 10 Hz, 2.5 N) to

 
induce 4000–4500 µε cyclic compression within gels increased prostaglandin E2 (PGE2)

 
release 0.5 h post-load in MLO-Y4 cells pre-cultured in 3D collagen gels for 48, 72 h,

 
or 7 days. Mechanical loading of 3D co-cultures increased type I pro-collagen release 1  
and 5 days later. These methods reveal a new osteocyte–osteoblast co-culture model that  

may be useful for investigating mechanically induced osteocyte control of osteoblast bone  

formation.  

Keywords: osteocyte, osteoblast, 3 dimensional, co-culture, model, loading

INTRODUCTION
Osteocytes are by far the most abundant bone cell type (90–
95% of all bone cells (1), forming a network of cells, connected
by long cell processes that extend along canaliculi within the
mineralized bone matrix. The adult human skeleton is contin-
ually being remodeled by bone forming osteoblasts and bone
resorbing osteoclasts, whose activities are balanced in healthy indi-
viduals. Osteocytes are thought to integrate hormonal, growth
factor, and mechanical stimuli to influence control of bone
remodeling.

In vivo, osteocytes increase transcriptional and metabolic activ-
ities in response to short loading periods (2, 3), increase their
dentin matrix protein 1 (DMP1) and matrix extracellular phos-
phoglycoprotein (MEPE) expression, controlling bone matrix
mineral quality (4, 5), increase insulin growth factor 1 (IGF-1), and
related proteins involved in mechanically induced bone formation

(6, 7), and stimulate nitric oxide (NO) production (8), an early
mediator of mechanically induced bone formation (9). Osteocyte
abundance, morphology, position within bone, and ability to form
an extensive network are ideally suited to this mechanorespon-
sive role (10–14). Osteocytic processes and primary cilia detect
mechanical stimuli (15–19) whereas, proteins involved in the con-
nection of osteocytes to surrounding cells and/or the extracellular
matrix (ECM), like focal adhesions, connexin 43 (CX43), and
integrins, are involved in osteocyte response to mechanical stim-
uli (20, 21). Mechanically loaded osteocytes regulate osteoblast
activity through various mechanisms including the downregu-
lation of sclerostin (SOST) expression (22, 23), release of NO,
which has an anabolic effect on osteoblast activity (9), and release
of prostaglandin E2 (PGE2), which regulates osteoblast prolifer-
ation and differentiation (24). Whilst the methodology devel-
oped here focuses on osteocyte control of osteoblasts, it is clear
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that osteocytes regulate other cells activities in response to load
(25–27).

A major problem with investigating osteocytes is the diffi-
culty in isolation and culture of these cells in vitro. Studies
using sequential digestion of bone to enrich for osteocytes have
proved difficult and, so far, limited to chick (28–30), rat (31), and
mouse (32). Mouse cell lines representing late osteoblast/early
osteocytes (MLO-A5) (33) and osteocyte-like (MLO-Y4) (33,
34) cells have been developed to facilitate in vitro investiga-
tion of osteocytes, but these are routinely cultured in monolayer
on type I collagen-coated plastic. More recently the IDG-SW3
mouse derived cells have been shown to replicate osteoblast-
to-late osteocyte differentiation under both two-dimensional
(2D) and three-dimensional (3D) collagen culture conditions
in vitro (35).

There have been very few publications on co-culture of
osteoblasts and osteocytes, despite the known physiological inter-
actions between these cell types. Taylor et al. (36) describe a
co-culture system in which the two cell types are grown in 2D,
either side of a semi permeable cell culture insert membrane.
Stimulation of the osteocyte layer by fluid shear enhanced alkaline
phosphatase (ALP) expression by the osteoblasts, an effect at least
partially dependent on cell–cell contact and gap junction commu-
nication (36). This system is useful but does not allow osteocytes
to form a 3D network. The three-dimensionality of osteocyte
environment is important; firstly embedding primary osteoblasts
within 3D matrices induces differentiation to osteocyte-like cells
in vitro (37), recapitulating the in vivo differentiation pathway, and
secondly it facilitates a more realistic model of a 3D lacunocanalic-
ular system (LCS) of cells that can be subjected to appropriate
mechanical cues.

In vitro, 3D bone models where bone cells are embedded in
type I collagen gels have not been used to investigate osteocyte
loading or osteocyte–osteoblast interactions (38–42). 3D cultures
made out of polybicarbonate membranes (37) and scaffolds (43–
46) do not embed cells within a 3D matrix, but instead attach
them to the scaffold surface and therefore do not accurately cap-
ture the environment of an osteocyte within bone. Whilst these
systems have proven the feasibility of reproducing the synthesis
of an organized matrix (44) and cell-mediated matrix degrada-
tion (47–49), there are no models that co-culture osteoblasts and
osteocytes in 3D under mechanical stimulation. This highlights a
major gap in the understanding of the interactions that lead to
mechanically induced bone formation.

Here, we describe the methodology for a new 3D co-culture
model, cultured within a custom built multi-well silicone loading
plate, to investigate how mechanical loading of osteocytes regu-
lates osteoblast function. MLO-Y4 cells were cultured within type
I collagen gels, with an osteoblast-like cell line [MC3T3-E1(14)
or MG63] layered on top of the gel (Figure 1). Both osteoblasts
and osteocytes maintain cell viability, morphology, and phenotype
when cultured in 3D co-cultures and express CX43, a compo-
nent of network formation. These co-cultures resulted in anabolic
responses when stimulated with bone morphogenetic protein 2
(BMP-2) or mechanically loaded. This model will be useful in elu-
cidating osteocyte-driven mechanical mechanisms that regulate
bone formation.

FIGURE 1 | Novel 3D osteocyte–osteoblast co-culture model. Diagram
of the 3D in vitro model indicating the surface and deep zone, and positions
of the surface osteoblasts and embedded osteocytes.

MATERIALS AND METHODS
CELLS
MLO-Y4 cells were a kind gift from Professor Lynda Bonewald,
University of Missouri-Kansas City, USA. MC3T3-E1(14) and
MG63 cells were obtained from the European Collection of Cell
Cultures, Salisbury, UK.

MLO-Y4 cells (34) were cultured on collagen-coated flasks
(rat tail tendon type I collagen, 0.15 mg/mL in 0.02 N glacial
acetic acid) in alpha minimum essential medium (αMEM, Invit-
rogen) supplemented with 2.5% Heat Inactivated Fetal Bovine
Serum (HIFBS, Invitrogen) and 2.5% Heat Inactivated Newborn
Calf Serum (HINCS, Invitrogen) (50). MC3T3-E1(14) cells were
cultured in αMEM supplemented with 10% FBS (Invitrogen)
(51). MG63 cells were cultured in Dulbecco’s Minimum Essen-
tial Medium (DMEM, Invitrogen) and supplemented with 5%
FBS (Invitrogen). All three cell lines were supplemented with
100 U/mL penicillin and 100 µg/mL streptomycin and grown at
37°C in 5% CO2. At 70–80% (MLO-Y4) or 80–90% [MC3T3-
E1(14) and MG63] confluency, cells were sub-cultured by treating
with trypsin/ethylenediaminetetraacetic acid (EDTA) (0.25% w/v
of each; Invitrogen).

3D CO-CULTURES
MLO-Y4 cells were incorporated within type I collagen gels and
either MC3T3-E1(14) or MG63 cells layered on top. Rat tail tendon
type I collagen (Sigma, in 7 mM glacial acetic acid) was mixed 4:1
with 5X MEM (Invitrogen) containing 11 g/L sodium bicarbonate
on ice and neutralized [1 M tris(hydroxymethyl)aminomethane
(Tris) base, pH 11.5] to give 2–2.6 mg/mL type I collagen gels.
MLO-Y4 cells (1.5× 106 cells/mL gel) diluted in αMEM (<10%
of total gel volume) were added to the collagen on ice and 500
or 250 µL distributed into 24 or 48-well plastic plates, respec-
tively for polymerization at 37°C for 1 h. MC3T3-E1(14) or MG63
cells (1.5× 105 cells/well) in DMEM with 5% FBS (MG63) or
5% dialyzed FBS (DFBS) [MC3T3-E1(14)] were applied onto
the surface of each gel after 1 h and incubated at 37°C for up
to 1 week (Figure 1). Medium was changed after 24 h and every
2 days thereafter. To test cell responses, co-cultures were treated
with human recombinant BMP-2 (250 ng/mL, Peprotech) for
5 days.

Frontiers in Endocrinology | Bone Research December 2014 | Volume 5 | Article 208 | 40

http://www.frontiersin.org/Bone_Research
http://www.frontiersin.org/Bone_Research/archive
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CELL VIABILITY
Co-cultures grown in plastic plates were rinsed with phosphate
buffered saline, pH 7.3 (PBS), incubated with 1 µM ethidium
homodimer (Invitrogen) in serum free medium for 2 h at 4°C
and then for a further 2.5 h at 37°C before washing overnight
at 37°C in normal culture medium with gentle agitation. Pos-
itive controls co-cultures were freeze-thawed at −20°C three
times, before treatment. For cell death analysis of the surface
zone, confocal microscopy was performed directly on whole co-
cultures. Samples were scanned using appropriate excitation and
emission settings for simultaneous recording of 4′,6-diamidino-
2-phenylindole (DAPI) [358 nm Excitation (Ex(max)); 461 nm
Emission (Em(max))] and ethidium homodimer [590 nm Ex(max);
617 nm Em(max)]. Samples were optically sectioned, over five
defined arbitrary regions per gel quarter, using a x10 objective
lens with 2.32 zoom. 5 µm step size z-stack optical sections were
reconstructed using Leica Confocal Software. Maximum intensity
models were prepared showing detail of the surface zone. Counts
were made of DAPI (blue) labeled nuclei (to give total number
of cells) and ethidium homodimer and DAPI (purple) co-labeled
nuclei (to give number of dead cells).

For deep zone viability, cultures were fixed with 1%
paraformaldehyde (Sigma) in 0.05 M PBS for 30 min at 4°C and
then washed in PBS. Some were labeled whole for filamentous
actin and type I pro-collagen (see below). Cultures were infil-
trated with 50% OCT compound (Tissue Tek) in PBS overnight
at 4°C and then frozen in fresh OCT compound onto cryostat
stubs using dry ice. Cryosections were cut at 20 µm using a Bright
OTF5000 cryostat and collected on Polysine slides (VWR). Five
random slides of each co-culture containing 4–6 sections each
were mounted in Vectashield mounting medium with DAPI as
a nuclear counterstain. One random section from each slide was
observed under epi-fluorescence as above, and 10 random fields of
view using the x20 objective photographed for each section under
both DAPI and ethidium homodimer illumination. Counts were
made as above.

MICROSCOPY AND IMAGING OF CELLS AND CELL MARKERS
Osteocyte and osteoblast morphology was assessed in live cultures
grown in plastic plates with a Leica DMRB inverted microscope
equipped with a Moticam 2000 digital camera. For labeling pro-
cedures, 3D cultures were treated, fixed, frozen, and cryosectioned
as previously outlined.

Filamentous actin was labeled by incubating fixed intact
cultures or sections with 5 µM Atto488 conjugated phalloidin
(Sigma) in PBS containing 0.1% tween 20 (PBST; Sigma) for
40 min at 4°C. Specimens were then washed thoroughly in PBST
and mounted in Vectashield containing DAPI to label nuclei
(Vector Laboratories). Labels for type I pro-collagen, gap junc-
tion protein CX43 and dendritic cell marker podoplanin (E11)
were performed by indirect immunohistochemical procedures. In
all cases, the primary antibody was replaced in control sections
with PBST alone or with non-immune immunoglobulins (IgG),
to reveal any non-specific binding. In all cases both PBST and
IgG controls were negative. Type I pro-collagen was labeled using
monoclonal antibody M38 recognizing the C-terminus of pro-
collagen I in a wide range of species except mouse [5 µg/mL;

(52); Developmental Studies Hybridoma Bank], CX43 using mon-
oclonal antibody CXN-6 (8 µg/mL; Sigma) and E11 with goat
anti-mouse podoplanin (E11) primary antibody (2.5 µg/mL; R&D
Systems). Sections were blocked with 5% goat serum (those stained
with antibodies M38 and CXN-6; Dako) or 5% rabbit serum (E11;
Dako) for 30 min and then incubated with primary antibodies
overnight at 4°C (E11) or 1 h at room temperature (M38, CXN-
6). After extensive washing with PBST, M38 and CXN-6 sections
were incubated with AlexaFlour594 or AlexaFluor488 goat anti-
mouse conjugates, for 30 min at room temperature. All sections
were thoroughly washed and mounted in Vectashield/DAPI. E11
sections were incubated with a horseradish peroxidase rabbit anti-
goat conjugate (Vector Laboratories; 1:800 dilution) for 30 min,
washed in PBST and label visualized using a nickel-enhanced
diaminobenzidine peroxidase substrate kit (Vector Laboratories).
Fluorescence specimens were examined with an Olympus BX61
epi-fluorescence microscope equipped with an F-view camera and
AnalySISimage capture and analysis software, or using a Leica TCS
SP2 AOBS confocal scanning laser microscope and using the Leica
Confocal Software, and peroxidase labels with a Leica DMRB
microscope with a Moticam 2000 camera. Confocal microscopy
was carried out on samples using appropriate excitation and emis-
sion settings for simultaneous recording of DAPI and ethidium
homodimer as previously outlined, Phalloidin-Atto488 [495 nm
Ex(max), 519 nm Em(max)], and Alexa 594 [590 nm Ex(max), 617 nm
Em(max)]. Specimens were optically sectioned using a x63 objec-
tive with an arbitrary zoom (surface and deep zone actin filament
stain, and CX43 immunofluorescence). 5 µm (surface zone) or
0.5 µm (deep zone) step size z-stack optical sections through the
specimen were reconstructed using Leica Confocal Software. Max-
imum intensity models were prepared showing detail of the surface
zone or deep zone.

MOLECULAR ANALYSIS OF OSTEOCYTE AND OSTEOBLAST PHENOTYPE
Osteocyte and osteoblast phenotype was determined at the mol-
ecular level using reverse-transcriptase quantitative polymerase
chain reaction (RT-qPCR). Ribonucleic acid (RNA) was extracted
separately from surface and embedded cells of co-cultures grown
in plastic plates by dispensing 1 mL Trizol (Invitrogen) onto the
surface for 10 s to extract osteoblast RNA, and subsequently dis-
solving the underlying gel within a separate 1 mL Trizol aliquot
to extract RNA from gel embedded cells. After RNA extrac-
tion according to manufacturer’s protocol and DNAse treatment
(DNA-free, Ambion) RNA was re-precipitated with 3 M sodium
acetate (pH 5.5,Ambion) and dissolved in molecular biology grade
water (25 µL for surface cells, 50 µL for deep cells). RNA with
A260/A280 and A260/A230 ratios of ≥1.8 was deemed good qual-
ity. RNA (1.7–253.3 ng for the surface zone; 108.8–1864.9 ng for
the deep zone) was primed with random hexadeoxynucleotides
(Promega, Southampton, UK) and reverse transcribed according
to manufacturer’s instructions (Superscript III, Invitrogen). Gene
expression of E11, osteocalcin (OCN), runt-related transcrip-
tion factor 2 (Runx2), type I collagen (Col1a1), ALP, and simian
vacuolating virus 40 (SV40) large T-antigen were analyzed by RT-
qPCR [SYBR Green I master mix (Sigma), 2.5 mM MgCl2, 200 nM
each primer, Stratagene MX3000P]. All targets except OCN used
intron-spanning primers (Table 1) and no template controls were
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Table 1 | Primer details.

Gene Primers (5′–3′) Amplicon

size (bp)

GAPDH (human)

NM_002046.5

Fwd – GGT ATC GTG GAA GGA CTC ATG A 68

Rev – GGC CAT CCA CAG TCT TCT G

HPRT1 (human)

NM_000194.2

Fwd – GCA GAC TTT GCT TTC CTT GG 80

Rev – GTG GGG TCC TTT TCA CCA G

18S rRNA

NR_003278.3

Fwd – GCA ATT ATT CCC CAT GAA CG 125

Rev – GGC CTC ACT AAA CCA TCC AA

E11 (human)

NM_006474.4

Fwd – ACG GAG AAA GTG GAT GGA GA 186

Rev – ACG ATG ATT GCA CCA ATG AA

RUNX2 (human)

NM_

001024630.3

Fwd – GTG GAC GAG GCA AGA GTT TC 107

Rev – TTC CCG AGG TCC ATC TAC TG

COL1A1 (human)

NM_000088.3

Fwd – CAG CCG CTT CAC CTA CAG C 83

Rev – TTT TGT ATT CAA TCA CTG TCT TGC C

OCN (human)

NM_199173.4

Fwd – GGC AGC GAG GTA GTG AAG AG 73

Rev – GAT CCG GGT AGG GGA CTG

Gapdh (mouse)

NM_

001289726.1

Fwd – GAC GGC CGC ATC TTC TTG TGC A 114

Rev – TGC AAA TGG CAG CCC TGG TGA C

Hprt (mouse)

NM_013556.2

Fwd – CGTGATTAGCGATGATGAACCAGGT 149

Rev – CCATCTCCTTCATGACATCTCGAGC

E11 (mouse)

NM_010329.3

Fwd – AAG ATG GCT TGC CAG TAG TCA 118

Rev – GGC GAG AAC CTT CCA GAA AT

Runx2 (mouse)

NM_

001146038.2

Fwd – GAC GAG GCA AGA GTT TCA CC 120

Rev – GTC TGT GCC TTC TTG GTT CC

Col1a1 (mouse)

NM_007742.3

Fwd – ACT GCC CTC CTG ACG CAT GG 140

Rev – TCG CAC ACA GCC GTG CCA TT

OCN (mouse)

NM_007541.3

Fwd – CCGCCTACAAACGCATCTAT 153

Rev – TTTTGGAGCTGCTGTGACAT

ALP (mouse)

NM_

001287172.1

Fwd – GCTGGCCCTTGACCCCTCCA 132

Rev – ATCCGGAGGGCCACCTCCAC

SV40

YP_003708382.1

Fwd – AGGGGGAGGTGTGGGAGGTTTT 100

Rev – TCAGGCCCCTCAGTCCTCAC

included for all reactions. Thermocycling included 1 cycle of 95°C
for 3 min, 40 cycles of 95°C for 20 s, 60°C for 40 s, 72°C for 20 s, and
1 cycle of 72°C for 10 min. Specificity of RT-qPCR was confirmed
by melting curve analysis (Stratagene MX3000P) with comple-
mentary deoxyribonucleic acid (cDNA) standard curves of 90–
110% efficiency and with an R2 value of ≥0.99 accepted as valid.

Relative quantification of messenger ribonucleic acid (mRNA)
expression by RT-qPCR was calculated using the 2−∆∆CT method
(53). In all cases, RT-qPCR was carried out using three reference

genes (RG), 18S rRNA, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH ), and hypoxanthine–guanine phosphoribosyl-
transferase (HPRT1). The most stable RG was determined via
NormFinder. Expression data for each gene in an experiment were
transformed from log10 to linear scale using a standard curve and
then loaded into the NormFinder Microsoft Excel Add-In1 (54).
The most stable gene or combination of two genes, combined by
calculating the geometric mean, was used for normalization and
is clearly stated in the relevant figures. Target gene expression lev-
els were expressed as relative expression units (REU), using the
highest expressor within all samples as the calibrator sample.

MECHANICAL LOADING
A 16-well loading plate (Figure 2A) was manufactured from solid
silicone (Technovent TechSil 25)2 so that the wells of the plate
were of the same dimensions (10 mm diameter) as a standard
Greiner (Stonehouse, UK) 48-well tissue culture plate but with
a 150 µm thick base. The spaces between the wells were filled
with silicone and a series of holes were made on each side of the
plate to accommodate hooks for attachment to a BOSE loading
instrument. A Dantec Dynamics Digital Image Correlation (DIC)
system was used to measure strain in the loading plate in order
to calibrate the system. DIC compares two digital images of two
different mechanical states of a particular object: a reference state
and a deformed state. A previously applied speckle pattern (here
applied using black face paint)3 follows the strain of the object,
and so the displacement that occurs between both reference and
deformed state can be measured by matching the speckle pattern in
small regions of the image (55, 56). By using two cameras (Limess
Messtechnik)4 and matching speckle patterns in each image, the
position and displacement in 3D can be obtained, after calibrating
the system using a grid of known dimensions to determine the
position of the cameras. DIC validated strains of 4000–4500 µε in
the majority of the wells of the loading plate when a force of 2.5 N
was applied.

For mechanical loading the silicone plate was attached to a
BOSE ElectroForce® 3200 (Kent, UK) loading instrument by a
custom-made device (Figure 2B) in order to stretch the plate from
one end causing cyclic compression in all wells. A 250 N load cell
was used to apply a loading regime of 5 min, 10 Hz, 2.5 N to 3D
osteocyte mono-cultures. Loading was controlled using WinTest®
Software 4.1 with TuneIQ control optimization (BOSE).

For loading, 3D osteocyte mono-cultures were prepared and
cultured in the silicone plate in 800 µl of DMEM GlutaMAX™
supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin,
and 5% DFBS incubated at 37°C in 5% CO2/95% air atmosphere
for 24, 48, or 72 h without changing culture medium prior to load,
or 7 days where culture medium was changed every 2–3 days and
prior to loading. 3D co-cultures were prepared and cultured in the
silicone plate as described previously for plastic plates and cultured
for 7 days prior to load, changing culture medium every 2–3 days
and immediately prior to loading.

1http://www.mdl.dk/publicationsnormfinder.htm
2http://www.technovent.com
3http://www.snazaroo.co.uk
4http://www.limess.com
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Vazquez et al. Osteocyte–osteoblast co-culture model

FIGURE 2 | A novel mechanical loading device. (A) A 16-well rubber
loading plate of the same dimensions (10 mm diameter) as a standard
48-well tissue culture plate but with a 150 µm thick base and with holes for
its attachment to a BOSE loading instrument. (B) Schematic showing the
operation of the loading device. The collagen gels are contained in the wells
of the silicone plate, and the entire plate is stretched to apply a strain to the
gels.

Prostaglandin E2 release was measured at 0, 0.5, 1, 3, 6, 12, and
24 h post-load using an Enzo Life Sciences PGE2 kit (Exeter, UK)
and following manufacturer’s instructions. Experimental samples
were diluted 1:64 (gels set up 24 h before loading), 1:16 (gels set
up 48 and 72 h before loading), or 1:40 (gels set up 7 days before
loading) in order to fit within the standard curve of the assay.
All samples were within the standard curve range. The sensitivity
of the assay is 8.26 µg as stated by the manufacturer. Absorbance
was recorded using a BMG Labtech FLUOstar Optima plate reader
(Bucks, UK) and using the Optima Software for FLUOstar V2.00
R3 (BMG Labtech). PGE2 concentration of the experimental sam-
ples was determined according to the standard curve. Data was
normalized to total cell number by lysing cultures and perform-
ing LDH assay (CytoTox 96® Non-Radioactive Cytotoxicity Assay,
Promega, Southampton, UK).

PINP (type I pro-collagen) synthesis was measured at day 1 and
5 post-load using a Rat/Mouse PINP Enzyme Immunoassay (EIA)
kit (Immunodiagnostic systems, Tyne & Wear, UK) following the
manufacturer’s instructions. All samples were within the standard
curve range. The sensitivity of the assay was 0.7 ng/ml as stated
by the manufacturer. Data were normalized to total DNA content

(extracted using TRIzol® reagent and quantified after precipita-
tion using a Quant-iT™ dsDNA High-Sensitivity Assay Kit, both
following the manufacturer’s instructions). The sensitivity of the
DNA assay was 0.5 ng/µl.

STATISTICS
Data are expressed as the mean± Standard Error of the Mean
(SEM). Residuals were tested for normality (Anderson–Darling)
and equal variance (Bartlett’s and Levene’s tests) and transformed
if necessary, before applying analysis of variance (ANOVA) and
post hoc Fisher’s or Tukey’s tests or General Linear Model (GLM)
for crossed factors with pairwise comparisons where P < 0.05
were recorded. Data were deemed to be significantly different
when P < 0.05. 3D cultures prepared in individual wells within
a plate, cultured for 1–12 days and loaded/treated were considered
independent replicates. Group of independent replicates (3D cul-
tures) prepared, cultured, and loaded/treated in separate plates on
separate occasions were considered independent experiments.

RESULTS
OSTEOCYTE AND OSTEOBLAST VIABILITY IN 3D CO-CULTURES
Confocal images of the surface zone across five arbitrary fields of
view were taken for all replicates of both MLO-Y4/MC3T3-E1(14)
(three independent experiments of n= 3) or MLO-Y4/MG63 (two
independent experiments of n= 3) 3D co-cultures grown in plas-
tic plates. At both day 1 and day 7, the viability of MC3T3-E1(14)
(Figures 3A,B, respectively) or MG63 (Figures 3C,D, respectively)
osteoblast-like cells was 100%. Freeze-thaw controls showed 100%
death of the surface zone of the model (Figure 3I).

Ten arbitrary fields of view from five random transverse
cryosections from all replicates were used for quantification of
MLO-Y4 cell death as a proportion of total MLO-Y4 number in
both MLO-Y4/MC3T3-E1(14) (three independent experiments
of n= 3) or MLO-Y4/MG63 (one independent experiment of
n= 3 for day 1; two independent experiments of n= 3 for day 7)
3D co-cultures. At day 1 and day 7, a mixture of live and dead
MLO-Y4 cells was observed for both MLO-Y4/MC3T3-E1(14)
(Figures 3E,F, respectively) and MLO-Y4/MG63 (Figures 3G,H,
respectively) co-cultures. Live osteocytes had a blue nucleus and
dendritic morphology, whereas, a purple nucleus and rounded
morphology was observed for dead osteocytes. Some live MLO-
Y4 cells had red staining in their cytoplasm but not their nucleus
(arrow 1, Figure 3F). Freeze-thaw controls showed 100% osteocyte
death (Figure 3J).

In MLO-Y4/MC3T3-E1(14) co-cultures, an average of
16.13± 3.16% osteocyte cell death was observed at day 1 and
13.85± 2.35% at day 7 (Figure 4A). Mean MLO-Y4 cell death
within 3D co-cultures did not differ between day 1 and day 7,
however, MLO-Y4 cell death varied significantly between inde-
pendent experiments (GLM, P = 0.002) with a significant interac-
tion between day and experiment (GLM, P = 0.018). MLO-Y4
cell death at day 1 was significantly reduced in experiment 3
(10.04± 1.14%) compared with experiment 1 (20.62± 2.28%,
P = 0.007) and experiment 2 (17.32± 1.43%, P = 0.004) whereas,
MLO-Y4 cell death at day 7 differed significantly between
experiment 1 (18.08± 1.86%) and experiment 2 (9.35± 1.39%)
(P = 0.041).
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FIGURE 3 |Viability of the surface and deep zone cells in 3D co-cultures
(red: ethidium homodimer; blue: DAPI, purple: combination of both
dyes). Confocal microscope images of an arbitrary field of view showing
only live (blue nuclei) surface cells at day 1 (A,C) and at day 7 (B,D) of both
MLO-Y4/MC3T3-E1(14) (A,B) and MLO-Y4/MG63 (C,D) co-cultures,
respectively. Some live osteoblasts show red staining in their cytoplasm
but not their nucleus at both time-points. Fluorescence microscope images
of an arbitrary field of view showing a mixture of live and dead embedded
cells at day 1 (E,G) and at day 7 (F,H) in both MLO-Y4/MC3T3-E1(14) (E,F)
and MLO-Y4/MG63 (G,H) co-cultures, respectively. Some live osteocytes
also show red staining [arrow 1 in (F)] in the cytoplasm but not their
nucleus, whereas, dead cells are red throughout [arrow 2, (F)]. Confocal
microscope image of an arbitrary field of view from a freeze-thaw control
where all surface cells are dead (I). Fluorescence microscope image of an
arbitrary field of view from a freeze-thaw control where all surface and
embedded cells are dead (J) (SZ: surface zone, DZ: deep zone). For the
osteoblasts, images were taken at the level of the surface zone and are
representative of three independent experiments, n=3 per experiment,
five arbitrary fields of view per replicate. Scale bars: 50 µm (A–D, I). For the
osteocytes, images were taken from 3D co-culture transverse cryosections
and are representative of two or three independent experiments, n=3 per
experiment, 5 sections per replicate, 10 arbitrary fields of view per section
[scale bars: 100 µm (E–H, J)].

FIGURE 4 | Quantification of cell number and cell death in the deep
zone of 3D co-cultures.

(Continued)
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FIGURE 4 | Continued
Boxplots of percentage cell death as a proportion of total number of cells at
day 1 and day 7 in MLO-Y4/MC3T3-E1(14) (A) and MLO-Y4/MG63 (C) co-
cultures. Boxplots showing total cell number counted for each replicate
experiment at day 1 and day 7 in each independent experiment for
MLO-Y4/MC3T3-E1(14) (B) and MLO-Y4/MG63 (D). For total cell number,
significant differences obtained by GLM of log10 data between day 1 and
day 7 denoted by **P < 0.01. Significant differences from pairwise
comparisons, within each day, between independent experiments are
shown by “a,” with respect to experiment 2; and “b,” with respect to
experiment 3.

Total cell number increased between day 1 and day 7 (GLM,
P = 0.003 of log10 data), and varied between replicate experi-
ments (GLM, P < 0.001 of log10 data) in MLO-Y4/MC3T3-E1(14)
co-cultures. At day 1, total cell number was 2-fold higher in exper-
iment 3 when compared to experiment 1 (GLM, P = 0.009 of log10

data), and 1.5-fold higher when compared to experiment 2 (GLM,
P = 0.019 of log10 data). At day 7, total cell number was 1.7-fold
higher in experiment 3 when compared to experiment 1 (GLM,
P = 0.049 of log10 data) (Figure 4B).

After 7 days of co-culture, the mean percentage of dead MLO-
Y4 cells in MLO-Y4/MG63 co-cultures was 9.98± 3.66% across
both independent experiments. However, there was a signif-
icant difference observed between mean percentage death of
experiments 1 (17.88± 2.16%) and 2 (2.08± 0.22%) (One-way
ANOVA, P = 0.002) (Figure 4C). There was no significant dif-
ference observed in total MLO-Y4 cell number at day 7 between
experiments 1 and 2 in MLO-Y4/MG63 co-cultures (Figure 4D).

OSTEOCYTES AND OSTEOBLASTS ASSUME APPROPRIATE
MORPHOLOGY IN CO-CULTURES
MLO-Y4 osteocyte-like cells embedded within a 3D type I colla-
gen gel overlaid with either MC3T3-E1(14) or MG63 osteoblasts
grown in plastic plates revealed a single osteoblast surface cell layer
and dendritic MLO-Y4 cells embedded throughout the depth of
the type I collagen gel (Figure 5).

In MLO-Y4/MC3T3-E1(14) co-cultures, MC3T3-E1(14) cells
had a similar ovoid or pyriform morphology to those in mono-
layer cultures (Figure 5A). The MC3T3-E1(14) osteoblasts formed
a thin pavement-like single cell layer on top of the 3D co-cultures,
which were difficult to image under the inverse light micro-
scope (Figure 5B). However, actin filament labeling (Figure 5C)
revealed MC3T3-E1(14) osteoblast morphology more clearly, with
stress-fibers throughout their cell bodies. With similar mor-
phology to MG63 monolayer cultures (Figure 5D), MG63 cells
formed a pavement-like single cell layer in MLO-Y4/MG63 co-
cultures under both light microscopy (Figure 5E) and immuno-
fluorescence, when filamentous actin was labeled (Figure 5F).
MLO-Y4 dendritic morphology observed in monolayer cultures
(Figure 5G) was similar in co-cultures (Figure 5H), although
projections extended in three dimensions. Contacts between
neighboring osteocytes were revealed by actin filament staining
(Figure 5I).

OSTEOCYTES AND OSTEOBLASTS DISPLAY APPROPRIATE PHENOTYPE
IN 3D CO-CULTURES
mRNA expression was assessed in both surface and deep zones of
day 7 MLO-Y4/MC3T3-E1(14) 3D collagen co-cultures grown in

FIGURE 5 | Morphology of surface and deep zone cells in 3D
co-cultures. Inverse light microscope images of MC3T3-E1(14) (A), MG63
(D), and MLO-Y4 (G) cells in monolayer. MC3T3-E1(14) and MG63
osteoblast-like cells present typical osteoblastic morphologies, mainly ovoid
or pyriform, and MLO-Y4 osteocyte-like cells have a typical dendritic
morphology. Inverse light microscope images taken from the surface zone
(B,E) of the 3D model where a confluent monolayer of surface cells is
observed, and halfway through the depth of a 3D co-culture (H) showing
embedded cells with a similar dendritic morphology to that seen in MLO-Y4
monolayer cultures. Confocal microscope focusing directly onto the surface
zone of a 3D co-culture at day 7 (C,F), where surface cells were stained to
reveal actin filaments (Phalloidin-Atto488) and cell nuclei (DAPI). The image
shows a pavement-like monolayer, with individual cells containing
well-developed stress-fibers, and maintaining an osteoblastic morphology.
Confocal microscope image stack of a 3D co-culture transverse cryosection
at day 7 (I) where embedded cells were stained to reveal actin filaments
(Phalloidin-Atto488) and cell nuclei (DAPI), showing a dendritic morphology
and connections between neighboring cells. Images are arbitrary fields of
view representative of three independent experiments, n=3 per
experiment.

plastic plates by relative RT-qPCR using primers against osteoblast
and osteocyte phenotypic markers. Data were expressed in REU
and normalized to Gapdh, which was ranked as the most sta-
ble reference gene (NormFinder stability value= 0.398, inter-
group variation= 0.376, and intragroup variation= 0.012). Data
were analyzed from three independent experiments, each with
three replicates for the surface zone, and four replicates for
the deep zone, for all genes except Col1a1 (two independent
experiments).

In MLO-Y4/MC3T3-E1(14) co-cultures, no significant differ-
ence in expression was detected between zones of the model for
E11 (surface zone, 0.264± 0.072 REU; deep zone, 0.361± 0.087
REU) (Figure 6A), OCN (surface zone, 0.212± 0.076 REU;
deep zone, 0.269± 0.080 REU) (Figure 6B), and Runx2 (surface
zone, 0.275± 0.083 REU; deep zone, 0.157± 0.025) (Figure 6C).
However, the surface zone of the model showed 6-fold increases in
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FIGURE 6 | Gene expression of cellular markers in surface and deep zone
cells in MLO-Y4/MC3T3-E1(14) 3D co-cultures. Quantification of gene
expression in the 3D co-culture after 7 days by relative RT-qPCR, boxplots of
E11 (A), OCN (B), RUNX2 (C), Col1a1 (D), and ALP (E) expressed as REU and
normalized to Gapdh expression. Significant differences obtained by GLM of
log10 data (E11, Col1a1, and OCN) or ranked data (ALP and Runx2) between

surface and deep zones denoted by **P < 0.01, ***P < 0.0001. Significant
differences from pairwise comparisons, within each zone, between
independent experiments denoted by “a,” with respect to experiment 2; and
“b,” with respect to experiment 3. Values derived from two (Col1a1) or three
(all others) independent experiments, n=3 for surface and four for deep
zones.

expression of Col1a1 compared to the deep zone (0.168± 0.085 vs.
0.028± 0.007 REU, GLM, P < 0.001 of log10 data) (Figure 6D).
In contrast, the deep zone of the 3D co-culture showed

2-fold increases in ALP expression over the surface zone
(0.366± 0.075 vs. 0.185± 0.047 REU, GLM, P = 0.001 of ranked
data) (Figure 6E). Whilst REU of all genes varied significantly
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between replicate experiments (GLM, E11, OCN, and Col1a1,
P < 0.001 of log10 data; Runx2 P = 0.013 of ranked data; ALP
P < 0.001 of ranked data; P < 0.05 for all pairwise comparisons)
the trend in terms of surface compared with deep REUs within
each experiment was consistent. Consistent with this, RT-PCR
of MLO-Y4/MG63 co-cultures, revealed surface osteoblasts and
embedded osteocytes expressed E11, OCN, Runx2, and COL1A1
mRNA (data not shown, three independent experiments of n= 3
for both surface and deep zones). Quantification of mRNA
expression could not be compared between surface MG63 and
embedded MLO-Y4 cells as the respective human and mouse
cDNA sequences are not sufficiently homologous to use the same
primers.

Osteoblasts and osteocytes in MLO-Y4/MC3T3-E1(14) co-
cultures showed strong, uniform immunolabelling for the den-
dricity marker E11 (Figures 7A,B). Intense E11 immunola-
belling was also observed in embedded MLO-Y4 cells within
the MLO-Y4/MG63 co-cultures, but not in surface MG63 cells
(Figures 7C,D). In both 3D co-culture systems abundant CX43
immunostaining was observed in the cell membrane and cyto-
plasm of osteoblasts and in osteocytes along their processes, as well
as within the cytoplasm, around the nucleus (Figures 7E–G) and
in contacts between cells (Figures 7F inset; 7H). Immunohisto-
chemistry images are representative of day 7, 3D co-cultures from
three independent experiments where n= 3 [MLO-Y4/MC3T3-
E1(14)], or two independent experiments where n= 3 (MLO-
Y4/MG63). Four to six cryosections from all replicates were
observed. PBST and IgG controls were negative.

CELL MIGRATION IN CO-CULTURES
To detect whether MLO-Y4 cells moved to the surface zone, expres-
sion of the SV40 large T-antigen (only expressed by MLO-Y4 cells)
was determined in MLO-Y4/MC3T3-E1(14) co-cultures grown in
plastic plates (Figure 8). Whilst low levels of SV40 large T-antigen
mRNA expression were detected in the surface zone (Figure 8A),
SV40 large T-antigen immunolabelling was completely absent
from the surface zone of the model (Figure 8B).

Osteoblast migration from surface to deep zone could be
tracked in MLO-Y4/MG63 co-cultures, using a type I pro-collagen
antibody that only detects human (i.e., MG63-derived) pro-
collagen and not that expressed by mouse. Immunolocalization
revealed that MG63 cells synthesizing human type I pro-collagen,
whilst abundant in the upper layer of cells were also occasion-
ally observed in cells up to 100 µm beneath the surface zone
(Figure 8C).

BMP-2 TREATMENT REGULATES MG63 EXPRESSION OF TYPE I
COLLAGEN IN CO-CULTURES
In order to determine whether osteoblasts in co-cultures could
respond to an osteogenic signal, we stimulated the MLO-Y4/MG63
co-cultures grown in plastic plates with BMP-2 (Figure 9). We used
the mouse/human model so that we could discriminate between
MLO-Y4-derived and MG63-derived type I collagen expression.
BMP-2 treatment significantly increased MG63 COL1A1 mRNA
expression at day 5 compared to day 1 (Figure 9A) (GLM of log10

data, P = 0.03, two independent experiments of n= 3). However,
BMP-2 treatment had no effect on MLO-Y4 Col1a1 (Figure 9B),

FIGURE 7 | Protein expression of cellular markers in surface (SZ) and
deep (DZ) zone cells of the 3D co-culture systems. Brightfield
photomicrographs showing immunostaining for the dendricity marker E11
in both surface and embedded cells (A) and showing E11 immunostaining
in the osteocytes highlighting their morphology (B), in MLO-Y4/MC3T3-
E1(14) 3D co-cultures. Light microscope images revealing immunostaining
for the dendricity marker E11 in embedded cells (C,D) but not in surface
cells (C), in MLO-Y4/MG63 co-cultures. Confocal microscope images
showing CX43 (Dylight594) immunolabelling and cell nuclei stain (DAPI) in
surface and deep zone cells (E) of MLO-Y4/MC3T3-E1(14) co-cultures.
Image reveals abundant quantities of CX43 present in the cytoplasm and
cell membranes of both cell types, around the nucleus of the embedded
cells (F), and connections between neighboring cells [(F), inset] (inset scale
bar: 10 µm). Fluorescent photomicrographs of surface (G) and deep (H)
zone cells of MLO-Y4/MG63 co-cultures labeled for CX43 (green) and
counterstained with DAPI (blue) reveals that the surface cell layer, in this
case several cells thick, intensely labels for CX43 along cell–cell interfaces
(G). High magnification of embedded cells within the same co-culture gel
reveals extensive punctate labeling within the cytoplasm and at the cell
surface, including at interfaces between cell processes (arrow) (H). Images
are arbitrary fields of view taken from 3D co-culture transverse
cryosections representative of two or three independent experiments,
n=3 per experiment. In all cases, controls performed by omitting or
substituting the primary antibody, showed no labeling.

MG63 or MLO-Y4 OCN (Figures 9C,D), and E11 (Figures 9E,F)
mRNA expression.

Immunolabelling with monoclonal antibody M38 that recog-
nizes the C-terminus of human type I pro-collagen (an epitope
not present in the collagen used to make the gel) revealed that
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FIGURE 8 | Co-cultures retain zone separation for up to 7 days (SZ:
surface zone; DZ: deep zone).

(Continued)

FIGURE 8 | Continued
Boxplot showing quantification of SV40 large T-antigen gene expression in
the MLO-Y4/MC3T3-E1(14) co-culture after 7 days by relative RT-qPCR
(A) expressed as REU and normalized to Gapdh expression. Significant
differences obtained by GLM of log10 data between surface and deep zones
denoted by **P < 0.01. Significant differences from pairwise comparisons,
within each zone, between independent experiments denoted by “a” with
respect to experiment 1 (three independent experiments, n=3 for surface
and 4 for deep zones). Fluorescent photomicrograph of transverse
cryosection from day 7 MLO-Y4/MC3T3-E1(14) co-culture shows
immunolabelling for SV40 large T-antigen (red) and cell nuclei stain (blue) in
osteocytes only, represented by the purple color (red and blue
co-localization) (B). However, no SV40 large T-antigen immunostaining in the
osteoblasts was present (three independent experiments, n=3). SZ,
surface zone; DZ, deep zone. Fluorescent photomicrograph of transverse
cryosection from BMP-2 treated MLO-Y4/MG63 co-cultures at day 5 (C)
revealed presence of type I pro-collagen in the upper layer of cells and in
cells up to 100 µm beneath the surface, which are all MG63 cells since
M38 antibody does not recognize mouse type I pro-collagen (two
independent experiments, n=3).

type I pro-collagen is abundant in surface MG63 cells after 5 days
BMP-2 treatment (Figures 10A,B).

EMBEDDED MLO-Y4 CELLS RELEASE PGE2 IN RESPONSE TO
MECHANICAL LOADING
A pilot experiment to determine whether mechanical load-
ing induced PGE2 release in MLO-Y4 cells in 3D gels in
the silicone plate, revealed that load (5 min, 10 Hz, 2.5 N)
increased PGE2 release between 0.5 and 24 h. Mean PGE2 release
was increased approximately 4-fold at 0.5 h post-load (control
1206.55± 37.32 pg/ml; loaded 4632.91± 1773.78 pg/ml; n= 2 at
each time) (Figure 11A).

To determine whether load-induced PGE2 release was affected
by MLO-Y4 culture time in 3D gels prior to loading, MLO-
Y4 cells were pre-cultured in gels for 24, 48, or 72 h and PGE2

measured 0.5 h after loading as before. After normalizing to
cell number, PGE2 was not detectable in loaded or control 3D
MLO-Y4 mono-cultures pre-cultured for 24 h, whereas mean
PGE2 was increased in loaded osteocytes pre-cultured for 48 h
and for 72 h compared with their respective unloaded controls
(Figure 11B, n= 3 per pre-culture time). When MLO-Y4 cells
were pre-cultured for 7 days prior to mechanical loading, mean
PGE2 release, normalized to cell number, was also increased 0.5 h
post-load [control 1195.40± 109.72 pg/ml/OD492 nm, loaded
3152.26± 435.20 pg/ml/OD492 nm; n= 2 or 3 (Figure 11C)].

To determine whether mechanical loading could induce type
I pro-collagen synthesis a pilot experiment assessed PINP syn-
thesis 1 and 5 days post-load. This was carried out in 3D MLO-
Y4/MC3T3-E1(14) co-cultures grown in the silicone plate pre-
cultured for 7 days prior to load. Our preliminary findings reveal
mean PINP release was increased in loaded 3D co-cultures when
compared to control cultures at day 1 or 5 (Figure 11D, n= 2
control and loaded).

DISCUSSION
This paper describes methodology for a novel in vitro 3D
osteocyte–osteoblast co-culture model, which can be used to assess
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Vazquez et al. Osteocyte–osteoblast co-culture model

FIGURE 9 | Effects of BMP-2 treatment on osteoblast and osteocyte
phenotype in MLO-Y4/MG63 3D co-cultures. Quantification of gene
expression in surface and deep zone cells of 3D co-cultures at day 1 and 5
after BMP-2 treatment by relative RT-qPCR, boxplots of COL1A1 (A,B), OCN

(C,D), and E11 (E,F) expressed as REU and normalized to GAPDH expression.
Significant differences obtained by GLM of log10 data denoted by *P < 0.05.
Data are from two independent experiments of n=3 for surface and deep
zones.

how osteocytes regulate osteoblasts in response to mechanical
load. The model has been morphologically and phenotypically
characterized, and methodology optimized based on responses
to mechanical load. The model is a two-phase culture system
where osteocytes are embedded within collagen gels and cul-
tured overnight before osteoblasts were added to the surface of

the gel. In this model, cells were viable, expressed appropriate
phenotypic markers and contacted neighboring cells. A 16-well
silicone plate was developed to enable application of physiological
and osteogenic forces within each gel. Our preliminary findings
indicate that these 3D cultures increase PGE2 synthesis and PINP
release in response to mechanical loading.
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Vazquez et al. Osteocyte–osteoblast co-culture model

FIGURE 10 | Effects of BMP-2 treatment on type I pro-collagen
synthesis in co-cultures of MLO-Y4 and MG63 cells (type I
pro-collagen: red; DAPI: blue). Confocal microscope image of the surface
cells from an untreated 3D co-culture revealed presence of particulate type
I pro-collagen in all surface cells (A). Fluorescence microscope images of
transverse cryosections from BMP-2 treated 3D co-cultures at day 5
(B) revealed presence of type I pro-collagen in the upper layer of cells and
in cells up to 100 µm beneath the surface, which are all MG63 cells since
M38 antibody does not recognize mouse type I pro-collagen.

OSTEOCYTE AND OSTEOBLAST VIABILITY IN 3D CO-CULTURES
In the 3D co-cultures, both MC3T3-E1(14) and MG63 surface
osteoblasts were 100% viable. It is likely that osteoblasts on the
surface of the co-culture behave like a monolayer of cells, with
dead osteoblasts detaching from the top of the collagen gel and
being replaced by new osteoblasts to maintain the single cell
layer.

In the 3D co-cultures, embedded osteocytes displayed 16%
death after 1 day of culture [MLO-Y4/MC3T3-E1(14)] and 10–
14% death at day 7 (both co-culture systems). Osteocyte death is
common in normal human bone (57) and increases from <1% at
birth up to 75% by 80 years old (58–60). If there is a linear relation-
ship between age and osteocyte death, 20% osteocyte death would
occur in humans in their early 20s, consistent with osteocyte via-
bility observed in both 3D models. Cells undergoing cell death
are usually destroyed by neighboring or phagocytic cells (61), but
dead osteocytes, embedded within a mineralized matrix are inac-
cessible, and can be detected within their lacunae in vivo (62, 63).
In the 3D co-culture a similar percentage osteocyte cell death was
observed at day 1 and day 7, which may reflect dead osteocyte
retention within the matrix, but this remains to be determined.

OSTEOCYTE AND OSTEOBLAST MORPHOLOGY IN 3D CO-CULTURES
In the 3D co-culture model, both MC3T3-E1(14) and MG63 cells
displayed a range of osteoblastic, ovoid, and pyriform morpholo-
gies, when maintained for 7 days. They formed a pavement-like
monolayer on top of the 3D culture with well-defined stress-fibers.
Whilst both MC3T3-E1(14) (64) and MG63 (65) monolayer cul-
tures show fibroblastic morphology during logarithmic growth
in vitro, they assume a pyriform shape with prominent stress-
fibers across their cell bodies when confluent (39, 64). In vivo,
osteoblasts can be ovoid, rectangular, columnar, cuboidal, or pyri-
form (66). Osteoblasts form a pavement-like or “overlapping roof
tiles” monolayer on the bone surface [Bidder, 1906 as cited in
Bourne (66) and Sudo et al. (64)] overlaying osteocytes within the

FIGURE 11 | Prostaglandin E2 and PINP release in mechanically loaded
(5 min, 10 Hz, 2.5 N) 3D cultures by ELISA.

(Continued)
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FIGURE 11 | Continued
Graphs showing PGE2 release from 3D osteocyte mono-cultures in a pilot
experiment of 24 h cultures (A), categorized by time of culture (B), and
7 days cultures (C) at 0.5 h post-load unless other time-points are indicated.
Data were normalized to the absorbance (OD492 nm) of LDH lysates (cell
number) (B,C). (D) Boxplot of PINP release from control and loaded
MLO-Y4/MC3T3-E1(14) 3D co-cultures cultures at day 1 and day 5 post-load,
normalized to total DNA. *P < 0.05 as obtained by GLM, GLM of ranked
data (B) or one-way ANOVA (C,D). Significant differences as obtained by
GLM pairwise comparisons denoted by “a” with respect to 24 h loaded
cultures (B). Data presented are from (A) one independent experiment,
n=2 or 3; (B) one (48–72 h cultures) or two (24 h cultures) independent
experiments, n=3; (C,D) one independent experiment, n=2 or 3.

bone matrix [Gegenbaur, 1864 as cited in Bourne (66)]. Osteoblast
position is essential for osteocyte–osteoblast interactions, which
ultimately regulate bone matrix formation (36, 67–69). Osteoblast
morphology in the 3D co-culture is thus consistent with in vitro
and in vivo observations.

In the 3D co-culture model, MLO-Y4 cells maintain their
osteocytic morphology throughout all gel depths for 7 days, with
cell projections from adjacent cells in contact. In vivo, osteocytes
present a dendritic morphology that allows communication with
neighboring osteocytes. This forms an extensive network known as
the LCS (12, 70–73), which permits metabolic traffic and exchange
within the mineralized environment of the bone matrix. In vitro,
monolayer cultures of MLO-Y4 cells display a 2D dendritic mor-
phology, which becomes 3D in collagen gel cultures (34, 39).
Furthermore, IDG-SW3 cells also display dendritic morphology
in 3D gels (35). The osteocyte morphology in the 3D co-cultures
is consistent with both in vivo and in vitro observations, with mor-
phological characteristics indicative of a 3D network throughout
the co-culture.

OSTEOCYTE AND OSTEOBLAST PHENOTYPE IN 3D CO-CULTURES
In 3D co-cultures, MC3T3-E1(14) cells expressed E11 mRNA and
protein and MG63 cells expressed E11 mRNA (antibody does
not recognize human E11). E11 has been detected in mature
osteoblasts and osteoblasts undergoing bone matrix synthesis (74–
78). The E11 expression detected in the surface zone of the model
suggests that osteoblasts may be sending out projections to con-
nect with neighboring osteoblasts and/or embedded osteocytes.
Previous studies have shown that osteoblasts have cytoplasmic
processes connecting them to neighboring cells [Spuler, 1899 as
cited in Bourne (66), Wetterwald et al. (75), and Schulze et al.
(79)], with prominent stress-fibers that stretch across their cell
bodies into small cytoplasmic processes (39).

OCN, Runx2, and Col1a1 were also expressed in MC3T3-
E1(14) and MG63 cells when in 3D co-cultures, consistent with
in vivo and in vitro studies (51, 80–84). ALP mRNA expression
was also found in MC3T3-E1(14) cells in 3D co-cultures consistent
with previous reports (51, 80, 81, 84–86). CX43 protein expression
was observed throughout osteoblast cytoplasm and cell membrane
in both MC3T3-E1(14) and MG63 cells in 3D co-cultures, sug-
gesting that the surface osteoblasts have the potential to connect
to neighboring cells. Osteoblasts have been shown to express the
gap junction CX43 protein (36, 87, 88), which is important in

responses to mechanical loading (21) and skeletal function (68,
89, 90).

In 3D co-cultures MLO-Y4 cells expressed mRNA and protein
for the early osteocyte marker E11 (75–77, 79) consistent with pre-
vious data (75–77). OCN, Runx2, Col1a1, and ALP mRNAs were
also detected in these cells in co-cultures. Osteocytes have been
previously shown to express OCN, Col1a1, and ALP in vivo and
in vitro (34, 91) and Runx2 in vitro (92).

Confocal imaging of osteocytes in 3D co-cultures showed the
presence of CX43 throughout the cytoplasm, osteocytic processes,
and around the nucleus. Osteocytes express CX43 both in vivo
and in vitro (34, 36, 93, 94), which allows the formation of the
LCS within the bone matrix, and connects osteocytes to surface
osteoblasts (36, 95). CX43 gap junctions in osteocytes contribute
to bone remodeling and formation (96) and they are also mediate
load-induced PGE2 release in osteocytes (97). The expression of
CX43 indicates that osteocytes within the 3D co-culture are poten-
tially able to form a network similar to the LCS, as well as connect
to the osteoblasts on the surface.

In 3D co-cultures, MC3T3-E1(14) cells showed a significantly
higher expression of Col1a1 mRNA compared to the deep zone
of the model. Interestingly, deep zone cells within the 3D co-
cultures expressed significantly higher levels of ALP compared to
the surface zone of the model. This suggests that under appropriate
conditions the MLO-Y4 cells within the 3D model may con-
tribute to mineralization the collagen matrix within which they are
embedded, as previously seen in embedded IDG-SW3 cells (35).

TESTING OSTEOGENIC RESPONSES IN THE 3D CO-CULTURE MODEL
Pilot experiments were performed to see whether the co-culture
methodology could reveal an osteogenic response. This was tested
firstly by treatment with BMP-2 and secondly by testing responses
to mechanical loading.

In the MLO-Y4/MG63 co-culture, osteoblasts were able to
respond to BMP-2, by significantly increasing their COL1A1
mRNA expression and showing abundant type I pro-collagen pro-
tein expression after 5 days of BMP-2 treatment. These data are
consistent with previous in vitro studies,which showed that BMP-2
stimulates collagen synthesis in MC3T3-E1 cells (85).

To determine whether the osteocytes within the co-culture
model responded to loading, we cultured MLO-Y4 in 3D colla-
gen gels, without surface osteoblasts, and measured PGE2 release
in response to loading. To facilitate loading of the 3D model, a
16-well silicone plate was developed that applied uniform strain
within each gel. The loading regime applied (5 min, 10 Hz, 2.5 N)
was based on previous publications showing that 10 min of 10 Hz,
4000–4500 µε loading is physiological and osteogenic in vivo (91,
98, 99). In 3D osteocyte mono-cultures, loading induced PGE2

release over 24 h with maximum PGE2 release occurred after 0.5 h.
In osteocytes pre-cultured in 3D collagen gels for 48, 72 h, or
7 days, mechanical loading increased PGE2 release 0.5 h post-load.
No PGE2 release occurred in osteocytes pre-cultured in 3D gels
for 24 h. This suggests that the osteocytes may require at least
48 h in 3D collagen gels to develop an osteocytic phenotype, form
dendrites and the CX43 gap junctions that are involved in the
release of PGE2 from osteocytes in vitro (100, 101). Others have
shown that mechanically loaded osteocytes in monolayer increase
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PGE2 release (24, 93, 102, 103), as early as 0.5 h post-load (93)
but no previous studies have investigated osteocyte response to
load in 3D.

To determine whether mechanical loading in 3D co-cultures
could elicit an osteogenic response, co-cultures were mechani-
cally loaded as before and type I collagen synthesis quantified.
In 3D co-cultures, mechanical loading increased PINP release,
suggesting that mechanical stimuli of 3D co-cultures elicit an
osteogenic response. PINP synthesis was measured from whole
3D co-cultures, therefore, PINP synthesis may not only be from
surface osteoblasts, but also from embedded osteocytes. Both
osteoblasts and osteocytes produce type I collagen in vitro (34, 104)
although MLO-Y4 cells express reduced Col1a1 mRNA compared
to osteoblasts both in monolayer (34) and here in 3D co-cultures.

Our preliminary data showing that both BMP-2 and mechani-
cal loading can induce type I collagen synthesis, reveals the poten-
tial for the new 3D co-culture and loading methodology described
in this paper in investigating osteogenic responses regulated by
osteocytes.

LIMITATIONS OF THE 3D CO-CULTURE MODEL
Cell migration in co-cultures
The 3D co-culture method is subject to the possibility of cross-
contamination of RNA between surface osteoblasts and embed-
ded osteocytes, due to the extraction protocol, or mixing of cell
types between zones due to osteoblast and/or osteocyte migra-
tion. We used expression of the SV40 large T-antigen, exclusive
to MLO-Y4 cells [derived from mice expressing the SV40 large T-
antigen oncogene under the control of the OCN promoter (34)],
and an antibody that detects human but not mouse type I pro-
collagen, to investigate this. The expression of SV40 large T-antigen
mRNA in RNA extracted from the surface zone, suggests that
there is low level RNA cross-contamination from the osteocytes, or
MLO-Y4 cell migration to the surface in MLO-Y4/MC3T3-E1(14)
co-cultures. Since no SV40 large T-antigen immunostaining was
observed in the surface zone of the model even after 7 days of
co-culture, we conclude that no osteocytes migrated to the surface
zone of the 3D co-culture and that the SV40 large T-antigen mRNA
contamination in the surface zone is due to MLO-Y4 cells imme-
diately underlying gel surface, lysing, and releasing RNA during
extraction from surface cells. However, the human-specific type
I pro-collagen antibody revealed that, although rare, some MG63
cells migrated from the surface to the deep zone of the model, in
MLO-Y4/MG63 co-cultures.

Phenotype and function
Whilst the 3D co-culture model described here has shown
osteoblast and osteocyte cell viabilities (58–60, 105, 106), mor-
phologies (66, 71, 107, 108), phenotypes (75, 81, 86, 91, 109–114),
and loading (104) and osteogenic responses (115, 116) consistent
with those found in vivo, the use of MLO-Y4 cells means that the
important mechanically regulated factor, SOST, is not expressed
in the osteocytes in the model. This limitation could be solved by
replacing the MLO-Y4 cells with the IDG-SW3 cell line, which are
able to differentiate into mature osteocytes and express SOST (35).
Furthermore, the phenotypic characterization was performed in
3D co-cultures grown in plastic plates and it is possible that aspects

of the phenotype would be affected by growing cells in silicone
plates.

Although the 3D model is designed to investigate mechani-
cally induced osteogenesis in a similar in vivo physiological envi-
ronment, it is not mineralized and so it would only represent
interactions that occur in newly formed osteoid rather than min-
eralized bone. Previous studies have shown the mineralization of
3D collagen gels is possible with IDG-SW3 cells (35) during dif-
ferentiation to osteocytes, and therefore the 3D co-culture could
be mineralized. Mineralization of the 3D collagen gel would affect
the properties of the matrix and cell–ECM interactions. Previous
in vitro studies have shown that after mineralization the ECM of
monolayer cultures became gradually stiffer (117). Furthermore,
ECM composition has been shown to affect gene expression (118)
and osteoblast differentiation and behavior (119). Therefore, min-
eralizing the 3D co-culture would make the collagen gels stiffer
and alter phenotype, further mimicking a physiological environ-
ment. If the 3D co-culture was mineralized, further investigations
should be done to test the mechanical properties of the mineral-
ized 3D co-cultures as well as the viability and phenotype of the
cells within the model and assess whether the medium nutrients
can still diffuse to all areas of the 3D gel.

A technical challenge is to ensure that MLO-Y4 cells are evenly
distributed within the collagen solution when gels are being set up,
otherwise some 3D cultures will have more osteocytes than oth-
ers. This will lead to cell number variability between experimental
replicates, which could cause differences in osteocytic network and
loading responses. This was further affected by a variation of up
to 20% in the weight of collagen supplied by Sigma, meaning that,
since the defined collagen mass was dissolved in a set volume of
acid, the collagen gels varied from 2.0 to 2.6 mg/ml. These are
potential explanations for differences in magnitude of responses
across independent experiments and the essential 3D pre-culture
time of at least 48 h for a consistent increase in PGE2 in response
to mechanical loading.

Mechanical loading device
Currently, there are two devices similar to the one developed here
(120, 121). Tata et al. (121) developed a silicone plate in a six-
well plate format to mechanically load vascular smooth muscle
cells (VSMCs) in monolayers, whereas, the device developed by
Neidlinger-Wilke et al. (120) is a single-well silicone plate, which
was designed to load 3D collagen cultures of intervertebral disk
cells. Both devices applied cyclic mechanical stimuli by stretch-
ing in a similar fashion to the device described here, but used
much higher strains at low frequency (Neidlinger-Wilke et al.,
24 h, 0.1 Hz, 10,000 µε; Tata et al., 6–72 h, 1 Hz, 10–20% strain)
(120, 121). Neidlinger-Wilke et al. (120) did not publish how
they assessed strain associated with their device. Tata et al. (121)
assessed the strain field at the bottom surface of the wells using
finite element (FE) modeling, but did not validate this FE model
with DIC, or any other methods. Therefore, our loading device is
the first where the strains have been directly measured, albeit on
the plate surface rather than within the gel.

Digital image correlation showed that when 2.5 N is applied to
the silicone plate, the majority of the wells experienced strains of
4000–4500 µε. Peak strain values in vertebrate bone range from
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2000 to 3500 µε (122–125), 4000–4500 µε loading is physiological
and osteogenic (91, 98, 99), whereas, 6000 µε is pathophysiological
(126). The strain testing performed was carried out on an empty
plate. Testing a silicone plate with 3D cultures within the wells
would further validate the loading plate. Whilst incorporation of
particles into the 3D gels (127) would enable strains to be mea-
sured directly within the gels, we were unable to achieve this by
DIC given the limited well size and the pink color and reflective
properties of the gels. Further work is necessary to confirm the
strain experienced by the cells in the gels is similar to that on the
base of the plate.

CONCLUSION
There is a great need for a fully characterized in vitro 3D matrix
based bone model. The majority of the available 3D models
involve culturing cells on scaffolds (44–46, 128), which does not
represent the bone environment in vivo where osteocytes, are
embedded within a matrix. Published models involving embed-
ding osteoblasts (39, 129), MLO-Y4 (38, 39), primary osteocytes
(42), or normal human bone-derived cells (NHBCs) (41) within
a matrix showed maintenance of cell viability (38, 129), osteo-
cyte cell morphology (38, 39, 41, 42), connectivity (38), and gene
expression (41, 42). However, none of these models have been
individually assessed in all key areas. Furthermore, none of the
available 3D collagen based cultures involve co-culturing osteo-
cytes and osteoblasts, nor they have been exposed to mechanical
stimuli. Therefore, none investigate the important interactions
between these cell types, which lead to mechanically induced bone
formation.

This co-culture model facilitates a 3D network of osteocyte-like
cells that can be subjected to appropriate anabolic and mechani-
cal loading cues to act upon osteoblasts. Osteoblasts and osteo-
cytes retain appropriate morphology, phenotype, and viability,
and osteoblasts increase COL1A1 expression when stimulated with
BMP-2 and mechanical load. Furthermore, embedded osteocytes
respond to mechanical loading by releasing PGE2. Potentially,
this model may be useful in elucidating osteocyte-driven mech-
anisms that regulate bone formation as a result of mechanical
loading, something other current 3D models do not provide (38,
39, 41, 42). The 3D co-culture, combined with a multi-well load-
ing system could provide a novel platform for drug discovery and
development for the treatment of age-related bone diseases.
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How mechanical forces influence the regeneration of bone remains an open question.Their
effect has been demonstrated experimentally, which has allowed mathematical theories
of mechanically driven tissue differentiation to be developed. Many simulations driven by
these theories have been presented, however, validation of these models has remained
difficult due to the number of independent parameters considered. An overview of these
theories and models is presented along with a review of experimental studies and the fac-
tors they consider. Finally limitations of current experimental data and how this influences
modeling are discussed and potential solutions are proposed.

Keywords: bone regeneration, fracture healing, mechanobiology, simulation

INTRODUCTION
Bone’s capability of “perfect” regeneration is unique, unlike other
tissues it is capable of recovering its form without permanent
scars. However not all fractures heal spontaneously, it has been
found that 20 per 100,000 people per year will have delayed heal-
ing or a non-union, where the fractured bone fails to fuse (1).
It is known that mechanical forces can influence the pathways
through which healing occurs; several studies have shown that
changes in the mechanical environment can modulate the time
taken to heal, change the proportions of different tissue type as
well as gene expression patterns of cells in the healing bone (2,
3). The exact mechanism through which mechanical stimuli are
sensed and incorporated in the healing process is not fully under-
stood and still remains an open question. Answering this question
will lead to improved treatment methods for bone fracture repair,
reducing the amount of time patients are hospitalized. To this end,
we have compiled a summary of literature on the topic examining
the experimental studies and numerical theories.

Depending on the stability of the bone fragments the healing
can progress down two paths, rigidly fixed fragments with only a
small fracture gap can heal through primary bone healing, where
the bone remodeling units, responsible for the adaption of the cor-
tical bone, bridge the gap; secondary fracture healing occurs when
relative motion occurs between the bone fragments, causing a cal-
lus to form. Secondary fracture healing can be divided into three
overlapping stages as described in Figure 1, the reactive, repara-
tive, and remodeling phases. Immediately post-fracture there is an
inflammatory response, termed the reactive phase, in which blood
vessels, which have ruptured fill the injured area with blood form-
ing clot called the fracture hematoma. The fracture hematoma is
infiltrated by fibroblasts and small blood vessels, becoming gran-
ulation tissue. The initial callus is thus a mixture of hematoma,
fibrous tissues, and infiltrating blood vessels. The reparative phase
begins once bone and cartilage form, the bone is initially formed
through intramembranous ossification initiating on the existing
cortical bone and progressing with time toward the plane of the

fracture, while the cartilage forms in regions of low oxygen ten-
sion (4, 5). Once the blood supply is sufficient enough, cartilage
is calcified and converted into woven bone through endochon-
dral ossification. The stability of a fracture influences the amount
of intramembranous and endochondral ossification, with more
cartilage being formed in less stable fractures and thus more endo-
chondral ossification (6). Bony bridging, the union of the hard
callus from either side of the fracture, occurs making the struc-
ture extremely stable. The remodeling phase begins during the
reparative stage, with the bone structure being adapted back to its
original load bearing form. The cortical bone is also remodeled
with the cortical bone adjacent to the fracture becoming woven
bone, likely as the vasculature within this bone is damaged dur-
ing the fracture, causing hypoxia (7–9). Hypoxia has been shown
to up regulate the formation, size, and activity of osteoclasts, the
cells responsible for the resorption of bone (10). The remodeling
phase concludes with the callus being completely remodeled into
the shape of the original bone, recovering the original strength,
and functionality. The events are driven through intercellular sig-
naling, levels of oxygen tension and the mechanical environment
directing mesenchymal stems cells to differentiate into osteoblasts,
chondrocytes, or fibroblasts each of these cells being responsible
for the production of particular tissues (7). In this review, we
concentrate explicitly on the mechanical factors influencing bone
regeneration, what has been experimentally observed as well as
theories and models, which have been developed to explain this.

EXPERIMENTAL STUDIES
Mechanical loads are applied at the organ level and propagate
to a level where cells can sense them, which in turn results in
changes at the tissue level. Many studies have investigated apply-
ing different forces to fractured bones in vivo and quantifying the
tissue produced or the mechanical competence of the bone. Loads
applied to bone cause non-homogenous strains throughout the
healing tissue, resulting in a variety of tissues forming. Exper-
imentally, these strains cannot be quantified in vivo preventing
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FIGURE 1 |The healing of a tibial fracture. A hematoma (A) forms during
the reactive phase, beneath the injured periosteum (B). During the
reparative phase woven bone (C) forms through intramembranous
ossification along with cartilage (C), which is eventually ossified (E), bony
bridging occurs and finally the callus is remodeled into cortical bone.

the direct development of mechanobiological rules, however, the
result of organ level loading is important for validating fracture
healing models, as an accurate rule set should predict the outcomes
of such studies. Experimental studies investigating the effect of
inter-fragmentary movement (IFM) and fixator stability/stiffness
are essentially referring to how loading effects fracture healing
outcome. IFM is ambiguously used to describe either axial ten-
sion/compression of the bone defect, shear movement in the plane
of the defect, relative axial rotation of the fragments, or a bend-
ing. Here, we will distinguish between these different modes using
the following terms: inter-fragmentary compression (IFC), inter-
fragmentary tension (IFT), inter-fragmentary bending (IFB), and
inter-fragmentary shear (IFS). The different loading modes are
illustrated in Figures 2A–E with the exception of IFT, which is
just the opposite of IFC. The cases of shear movement and rota-
tion both create a non-uniform shear loading within the tissue,
therefore we combine both of these loading states as IFS.

To study the effect of each mode of movement demands the
precise control and measurement of bone fragment movement
requiring the use of some form of fixation. There are two categories
of fixation used in biomechanical research, external and internal
fixation, which can be seen in Figures 2F–I. External fixation is
commonly used in large animal studies often with modifications
to the fixator or to the surgical technique so as to change the
stability of the fixator, or be instrumented to measure the frag-
ment displacements (11). In contrast, internal fixators are simpler
in design and technique. An intramedullary nail for example is
guided by the medullary cavity and can be a single piece, which
has made them much more commonly used in small animal stud-
ies (12–15). The fixation method has a large effect on the loads,
which can be applied, external fixation allows for controlled move-
ments or fixed forces, whereas, internal fixation typically limits the
load to an applied force. The fragile nature of the soft tissue means

FIGURE 2 |The different loading modes for a fracture, shown on a
femur (A). IFC causes in a narrowing of the fracture gap (B), IFS is a shear
movement (C) across the gap plane, or a relative torsional movement
around the axis of the bone (D), and IFB is a bending movement
(E) centered around the fracture. Fixation methods for fractures are shown
in (F,G), external fixator (F), the ring fixator (G), intramedullary nailing (H),
and plating (I).

that constant loading throughout a study is not always possible,
thus some studies will define a maximum load and displacement.
For example, Goodship and Kenwright (16) apply a 33% inter-
fragmentary strain or a 360 N load, as initially such a load would
induce strains in the hematoma that inhibited healing, whereas,
once bony bridging occurs, this level of strain would damage the
new bone.

There exists no standard methodology for loading during frac-
ture healing. Studies can either use active loading like Goodship
and Kenwright (16) passively allow a limited amount of movement
as done by Claes et al. (11) or use a fixator structure or orientation
with a different stiffness as done by Klein et al. (17) and Schell
et al. (18). While it is often possible to compare initial loading of
the callus, the loading is altered as the tissue distribution changes.
This can lead to diverging results making comparisons between
how bone heals in relation to loading difficult between studies.
We attempt to provide a summary of how different organ level
loadings affect the healing outcome and were possible highlight
variations in fixation and loading between studies.
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INTER-FRAGMENTARY COMPRESSION AND INTER-FRAGMENTARY
TENSION
There are a substantial number of studies, which have investigated
the effects of IFC on bone healing, several are summarized within
Table 1. It is widely accepted that a certain amount of IFC has a
positive effect on the healing process, which was first shown by
Goodship and Kenwright (16). The timing of the load is also criti-
cal with Gardner et al. (12) showing that immediate application of
loading post-surgery resulted in reduced healing potential com-
pared to those applied 4 days after. They also demonstrated that
too high an IFC force can be detrimental to healing. However, as
they used an intramedullary nail and applied a force rather than
a displacement, it is difficult to compare the results. Rate depen-
dence with respect to the application of IFC has been identified by
Goodship et al. (19) showing that for the same number of cycles
a strain rate of 40 mm/s showed superior healing compared to 2
and 400 mm/s. High frequency low amplitude IFC was investi-
gated by Goodship et al. (20) demonstrating an increase in the
callus stiffness.

Inter-fragmentary tension is movement applied in the opposite
direction to compression, causing an increase in gap size. Cheal
et al. (25) showed that high tensile loads lead to reduced healing
with even cortical resorption occurring, while lower tensile loads
lead to callus formation.

INTER-FRAGMENTARY SHEAR
How IFS affects the bone regeneration process remains controver-
sial, with studies showing that it can inhibit healing and others
showing that it can have a positive effect. Several studies in this
area are summarized in Table 2, with Bishop et al. (27) and Park
et al. (28) showing neutral or positive effects and the others show-
ing negative outcomes. These differences are likely due to the
loading conditions. Park et al. (28) studied rabbits in which the
femur was fractured instead of the more common method of cut-
ting a discrete unit of bone out with a saw, i.e., osteotomy. They
compared compression and shear loading showing an increase in
periosteal cartilage formation and a significantly stiffer callus after
4 weeks. It is possible that traumatic injury will solicit a different
biological response, which osteotomies do not cause. In addition,
fracture planes will not have been as uniform and perhaps will
have influenced the tissue loading.

Bishop et al. (27), for example, applied torsion using a cus-
tom designed fixator aiming to produce a principal strain of 25%
between the fragments and compared it to equivalent principal
strain produced though IFC, he reports torsion having stimulated
intercortical mineralization. The complex loading condition pre-
sented through shear loading confounds such a comparison, as the
pure shear loading produced an equal maximum and minimum
principal strains of±25%, whereas as compression produces a sin-
gle negative principle strain of −25%. Thus the gap tissue stored
twice the amount of elastic energy in the case of IFS as IFC. Addi-
tionally, the rotation of 7.2° with a cortical radius of 10 mm and a
gap of 2.4 mm would have induced principal strains of 52%, not
the 25% stated within the paper. Bishop et al. (27) assumed their
torsional fixator to be completely rigid axially with no IFC, in com-
parison Schell et al. (18) measure both the IFS and IFC for their
flexible fixator, when considering just the IFS they calculated a

principal strain of±26%, while including it they received+18.5%
and −33%, respectively. It is possible that compliance of the fixa-
tor and physiological loading created a beneficial amount of IFC,
which was not considered by Bishop et al. (27) in their study. The
conclusion which can be drawn is that pure shear motion applied
to the whole organ is not pure shear within the healing tissue.
It seems inappropriate to compare tissue strain between loading
cases using a single value from the strain tensor, a solution would
be through using a scalar valued function such as strain energy
density (SED), or a combination of deviatoric and volumetric
strain.

INTER-FRAGMENTARY BENDING
The case of IFB has not be sufficiently investigated to form a con-
clusion, the two studies, which consider this are summarized in
Table 3. What has been shown is that asymmetric bending, results
in asymmetric callus formation. Healing appears to be inhibited
on the tensile side of the callus and promoted on the compressive
side (33). This is in agreement with studies looking at axial com-
pression and tension individually as shown before. Cyclic bending
appears to cause bone healing to take a different pathway. It has
been shown that cyclic bending induces changes in gene expres-
sion, where genes responsible for bone morphogenetic proteins are
down regulated while genes responsible for cartilage production
are up regulated. More cartilage within the callus was observed
compared to the unloaded case indicating that the balance of tis-
sue production during the reparative phase was altered (3). The
increased level of cartilage indicates that the stimulated callus is
not as vascularized as the fixed callus, and the healing will progress
along the endochondral ossification pathway rather than through
endochondral ossification.

THEORIES AND MODELS
In this section, different theories for tissue differentiation are
described followed by an overview of the simulations, which have
been performed using them (summary of these data can be found
in Table 4). Experimental evidence demonstrates that mechanical
forces can direct the healing process, i.e., tissue differentiation is
mechanobiologically regulated. There are several theories as to
which mechanical quantities are the stimuli for differentiation
such as SED, deviatoric and volumetric strain, or relative fluid flow
between cells and the matrix. Due to the complicated geometries,
which occur in fracture healing it is not possible to analytically
apply these theories. Instead they are applied as components of
simulations, we concentrate here on mechanically driven simula-
tions, which typically consist of five parts summarized in Figure 3;
the geometries of bone, defect and callus; the boundary conditions;
finite element analysis used to determine the mechanical signal in
the callus; the tissue differentiation rules, through which a new
callus geometry is created; and finally most simulations consider
an additional “biological aspect,” which adds a temporal scale and
directs spatially where the ossification occurs. A simulation will
go through several iterations changing the tissues composing the
callus until a state of equilibrium is reached.

The callus geometries are typically assumed to be constant and
ellipsoidal, so simulations of fracture healing start at the repar-
ative phase once the soft callus has formed. The only exception
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Table 1 | Experimental studies considering the effects of inter-fragmentary compression on fracture healing.

Author Study (n) Method Outcome

Goodship and

Kenwright (16)

Sheep (12) A osteotomy gap of 1 mm in the tibia, fixed with frame

fixator, loaded through 33% IFC or 360 N force applied at

a frequency of 0.5 Hz

Stimulated callus was significantly stiffer 12 weeks

post-surgery compared to rigidly fixed

Claes et al. (11) Sheep (42) Six groups with osteotomy gaps of 1.0, 2.0, or 6.0 mm of

the tibia and a maximum IFC of 7 or 31%.

Fractures fixed with instrumented ring fixator, which

measured IFC throughout the experiment

Increased osteotomy gap delayed healing, for

1 mm gap early bony bridging occurred. For larger

gaps increased IFC did not enhance healing

Claes and

Heigele (4)

Sheep (7) Osteotomy gap of 3 mm with max allowable IFC of

1.0 mm, fracture fixed with instrumented ring fixator,

which monitored IFC over the course of healing. Calcein

green injected at 4 weeks and reverin at 8 weeks

IFC reduced over the course of healing.

Histological sections appeared to show bone

advanced along a path from the cortical surface

Kenwright

et al. (21)

Human (85) Frame fixator applied to tibial fractures, IFC of

0.5–2.0 mm applied at 0.5 Hz for 30 min a day

Group with micro-movements showed a

significantly reduced healing time (17.9 vs.

23.2 weeks, p=0.0027)

Kenwright

et al. (22)

Human (80) Frame fixator applied to tibial fractures, IFC of 1.0 mm

applied at 0.5 Hz for 30 min a day. Initial loading limited to

12 kg

Healing time to unsupported weight bearing was

significantly reduced (23 vs. 29 weeks, p < 0.01).

Additionally, higher callus stiffness was observed

Gardner et al.

(12)

Mice (80) Tibial osteotomy fixed with an intramedullary nail, loaded

with compressive vibrations with a maximum load of 1,

2, and 4 N and amplitudes 0.5, 1, and 2 N where applied.

Immediate onset of loading regime was compared to a

delayed onset of 4 days

The lowest load case with delayed onset for

loading resulted in a significantly higher callus

strength. Immediate loading resulted in

significantly reduced strength in all cases, and

higher loads either in comparable or lower strength

Claes et al.

(23)

Sheep (10) Osteotomy of 2.0 mm mid tibia, two groups 10 and 50%

maximum IFC. Fractures fixed with instrumented ring

fixator, which measured IFC throughout the experiment.

Sacrificed at week 9

Higher IFM resulted in greater fibrocartilage

formation, and less bone. No significance in the

distribution of blood vessels

Claes et al.

(24)

Sheep (10) Tibial osteotomy of 2.1 or 5.7 mm, both groups had same

IFC strain of 30%. Fixation through ring fixator

Larger gap led to fewer blood vessels, less bone

formation, and more fibrocartilage

Goodship et al.

(19)

Sheep (24) Mid-diaphyseal tibial osteotomy gap of 3.0 mm, stabilized

with a frame fixator. An IFC of 33% or force of 200 N was

applied cyclically at 0.5 Hz at strain rates of 2, 40, and

400 mm/s commencing 1 week post-operatively. A

secondary study considered the application of the

400 mm/s strain rate 6 weeks post-operatively

The strain rate of 40 mm/s applied 1 week

post-operatively showed more mature, stiffer, and

stronger callus with a higher BMD when compared

to the other groups. There was no significance

between 400 and 2 mm/s

Goodship et al.

(20)

Sheep (8) Mid-diaphyseal tibial osteotomy gap of 3.0 mm, stabilized

with a frame fixator. IFC was applied at 30 Hz

High frequency loading led to a 3.6-fold stiffer,

2.5-fold stronger, and 29% lager callus compared

to controls

Cheal et al.

(25)

Sheep (11) Mid-diaphyseal tibial osteotomy gap of 1.0 mm, stabilized

with a flexible pate. A transducer was attached opposite

the plate producing a tensile strain gradient from 10 to

100% across the gap

Areas with higher strain led to cortical resorption,

while areas with lower strain showed callus

development

Mark et al. (26) Rats (84) Mid-diaphyseal femoral osteotomy was performed and

the gap adjusted from 0–2.0 mm. Axial stiffness was

measured at 265±34 N/mm for the 0 mm gap and

30.38±2.07 mm for the 2.0 mm gap

The group with larger gap and less stiffness

resulted in a late onset for bone formation and

greater endochondral bone formation. Full

ossification of the callus was delayed, however,

early in the healing stage no difference was found

between the two groups histologically

(Continued)
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Table 1 | Continued

Author Study (n) Method Outcome

Klein et al. (17) Sheep (12) Mid-diaphyseal tibial osteotomy was performed and fixed

with a gap of 3.0 mm. The fixation plane varied between

the two groups mounted either in the medial plane or

anteromedial plane. This lead to differential stiffness

between the groups with anteromedial fixation leading to

significantly higher IFS and IFC

The group with larger IFM resulted in a stiffer,

smaller callus when compared to rigid fixation. The

larger IFM group also presented signs of significant

remodeling of the callus indicating a more

advanced stage of healing

Table 2 | Experimental studies considering the effects of inter-fragmentary shear on fracture healing.

Author Subjects (n) Method Outcome

Schell

et al. (29)

Sheep (40) Mid-diaphyseal tibial osteotomy was performed and

fixed with a gap of 3.0 mm. Two fixators were used, a

rigid fixator and a fixator with high axial rigidity and no

resistance to shear motion

The group with free shear movement had significantly

reduced torsional strength and stiffness at every time point.

Three animals in this group presented hypertrophic

non-unions after 6 months

Vetter

et al. (9)

Sheep (64) Mid-diaphyseal tibial osteotomy was performed and

fixed with a gap of 3.0 mm. The animals were divided

into two groups, one with rigid fixation, and the other

with a fixator, which allowed greater shear movement

Histological slices where categorized as belonging to one of

six different healing stages based on topological features

present. Rigid fixation resulted in a faster progression in

healing, this could also be seen in the ratio of bone area to

total are which was higher for rigid fixation

Bishop

et al. (27)

Sheep (18) Mid-diaphyseal tibial osteotomy was performed and

fixed with a gap of 2.4 mm. Three groups one with

rigid fixation, one with torsional shear, and one with

IFC. Movement was stimulated to cause 25%

principal strain

The group with torsional shear motion had a greater callus

area and similar stiffness when compared to the group with

no motion, while IFC produced small callus, less advanced

with little bridging

Schell

et al. (18)

Sheep (64) Mid-diaphyseal femoral osteotomy was performed

and fixed with a gap of 3.0 mm. Two different fixators

were used of different stiffness. This resulted in

greater IFS within the less stable group

Throughout the healing significantly more cartilage formed

with the less rigid fixation group. The rigid group had a larger

callus formation. At 9 weeks, there was no significant

difference between the two groups

Park et al.

(28)

Rabbit (56) Two cohorts with oblique and transverse tibial

fractures each consisting of a rigid fixation and a

sliding fixation group. The sliding fixator allowed IFC

while the transverse group and IFS in the oblique

group

The oblique IFS group showed accelerated healing compared

to the other three groups, the torsional strength by 4 weeks

exceeded that of intact bone

Klein et al.

(30)

Sheep (12) Mid-diaphyseal femoral osteotomy was performed

and fixed with a gap of 3.0 mm. One group of animals

was fixed through un-reamed medullary nailing

allowing torsional rotation of 10°, the other with a rigid

frame fixator. The IFMs were measured throughout

The nailed group showed significantly inferior healing

compared to the rigidly fixed group, when comparing

mechanical properties and histological sections of the callus

after 9 weeks

Lienau

et al. (31)

Sheep (64) Mid-diaphyseal tibial osteotomy gap of 3.0 mm

stabilized with a frame fixator. Test group received a

fixator, which allowed increased IFS compared to

control

Group with higher IFS initially showed a lower blood supply,

the healing stage for this group lagged behind, presenting

lower stiffness at 6 weeks, this was compensated after

9 weeks. However, the rigid group appeared to have entered

the remodeling phase, whereas, the IFS group had not

Epari et al.

(32)

Sheep (64) Mid-diaphyseal tibial osteotomy gap of 3.0 mm,

stabilized with a frame fixator. Test group a fixator,

which allowed increased IFS compared to control

IFS induced a larger amount of cartilage formation compared

control, while also have a more compliant callus. The

remodeling process was initiated earlier for rigidly fixed

fractures
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Table 3 | Experimental studies considering the effects of inter-fragmentary bending on fracture healing.

Author Subjects (n) Method Outcome

Hente et al.

(33)

Sheep (18) Mid-diaphyseal femoral osteotomy was performed and fixed with

a gap of 2.0 mm. Using a custom fixator bending cycles lasting

0.8 s creating a 50% inter-fragmentary strain at the endosteum

was applied. The number of loading cycles was varied, the control

received no loading, while the first group received 10 bending

cycles per day and a second group received 1000 cycles per day

The compressive side of the osteotomy gap

resulted in 25-fold greater periosteal callus

formation. Greater cycle number showed

again a 10-fold difference to the lower cycle

number. Bridging occurred exclusively at the

compressed side.

Palomares

et al. (3)

Rats (85) Mid-diaphyseal femoral osteotomy of 1.5 mm, the animal were

fixed with an external frame, which allowed bending,

approximately centered on the gap, the experimental group had

stimulated −25/+35° bending applied at 1 Hz for 15 min per day

starting 10 days post-surgery

Stimulation up regulated cartilage related

genes, and down regulated several genes

responsible for bone morphogenetic proteins

(BMPs). Serial sectioning showed a much

more prolific presence of cartilage and less

mineralized callus compared to control.

to this is the model of Gomez-Benito et al. (44) who presented
a model, which allows the callus boundaries to evolve over time.
Boundary conditions are based upon the loading described by the
experimental study the authors aim to replicate.

TISSUE DIFFERENTIATION THEORIES
In 1960, Pauwels first proposed that tissue differentiation within
a fracture callus was governed by mechanical stimuli. He theo-
rized that cartilage formed as a result of local hydrostatic pres-
sure causing mesenchymal stem cells to become chondroblasts,
whereas, bone and fibrous tissues resulted from shear strains caus-
ing mesenchymal stem cells to differentiate into osteoblasts and
fibroblasts, respectively (68). Perren and Cordey (69) defined the
upper limits of mechanical stimulation of fracture healing. Their
inter-fragmentary strain theory states that the tissue within the
fracture gap must be capable of withstanding the strain produced
by the IFM. They then suggested that rigid fixation of fractures
should result in the healing process commencing at a later stage.
This was later contradicted by the study of Goodship and Ken-
wright (16) that showed that a certain level of micro-movement
accelerated aspects of the healing process. However, their inter-
fragmentary strain theory certainly governs what tissues can exist
and is particularly important in cases where tension is dominant.

The theory of Pauwels (68) was numerically investigated by
Carter et al. (70). As a fracture callus is an internal three dimen-
sional structure, it was not possible to study the strain in vivo.
Using a finite element model of an idealized fracture geometry
with soft callus they investigated what they called the osteogenic
index, a relationship between hydrostatic pressure and octahedral
shear stress.

I =
c∑

i=1

ni (Si + kDi)

Where I is the osteogenic index, c is the number of load cases, n
is the number of loading cycles, Si is the cyclic octahedral shear
stress, Di is the cyclic hydrostatic pressure, and k is a scaling fac-
tor relating the two. They also recognized that the load applied
to a fracture would not be constant, but vary between different

load cases. The osteogenic index was therefore a summation of
the mechanical signals at these different load cases. The proposed
theory also considered a distinction between tissues with poor
and good bloody supply, with good blood supply being capable
of forming all tissue types, but requiring significant hydrostatic
pressure to form cartilage, whereas, tissue with poor blood supply
formed either connective tissue of cartilage (70).

Prendergast and Huiskes (71) studied how the osteogenic index
differed between the use of linear-elastic or poro-elastic material
properties for the healing tissues. The aqueous nature of biologi-
cal tissues, particularly soft tissues, means that representing them
as a mixture of fluid and solid phases describes the tissue behav-
ior more accurately than linear-elastic models. Using the experi-
ments of Søballe et al. (35), where a loadable bone chamber was
implanted in the femoral condyle of canines and the tissues, which
formed under different loadings quantified cross-sectionally over
a number of weeks, Prendergast and Huiskes (71) were able to
determine that the poro-elastic model predicted the osteogenic
index more appropriately when compared to tissue distributions
in the experiment. They expanded on this work by developing a
new theory, that the relative velocity between fluid, solid, and shear
strain, rather than hydrostatic pressure and shear strain where the
stimuli for tissue differentiation as described by Figure 4A (72).

S = γ/a + ν/b

Condition for bone : S < Sbone

Condition for cartilage : Sbone < S < Scartilage

Condition for fibrous connective tissue : S > Scartilage

where γ is the deviatoric shear strain, ν is the solid/fluid velocity,
and a and b are empirically derived constants varying for each
tissue type.

The relationship was defined as a summation of maximal dis-
tortional strain and relative velocity between fluid and solid (34).
It is important to reiterate that this theory was developed from
experiments using a bone chamber, which has a simple geometry
known a priori that can be easily represented in finite element
simulations with the applied loads being known. In contrast, the
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Table 4 | Numerical studies.

Author Application Stimuli Validation/comparison

Huiskes et al. (34) Bone chamber Fluid/solid velocity Søballe et al. (35)

Shear strain

Ament and Hofer (36),

Palomares et al. (3)

Mid-diaphyseal fracture Strain energy density Claes et al. (11)

Lacroix and Prendergast (37) Mid-diaphyseal fracture Fluid/solid velocity Claes et al. (38)

Shear strain

Lacroix et al. (39) Mid-diaphyseal fracture Fluid/solid velocity None

Shear strain

Bailón-Plaza and van der

Meulen (40)

Mid-diaphyseal fracture Dilatational strains Goodship and Kenwright (16)

Deviatoric strains

Geris et al. (41) Bone chamber Fluid/solid velocity Unpublished pilot study and Geris et al. (41)

Shear strain

Shefelbine et al. (42) Trabecular bone Dilatational strains None

Deviatoric strains

Kelly and Prendergast (43) Osteochondral defect Fluid/solid velocity None

Shear strain

Gomez-Benito et al. (44) Mid-diaphyseal fracture Second invariant of deviatoric

strain tensor

Claes et al. (38)

Pérez and Prendergast (45) Bone-implant interface Fluid/solid velocity None

Shear strain

Isaksson et al. (46, 47) Mid-diaphyseal fracture Fluid/solid velocity None

Shear strain

Geris et al. (48) Bone chamber Fluid/solid velocity Geris et al. (48)

Shear strain

Chen et al. (49) Mid-diaphyseal fracture Dilatational strains Claes et al. (11)

Deviatoric strains

Hayward and Morgan (50) Mid-diaphyseal fracture,

mouse

Fluid/solid velocity Cullinane et al. (51)

Shear strain

Khayyeri et al. (52) Bone chamber Fluid/solid velocity Tägil and Aspenberg (53)

Shear strain

Checa and Prendergast (54) Total hip replacement,

stem–bone integration

Fluid/solid velocity None

Shear strain

Isaksson et al. (55) Mid-diaphyseal fracture Fluid/solid velocity None

Shear strain

Geris et al. (56) Mid-diaphyseal fracture Fluid/solid velocity None

Hydrostatic pressure

Wehner et al. (57) Tibial fracture Dilatational strains Wehner et al. (57)

Deviatoric strains

Simon et al. (58) Mid-diaphyseal fracture Dilatational strains Claes et al. (11)

Deviatoric strains

Byrne et al. (59) Tibial fracture Fluid/solid velocity Richardson et al. (60)

Shear strain

(Continued)
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Table 4 | Continued

Author Application Stimuli Validation/comparison

Witt et al. (61) Tibial fracture Principal strain with largest

absolute value

Witt et al. (61)

Burke and Kelly (62) Mid-diaphyseal fracture Substrate stiffness Vetter et al. (9)

Vetter et al. (63) Mid-diaphyseal fracture Various Vetter et al. (9)

Steiner et al. (64) Mid-diaphyseal fracture Dilatational strains Vetter et al. (9)

Deviatoric strains

Steiner et al. (65) Mid-diaphyseal fracture Dilatational strains Epari et al. (66), Bottlang et al. (67), Schell

et al. (29), Hente et al. (33), Bishop et al. (27)Deviatoric strains

FIGURE 3 | Structure of a typical fracture healing simulation. Initially a
model is created consisting of the cortical bone fragments, soft callus, and
the fixator. Material properties and boundary conditions are then applied to
the model based on the tissue distribution and fixator properties, a finite
element analysis is performed to determine the mechanicals stimuli, this
then is used to drive cell proliferation and tissue differentiation, which
updates the tissue distribution and thus new mechanical properties for the
next iteration.

boundaries of the callus are not known exactly and the loading is
an approximation of the physiological condition.

Carter et al. (73) proposed that tissue differentiation was deter-
mined through tensile principal strain and hydrostatic pressure
as shown in Figure 4C. High principal tensile strains result in
fibrous tissue when pressure is low and fibrocartilage when pres-
sure is high, whereas, low principal tensile strains results in bone
and cartilage when pressure is low or high, respectively.

The theory of Pauwels (68) was revisited by Claes et al. (38)
who in a large interdisciplinary study compared the tissue distrib-
ution of healing tibial fractures in an animal study and equivalent
finite element study. They attempted to determine the values of
hydrostatic pressure and axial strains, which caused differing tissue
differentiation. They determined that bellow a hydrostatic pressure
of 0.15 MPa and strain <5% stimulate intramembranous ossi-
fication, compressive hydrostatic pressure >0.15 MPa and strain
<15% stimulated endochondral ossification and that pressure and
strain outside of these regions resulted in fibrous tissue or cartilage,

as shown in Figure 4D. Claes and Heigele (4) then proposed
ossification only occurs on an existing bony surface. While they
did not develop a simulation, they created FE models, which repre-
sented the healing callus at different stages and correlated the stress
and strain from these models with histological sections from an
animal study, which was performed in parallel.

Ament and Hofer (36) presented a simulation using a fuzzy
logic controller with nine linguistic rules, which defined how levels
of SED and the concentration of bone in neighboring elements to
control the differentiation of elements into three tissue types, carti-
lage, bone, and fibrous connective tissue. The SED could be within
four different levels; low, physiological, increased, and pathologi-
cal. These were independent of the tissue type, as SED is relatively
invariant to tissue type. Results were compared with the experi-
ments of Claes et al. (11) and showed strong similarities in the
reduction of IFM over time.

Fuzzy logic was again used by Shefelbine et al. (42), mod-
eling trabecular regeneration. Their model was based on the
proposed relationship of Claes and Heigele (4). However, they
modified the tissue differentiation theory replacing the hydrosta-
tic pressure criteria with an equivalent volumetric strain. Thus,
the mechanical stimuli became volumetric strain and octahedral
shear strain, described in Figure 4B. This model had 21 linguis-
tic rules to describe how tissue differentiated; it considered three
tissue types, bone, cartilage, and fibrous tissue. In addition, vas-
cularization was also modeled using fuzzy rules. The simulation
required the strains in a particular element to reach a certain
range before tissue within the element began differentiating, for
bone to form the elements must also have sufficient vascularity
while cartilage formed independently of vascularity. The vascu-
lature was also driven mechanically only advancing to elements
within an acceptable strain level. The model was implemented as a
three dimensional linear-elastic simulation. While this model can
capture the events of bone regeneration, Steiner et al. (65) con-
ducted a parameter study of fixator stiffness, which encompassed
values used several in vivo studies and achieved comparable out-
comes, it is a linguistic representation of observed phenomenon.
Thus it is entirely phenomenological and does not encompass
any underlying mechanism in physical or chemical terms. This
raises issues with regards scaling, should the resolution of the
model or length of the iteration change, as there is no governing
equation.
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FIGURE 4 | (A) The tissue differentiation rules based on fluid flow
relative to solid phase and shear strain. Reprinted from Lacroix and
Prendergast (37) with permission from Elsevier. (B) Tissue
differentiation based on hydrostatic and octahedral shear strain.
Reprinted from Shefelbine et al. (42) with permission from Elsevier.
(C) The tissue differentiation rules with pressure line and tension line.

Reprinted from Carter et al. (73) with permission from Lippincott
Williams and Wilkins. (D) The tissue differentiation rules using
hydrostatic pressure and strain. Reprinted from L. Claes and Heigele (4)
with permission from Elsevier. (E) The tissue differentiation rule based
on substrate stiffness and oxygen tension. Reprinted from Burke and
Kelly (62) with permission from PLoS ONE.

BIOLOGICAL ASPECTS
The majority of simulations included an additional level often
described as the biological aspect. As Claes and Heigele (4)
observed the front of healing bone follows a path, starting at the
original cortical faces and advancing toward the fracture gap. The
inclusion of biological aspects in the form of cell, revascularization,
nutrient supply, or oxygen tension, allows ossification to follow
such a path. These biological elements are typically modeled as
diffusive processes (39), random walks (45, 74), or through logical
association of neighboring elements (36, 42). While cell prolifera-
tion and revascularization are vital aspects of fracture healing, the
interplay between mechanical forces and these processes are not

fully understood, in addition there is limited experimental data
available so the validation of such model becomes much more
difficult.

How the biologic aspect influences the course of fracture heal-
ing can vary, Lacroix et al. (39) considered cells diffusing within the
callus and scaled the tissue stiffness according to cell destiny within
an element. An issue exists with this approach, as the maturity of
the tissue is determined purely by the cell number within and
the tissue phenotype by the mechanical stimuli this allows mature
cartilage to switch directly to mature bone. Kelly and Prendergast
(43) similarly applied a scaling, but considered multiple cell phe-
notypes and so multiple tissues within a single element removing
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this issue. Shefelbine et al. (42) considered nutrient supply to be the
critical biological factor in bone development, and so bone could
only form in areas with good vascularization. This was again used
by Wehner et al. (57) and Simon et al. (58). Chen et al. (49) added
an additional level to this considering nutrient diffusion from the
developing vasculature.

Burke and Kelly (62) proposed a theory in which tissue differen-
tiation is indirectly driven by mechanical forces. Revascularization
is allowed on in elements where the deviatoric strain is below a level
of 6%. The blood vessels were assumed to diffuse into the tissue.∫

Ωγ<0.06

dV

dt
dx =

∫
Ωγ<0.06

0.5×∆V dx

Where V is the vascularity, γ is the deviatoric strain, and Ω is
the computational domain with all elements where this strain was
<6%. The oxygen is then assumed to diffuse from the vasculature
without any dependence on the local mechanical environment.∫

Ω

dO2

dt
dx =

∫
Ω

D∆O2 − Q · nmaxn dx

Here O2 is the oxygen concentration, D is the diffusion coef-
ficient of oxygen in the tissue, Q is the oxygen consumption rate
of cells in the tissue, and n represents the number of cells in the
element and nmax the maximum cell density. The tissues then
differentiated based on the oxygen tension and the stiffness of
neighboring elements as described in Figure 4E.

Several models exist which consider purely biological factors in
fracture healing, Bailon-Plaza and Van Der Meulen (75) first pro-
posed a model for bone regeneration, which included diffusion of
stem cells, and various growth factors, but no mechanical feed-
back. Geris et al. (76) applied this model to simulate the healing
of tibial fractures in mice, finding that the model could predict the
course of healing, but was sensitive to initial levels of growth factor
production. Geris et al. (56) investigated if mechanical regulation
of angiogenesis and growth factor production could improve this
model and account for load induced non-unions, and concluded
that mechanical feedback for both angiogenesis and osteogenesis
was required to correctly predict unions and non-unions. Later
changes to this model have excluded mechanics and focused on
more detailed representations of angiogenesis (77, 78).

These theories consider cell density in homogenous tissue ele-
ments and apply rules for motion, differentiation, and prolifera-
tion to the cell population based upon tissue level stimuli. In vivo,
the structure of tissues within callus is microscopically heteroge-
neous, thus mechanical stimuli at the tissue level are not easily
translated to the cellular level. While at the tissue level, strains
and perfusion of interstitial fluid (ISF) in the callus can be accu-
rately determined, the stimulation they cause at the cellular level
will be different for each cell within a tissue element due to the
heterogeneity. This has not yet been quantified in vivo, however,
fluid dynamic studies of perfusion bioreactors can lend insights as
to the heterogeneity of mechanical stimuli when fluid is perfused
through a structure at physiological rates. Zermatten et al. (79)
used high resolution micro computed tomography (micro-CT)

images of bone tissue engineering scaffolds. Fluid dynamic simu-
lations of medium perfusion showed the wall shear stress within
a scaffold had a wide range of values. It has been known for some
time that in vitro osteoblastic differentiation and bone formation
are augmented with ISF flow (80), however, application of this
biological information in silico will require more detailed models
of the tissue structure.

The features all these biological aspects share are the boundary
conditions, considering the periosteum of the cortical fragments
and the surrounding tissue at the source of cells, nutrients, or
vascular tissue. The propagation of these are mainly all diffu-
sive processes, though for ease of implementation and to reduce
computational power required implementations have varied, the
random walk used by Pérez and Prendergast (45) and fuzzy logic
of Shefelbine et al. (42) allowed diffusive behavior without the
computational cost of solving the diffusion equation numerically.

COMPARISON OF MODEL PERFORMANCE
Validation of models has remained a significant problem, looking
at Table 4 approximately half of the studies have no experimental
reference. The study of Claes et al. (11) has frequently been used
as a comparison due to clear experimental method and inclusion
of IFC values longitudinally as well as histological slices obtained
cross-sectionally. However, while the IFC data are available no
quantitative comparison has be made between simulations and the
results, instead visually comparing general trends and histological
slices has predominated. In Figure 5, we see simulation results
from (A) Burke and Kelly (62), (B) Lacroix and Prendergast (37),
and (C) Steiner et al. (65) these all consist of a uniform corti-
cal bone and callus geometry, which is made up of non-uniform
finite elements, in the case of Burke and Kelly (62) and Lacroix
and Prendergast (37) they are two dimensional axisymmetric sim-
ulations and in Steiner et al. (65) three dimensional. Figure 5D is
a histological section from an in vivo study by Claes and Heigele
(4); we see the callus is non-uniform and asymmetric. This mis-
match between the asymmetric callus in the histological images
and uniformly simulated calluses complicates direct comparison,
additionally axisymmetric boundary conditions implies the simu-
lation should match every quadrant of the histological slice, which
is clearly impossible, when using three dimensional models like
Steiner et al. (65) one must also find the correct slice of the model
to compare to the histology. Vetter et al. (63) compared the use
of volumetric strain, deviatoric strain, greatest-shear strain, and
principal strain as stimuli for tissue differentiation. Through car-
rying out a parametric study they found that all of these could
accurately predict bone healing within a range of thresholds. They
used quantitative metrics to assess the accuracy, comparing aver-
aged histological sections from Vetter et al. (9) with simulated
images. This allowed the comparison of volume fraction and num-
ber of co-located pixels. However, this work was in two dimensions
and thus did not consider IFS or IFB. The data of Vetter et al. (9)
were later used a visual comparison by Burke and Kelly (62), who
showed their simulations appeared to agree well with the results,
however, no quantitative comparison was used.

There are several studies comparing the performance of the dif-
ferent tissue differentiation theories. Isaksson et al. (81) and Epari
et al. (82) both compared the models of Prendergast and Huiskes

Frontiers in Endocrinology | Bone Research December 2014 | Volume 5 | Article 211 | 66

http://www.frontiersin.org/Bone_Research
http://www.frontiersin.org/Bone_Research/archive


Betts and Müller Mechanical regulation of bone regeneration

FIGURE 5 |The results of fracture healing simulations, (A) Burke and
Kelly (62) reprinted with permission from PLoS ONE. (B) Lacroix and
Prendergast (37) reprinted with permission from Elsevier. (C) Steiner et al.
(65) reprinted with permission from PLoS ONE. (D) Histological section of
healing ovine tibia, new woven bone is lightly stained, while cartilage is
darkly stained. Reprinted with permission from Elsevier.

(71) and Claes and Heigele (4). Both used three dimensional mod-
els with poro-elastic element properties, however, different results
were presented for similar load cases. Isaksson et al. (81) found that
under 7.2° of torsion only the model of Prendergast and Huiskes
(71) correctly predicted healing. While Epari et al. (82) found that
for 10° of torsion both models predicted fracture healing. The dif-
ferences can possibly be explained through differences in material
properties, with Isaksson et al. (81) using an elastic modulus for
the granulation tissue an order of magnitude larger than Epari
et al. (82). However, the mechanical properties for all of the tis-
sues included by Epari et al. (82) are not listed, making a complete
comparison not possible. One further erroneous element is the
formation of unconnected bone in both studies when using the
Claes and Heigele (4) differentiation theory. This theory explicitly
states that ossification occurs in the soft tissue contacting the sur-
face of existing bone, and that the rest of the callus is fibrous tissue
unless a pressure of −0.15 MPa is present and then it becomes
cartilage. The formation of unconnected bone can only imply that
both implementations did not consider this aspect of the differen-
tiation rules, and applied the surface ossification rules throughout
the callus. To complicate this further Klein et al. (30) and Bishop
et al. (27) found contradictory results for healing under torsional
loading. The theory of Shefelbine et al. (42) is essentially an equiv-
alent theory to Claes and Heigele (4) except it uses deviatoric and
dilatational stress and strain rather than stress. This model has
been used by Steiner et al. (64), Wehner et al. (57), and Simon
et al. (58). Steiner et al. (64) demonstrated that with the correct
threshold values the model could predict union for the cases of
IFC and IRF, but non-union for IFS.

Isaksson et al. (83) again compared the theories of Claes and
Heigele (4) and Prendergast and Huiskes (71), as well as Carter
et al. (73). They found the theories predicted extremely similar
temporal and spatial patterns in healing. In addition, they com-
pared the volumetric components (relative fluid solid velocity and
pore pressure) of the theories with the distortional components,
finding that deviatoric strain alone could also predict similar tissue
formations, whereas, volumetric components such as pore pres-
sure and fluid velocity could not predict healing by themselves.
This is however contradicted by Isaksson et al. (81) who found
that the tissue formation predicted by deviatoric strain alone did
not match in vivo data.

Hayward and Morgan (50) implemented a model using Pren-
dergast and Huiskes (71) theory of tissue differentiation. They
used three dimensional models based on micro-CT images of
a mouse femur. The model correctly predicted a mechanically
induced non-union and larger volume of cartilage formed due to
the loading, but was not completely accurate in the patterns of tis-
sue formation, predicting an excess of bone formation within the
gap. Checa et al. (84) investigated if the Prendergast and Huiskes
(71) theory could be directly applied different species, specifically
rats and sheep. They reported that differences in healing between
the species observed in vivo cannot be purely attributed to dif-
ferences in loading and animal size, but also the thresholds for
formation are different between, for sheep a larger mechanical
stimuli was capable of forming bone, which in the case of the rat
would result in cartilage. Given that Hayward and Morgan (50)
did not scale these parameters for mice, this is a limitation of their
study, which was not considered.

Another form of validation is possible; instead of using results
directly from fracture healing one can compare how algorithms
perform when modeling a bone chamber. Geris et al. (48) com-
pared the differentiation rules of Prendergast and Huiskes (71),
Carter et al. (73), and Claes and Heigele (4) against tissue for-
mation in a bone chamber. They concluded that the models only
partially matched experimental findings, with models predicting
cartilage formation, which was not observed experimentally. The
implementation of Prendergast and Huiskes (71) algorithm did
not consider bone resorption, which is found in the implemen-
tation of Lacroix and Prendergast (37). As the other algorithms
do not include resorption this modification is understandable to
enable comparison between them, however, it would be interesting
to see if its inclusion increased or decreased the accuracy.

OUTLOOK
Mechanical forces and bone regeneration are intrinsically linked.
While there has been a vast amount of research on this topic,
experimental comparison between studies is extremely difficult.
The greatest difficulty comes from non-standard experimental
setups, specifically, different defect sizes and use of modified and
non-standard fixators. While great efforts have been made to char-
acterize the movements and stiffness of devices, without knowing
the true bone geometry and exact tissue composition it is difficult
to determine the precise strains tissues are experiencing. These
factors play a part in the validation of simulations using this data,
as differences in geometry between simulation and experiments
should cause different mechanical stimuli.
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Validation of models with experimental data is crucial for
all simulation work, and is the distinguishing factor between
simulation and animation. What is clear is that in the field of
bone regeneration, comparing the results of in silico studies with
in vivo studies is not trivial. It is impossible to measure every fac-
tor simultaneously, yet models for fracture healing have become
increasingly complicated. More factors are considered such as cel-
lular events, revascularization, and even protein secretion. While
validation of such models is not impossible it requires large cross-
sectional studies, which have yet to be performed. To compound
this, current models of bone regeneration all consider tissues as
homogenous continuum, while woven bone is a macroscopically
porous structure. The theories of Carter et al. (73), Claes and
Heigele (4), and Prendergast et al. (72) are based on comparing the
results of continuum finite element analyzes with histological data,
and correlating the areas where bone has formed with the local
mechanical environment. The histological data were the result of
cross-sectional studies, so while they could observe the forma-
tion of woven bone, they could not see how individual structures
evolved. One solution to this problem lies in in vivo micro-CT.
Micro-CT uses two dimensional X-ray images of a sample taken
from multiple directions to reconstruct a three dimensional image
of the sample. The application of in vivo micro-CT means time-
lapsed longitudinal studies can be performed, where the same
animals can be imaged at several time points. These images can
then be compared, highlighting the changes in the regenerating
tissue. When combined with a well-defined loading regime an
equivalent finite element analysis can be performed using the
micro-CT images as a basis. The results of which can be compared
to the changes in tissue observed in vivo, allowing the validation
or falsification of current theories for tissue differentiation.

The development and maturation of the callus (reactive and
reparative phase) is a single aspect of fracture healing, eventually
the bone must remodel to its original form, while Lacroix and
Prendergast (37) include this, it has never been shown that this is
the correct mechanism. Schell et al. (8) have shown that early in
the healing process osteoclasts are present, and that cortical bone
closest to the defect gets remodeled into woven bone, then back to
cortical. With in vivo micro-CT based studies this remodeling can
be quantified. With quantitative data remodeling theories can be
corroborated. Such a study could provide a window into the rela-
tionship between cortical remodeling and trabecular remodeling
and what causes the differentiation between the two.

Subject specific simulations are a necessity, allowing direct com-
parison between simulations and experimental results on a sample
by sample basis. Currently, no study has performed an animal
specific simulation and determined if the simulation produces
results without a significant difference to the in vivo results. This
will remove the any error associated with averaging experimen-
tal results so they can be compared to simulations using idealized
geometry. Additionally simulations using realistic geometry and
loading conditions will allow the effects of the non-uniform bone
geometry and strain distribution within the callus to be quanti-
fied. In Figure 5D, we can see clearly how asymmetric the callus
is, and that on the left side of the bone cartilage has formed within
the osteotomy gap whereas on the right side of the image the car-
tilage is bridging the larger hard callus. The asymmetry of the

bone, callus, and loading cannot be captured in axisymmetric
models and only partially using idealized models of the geom-
etry. This geometric information will be the product of studies
using in vivo micro-CT. What parameters should be compared
between such models is an open question,which must be addressed
first. Work already presented in the field of bone remodeling and
adaptation (85) provides a basis for what can be measured, and
models for bone remodeling such as Schulte et al. (86) may also be
incorporated in simulations, representing the remodeling phase.

CONCLUSION
This review has presented how the mechanical models and exper-
iments of fracture healing have developed since Pauwels (68) first
proposed his theory. The differences between the types of data
produced by simulations and experimental studies remains an
obstacle for advancing the field. Existing rules without exception
have all been derived from two dimensional continuum finite ele-
ment models, though associating the simulated mechanical stimuli
to tissue growth seen in histological section from cross-sectional
a study. As more detailed, quantitative and longitudinal data are
being gathered experimentally these rules must be re-examined,
their accuracy assessed using longitudinal time-lapsed data. With
simulations there is a need for simulations to move away from sim-
plified representations of the geometry with continuum material
properties, toward real bone microstructural geometries measured
through micro-CT, so as to allow direct and quantitative compar-
ison of their predicted tissue distribution directly to the results
of in vivo studies, rather than a visual comparison with single
histological slices.
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Distraction osteogenesis (DO) is a surgical technique where gradual and controlled sepa-
ration of two bony fragments following an osteotomy leads to the induction of new bone
formation in the distracted gap. DO is used for limb lengthening, correction of bony defor-
mities, and the replacement of bone loss secondary to infection, trauma, and tumors.
Although DO gives satisfactory results in most cases, one major drawback of this tech-
nique is the prolonged period of time the external fixator has to be kept on until the newly
formed bone consolidates thus leading to numerous complications. Numerous attempts
at accelerating bone formation during DO have been reported. One specific approach is
manipulation of the mechanical environment during DO by applying changes in the stan-
dard protocol of distraction. Attempts at changing this mechanical environment led to mixed
results. Increasing the rate or applying acute distraction, led to poor bone formation in the
distracted zone. On the other hand, the addition of compressive forces (such as weight bear-
ing, alternating distraction with compression or by over-lengthening, and then shortening)
has been reported to increase bone formation. It still remains unclear why these alterations
may lead to changes in bone formation. While the cellular and molecular changes occur-
ring during the standard DO protocol, specifically increased expression of transforming
growth factor-β1, platelet-derived growth factor, insulin-like growth factor, basic fibroblast
growth factor, vascular endothelial growth factor, and bone morphogenic proteins have
been extensively investigated, the literature is sparse on the changes occurring when this
protocol is altered. It is the purpose of this article to review the pertinent literature on the
changes in the expression of various proteins and molecules as a result of changes in the
mechanical loading technique in DO and try to define potential future research directions.

Keywords: mechanical loading, growth factor, distraction osteogensis, bone regeneration, bone regenerating
molecule

INTRODUCTION
Distraction osteogenesis (DO) is a surgical technique first
described by the Russian physician Ilizarov in the early 1950s
(1, 2). This technique consists of performing an osteotomy to a
bone that needs to be lengthened followed by gradual and con-
trolled distraction of the two ends of the osteotomized bone.
These mechanical forces of distraction lead to the induction and
formation of new bone in the distracted gap (Figures 1 and 2)
(1, 2). When the desired amount of lengthening is reached, the
distraction is stopped but the external fixator is kept on until
the newly formed bone in the distracted gap consolidates and
becomes strong enough to withstand external forces after removal
of the external fixator without bending or fracturing. The sur-
gical technique of DO involves several temporal phases outlined
below (3).

LATENCY PHASE
The latency phase starts immediately following the osteotomy and
lasts between 5 and 7 days. It allows the formation and organiza-
tion of the hematoma and facilitates the recruitment of inflam-
matory cells and mesenchymal stem cells (4). This stage resembles
the acute stage of fracture healing, including hematoma formation,
immediate inflammatory response, and subsequent differentiation
of stem cells into chondrocytes and osteoblasts (4).

DISTRACTION PHASE
In this phase, following the latency period, distraction of the two
bone segments is started at a specific rate and rhythm of 1.0 mm
a day, divided into four increments. This protocol was shown –
experimentally and clinically – by Ilizarov to be the optimal rate
and rhythm of distraction for bone formation. Higher rates of
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FIGURE 1 | (A) Application of distractor; (B) start of distraction; (C) end of distraction; (D,E) consolidation phase without any distraction until bone in the
distraction gap consolidates; (F) removal of distractor. ©2012 Hamdy et al. (7).

distraction lead to poor or delayed regenerate bone formation
while slower rates of distraction lead to premature consolidation
(3). This phase is characterized by the formation of a radiolucent
central fibrous interzone (FIZ) in the middle of the distracted gap
(Figure 2). The fibroblast cells and collagen fibers are arranged
longitudinally along the axis of distraction. In addition, one of
the hallmarks of this phase is formation of new blood vessels with
intense angiogenesis, neoangiogenesis, recruitment of osteoblasts,
and new bone formation (5).

CONSOLIDATION PHASE
Once the desired amount of lengthening is obtained, distraction
ceases, and the newly formed bone gradually bridges the gap
between the two ends of the osteotomy (Figure 2). This new regen-
erate bone arises from the periosteum (hence, the importance of
avoiding damage to the periosteum), the medullary canal, and the
surrounding soft tissues (6). This phase is the longest phase in DO,
about 1 month for each centimeter lengthened (1). In addition, it
lasts until the newly formed bone in the distracted gap becomes
biomechanically strong enough to allow removal of the fixator.

ADVANTAGES OF DO OVER OTHER TECHNIQUES OF BONE
REGENERATION
Distraction osteogenesis is widely considered the best in vivo tis-
sue engineering and has numerous advantages over other bone
graft techniques, such as autografts, allografts, vascularized fibular
grafts, and various artificial bone substitutes (7). With the tech-
nique of DO, very large and almost unlimited amounts of new
bone can be generated and this newly formed bone is vascular-
ized and of the same micro and macrostructure as the native
bone. Furthermore, DO leads to the generation of new bone in
a reproducible and predictable manner. One other major advan-
tage of DO is the simultaneous regeneration and lengthening of
all soft tissues surrounding the lengthened bone, including skin,
subcutaneous tissues, blood vessels, nerves, and muscles (8).

CLINICAL APPLICATIONS OF DO
Nowadays, the technique of DO is widely used worldwide in
the management of numerous orthopedic conditions including
gradual correction of bony deformities, limb lengthening, and

management of bone loss secondary to infection, trauma, and
tumors (Figure 3) (7, 9). Currently, this technique has been applied
in maxillofacial surgery for mandibular lengthening and in the
treatment of craniofacial deformities (10). DO has also gained
popularity in the field of dental surgery (11–13).

PROBLEMS ASSOCIATED WITH DO
Although DO gives satisfactory results in most cases, one of the
drawbacks of this technique is the prolonged length of time the
external fixator has to be kept in place until the newly formed bone
in the distracted gap consolidates. For every centimeter length-
ened, the fixator has to be kept in place for about a month. For
example, a child undergoing a 6.0 cm lengthening will require the
fixator to be kept in place for about 6 months. This prolonged
length of time during which the fixator is kept in place, may
increase the risk of complications, such as pin site infections, pain,
discomfort, and psychological complications (Figure 4) (14, 15).

Numerous methods have been described in an attempt to accel-
erate the consolidation of the newly formed bone and hence
allow early removal of the fixator (16). Most of these techniques
are invasive and involve the local application of substances such
as osteogenic growth factors, allografts, autografts, mesenchymal
stem cells, various synthetic bone substitutes (such as TCP – tri-
calcium phosphates), the systemic application of bone stimulating
pharmacological agents or the use of external stimulation such as
electromagnetic fields (17).

One area that has been surprisingly less extensively investi-
gated in this context is the mechanical loading environment in
DO and whether changes in this mechanical environment during
the process of DO may have an impact on bone formation and
consolidation (Figure 5) (18–20). Ilizarov discovered that when
gradual and controlled distraction is applied to the two ends of an
osteotomized bone, new bone would form in the distraction gap
(1, 6). He called this phenomenon the “Law of Tension Stress.” In
fact, without knowing it and long before the term mechanotrans-
duction was coined for the first time by Harold Frost in the 1960s
(21), Ilizarov laid the foundation of the whole field of mechan-
otransduction, where the mechanical forces of distraction applied
during the process of DO are translated into molecular signals
that lead to the induction of new regenerate bone (the tension

Frontiers in Endocrinology | Bone Research December 2014 | Volume 5 | Article 214 | 72

http://www.frontiersin.org/Bone_Research
http://www.frontiersin.org/Bone_Research/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alzahrani et al. Mechanical loading in distraction osteogenesis

FIGURE 2 | Cellular changes in a rabbit DO model during distraction
osteogenesis of the tibia (stain isTrichrome staining). The numbers
indicate the number of weeks after the distraction process was started (1–3

are during the distraction phase and 4–6 are during the consolidation phase).
Co, cortex; LZ, lengthened zone; Ca, callus; FIZ, fibrous interzone. Bar
scale = 2 mm. Reprinted from Rauch et al. (34), with permission from Elsevier.

of the distraction forces causes stress in the distracted tissue).
This controlled distraction protocol described by Ilizarov more
than 60 years ago consists of a rate and rhythm of distraction of
0.25 mm four times a day and does not include any compression
forces besides those of distraction. This unique type of mechani-
cal loading in the context of bone regeneration, revolutionized the
field of bone regeneration, and continues to be followed almost to
the letter worldwide in both long bone DO (9, 22) and mandibular
DO (23).

It is surprising that in the present time and knowing the ben-
eficial and anabolic effects of compressive forces and loading on
skeletal tissue, this protocol remains largely unchallenged (2). In an
attempt to accelerate bone formation in DO, several authors have

analyzed the effects of applying various changes in the standard
protocol by changing the rate or rhythm of distraction or by the
addition of compressive forces that alternate with the distraction
cycles (accordion technique). Some of these attempts – specifically,
the addition of compressive forces – were successful in accelerating
bone formation while others (increasing the rate of distraction)
were not.

Although bone formation using standard protocol in DO has
been extensively investigated at both the cellular and molecular
levels, there have been very few reports analyzing the changes
in the molecular expression of various proteins and molecules
secondary to changes in the mechanical environment. It is the
aim of this study to review the pertinent literature on that topic,
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Alzahrani et al. Mechanical loading in distraction osteogenesis

FIGURE 3 | Distraction osteogenesis is used to manage multiple
orthopedic conditions including congenital short femur (A) and fibular
hemimelia (B).

try to identify potential therapeutic targets for accelerating bone
formation and define future research directions.

MOLECULAR CHANGES DURING STANDARD DISTRACTION
RATE AND RHYTHM
The expression of various proteins and molecules and signaling
pathways during the process of DO using the standard protocol –
1.0 mm distraction a day divided into four equal increments – has
been extensively investigated in both human beings and animal
models of DO (4, 27, 28). Compared to simple osteotomy without
distraction, systemic up-regulation of transforming growth factor-
β1 (TGF-β1), platelet-derived growth factor (PDGF), insulin-like
growth factor (IGF), basic fibroblast growth factor (bFGF), vascu-
lar endothelial growth factor (VEGF), and its receptors VEGFR
1 and 2 have been reported by multiple investigators suggest-
ing that these changes are caused by the distraction process
(29–31).

Using a standard DO protocol in various animal models
(mice, rats, rabbits, dogs, and sheep), we and others have shown
that the expression of numerous factors related to osteogenesis
and chondrogenesis is mostly upregulated during the distraction
phase, when the mechanical forces of distraction are applied and
then, the expression of these factors is downregulated once the
mechanical forces of distraction cease at the end of the distrac-
tion phase. These proteins include bone morphogenic proteins
(BMPs); an extensively studied protein in the context of DO
(Figure 6), in addition to TGF-β1, FGF, IGF, and PDGF (4, 28,
32–36).

In addition, the expression of extracellular matrix proteins col-
lagen type 1, 2, 4, and 10, osteocalcin, osteopontin, and osteonectin
during the various phases of DO has been reported in the litera-
ture, and showed highest expression during the distraction phase
of this process and decreased expression toward the end of the
lengthening process (33, 37–40).

FIGURE 4 | Ilizarov ring fixator frame applied for distraction
osteogenensis of the femur.

Angiogenesis and neoangiogenesis factors have also been iden-
tified in the distraction zone during DO, specifically members of
the VEGF and angiopontin signaling pathways (5, 41–45).

Pro-inflammatory cytokines involved in bone repair [interleukin-
6 (IL-6) and tumor necrosis factor (TNF)] have been found
to be expressed during the DO process, especially during the
latency phase (46). The expression of bone resorption factors was
investigated in the rabbit model of DO and showed diminished
expression during the consolidation phase of DO (47, 48).

The expression of mechanotransduction factors during the dis-
traction process has also been reported and includes extracellular
signal-regulated kinase (ERK), proto-oncogene tyrosine-protein
kinase Src (c-Src), integrin pathway, and focal adhesion kinase
(FAK) (49–51).

EFFECT OF THE MECHANICAL ENVIRONMENT IN OTHER
BONE MODELS
Although DO attracted most of the attention in the literature when
assessing the effect of the mechanical environment on molecular
signaling, there have been numerous studies on these effects in
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Alzahrani et al. Mechanical loading in distraction osteogenesis

FIGURE 5 | (1) Standard DO: 0.25 mm/6 h to achieve 1 mm/24 h; (2)
continuous DO: 0.02 mm/24 min to achieve 1 mm/24 h; (3) accordion
maneuver: addition of compression to the standard distraction; (4)

accelerated DO: 1.5 mm/24 h; (5) highly accelerated DO: 3 mm/24 h.
(A) Normal callus formation; (B) abnormal callus formation. Based on Ref.
(24–26).

other bone models, including normal and fractured bones. The
addition of mechanical loading in these models leads to an alter-
ation of the protein and molecular signaling in the loaded segment,
especially during the early loading phases (52–57). In a study by
Mantila Roosa et al., they found increased bone matrix genes when
loading was applied to the intact forelimb of rats compared to the
contralateral unloaded limb (56). In the same study, the loaded
limb also showed up-regulation of TGF-β1, PDGF, and bFGF (56).
In the same animal model, but in intact hindlimb loading, Raab-
Cullen et al. also showed up-regulation of TGF-β1 and IGF when
a mechanical load was applied (58). These findings were further
proven by multiple in vivo and in vitro studies where levels of
these growth factors were found to be stimulated when loading

was applied (53, 59). On the other hand, a downregulation of
sclerostin was observed in axially loaded bones thus leading to
decreased inhibition of the Wnt/β-catenin signaling pathway and
ultimately improving bone quality (55, 57).

In the fractured bones, mechanical loading also showed an ago-
nist effect on bone formation. Palomares et al. studied these effects
on protein and molecular signaling during fracture healing in their
rat femoral model and found up-regulation of collagen type 2 in
the loaded segment of the fracture (60). In his model, BMP 3
was also upregulated by the loading process (60). In other studies,
stimulation of BMPs was observed when mechanical loading was
applied, but this stimulation was mostly attributed to an indirect
effect of the loading process through the Wnt/β-catenin signaling
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Alzahrani et al. Mechanical loading in distraction osteogenesis

pathway which also showed up-regulation when mechanical
stimulation was applied (52–54).

METHODS OF ALTERING THE MECHANICAL ENVIRONMENT
It has been previously shown that alterations of the mechanical
environment may have an effect on the healing process of DO
(18–20).

Changes in the mechanical environment include addition of
compression forces to the distraction forces applied, changes in
the technique of distraction (acute or gradual), changes in the
rate of distraction (continuous or intermittent), or changes in the
rhythm of distraction (for example, accelerated distraction).

ADDITION OF COMPRESSION FORCES
In the context of DO, addition of compression forces to the dis-
traction protocol may take one of several forms, including weight
bearing on the distracted limb, alternate cycles of distraction and
compression (accordion), over-lengthening, and then shortening
or fixator dynamization (18, 19).

Weight bearing
Weight bearing during the process of DO has been shown to be an
important stimulus for regenerate formation and maturation in
DO (1, 6, 61, 62). Radiographical and histological evidence of sig-
nificantly improved bone formation has been shown when weight
bearing was applied in a goat tibial model of DO (63). In a rat
model of DO, Radomisli et al. showed that in the weight bearing
group BMP2/4, collagen type 1, and osteocalcin expression was

FIGURE 6 | Bone morphogenic protein pathway. BMP; bone
morphogenic protein, NBP; nuclear binding protein.

more abundant (64). Leung et al. also showed increased expres-
sion of TGF-β1 when weight bearing was applied in the lengthened
bone thus emphasizing the importance of early weight bearing
in DO (63). Although the exact mechanism of increased weight
bearing is still not fully understood, the findings in the studies
of Radomisli and Leung – specifically, the increased expression of
collagen type 1, suggest that weight bearing may have a more signif-
icant effect on osteogenesis then chondrogenesis, as it is associated
with early collagen type 1 and osteocalcin expression (64).

Distraction with addition of compression forces
When examining the impact of adding compression forces to the
distraction protocol on molecular signaling the literature is scarce
in this aspect (Table 1). In addition, there is no consensus on a
standard compression–distraction protocol.

Several studies – mostly anecdotal – have shown that the addi-
tion of compressive forces alternating with the standard distraction
protocol – known as the accordion technique – stimulates bone
formation in the distracted gap (67–70). The accordion technique
has also been successful after bone transport in obtaining union
at the docking site and thus managing the bone defect (71, 72). It
is believed that compression forces favor intramembranous bone
formation, whereas distraction (tensile) forces favor endochondral
bone formation (Figure 7) (38, 73–75). Hence, the combination
of these two different types of mechanical loading may stimu-
late bone formation more than either type of loading alone. The
literature lacks in studies examining the molecular effect of the
accordion maneuver in DO, as most of the studies apply compres-
sion at the end of the distraction process and not in an alternating
pattern.

Table 1 | Factor expression in distraction and compression forces in

rabbit DO model.

Factor Outcome Reference

BMP-4

(mRNA)

Acceleration of expression of

BMP-4 when compression applied

Kim et al. (65)a

TGF-β1

(mRNA)

Increased and sustained expression

of TGF-β1 when compression

applied

Kim et al. (65)a

Osteonectin

(mRNA)

Sustained expression of

osteonectin up to 3 weeks

post-compression in the accordion

group

Kim et al. (65)a

VEGF (protein) Increased expression of VEGF in the

compression group

Mori et al. (66)b

DO, distraction osteogenesis; BMP, bone morphogenic protein; VEGF, vascular

endothelial growth factor; TGF-β1, transforming growth factor beta.
aControl group (distraction of 1 mm/day for 8 days) and experimental group (dis-

traction of 1 mm/day for 10 days followed by a 3-day latency period after which

they compressed 1 mm/day for 2 days) – rabbit mandibular DO.
bControl group (distraction of 0.7 mm/day for 14 days) and experimental group

(distraction of 0.7 mm/day for 14 days then compression of 0.7 mm/day for

3 days) – rabbit tibial DO.
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Alzahrani et al. Mechanical loading in distraction osteogenesis

FIGURE 7 | Diagram showing the process of osteogenesis by different
mechanical environments. Adopted from Chao and Inoue (75).

Another method of adding compressive forces is the protocol of
over distracting the bone by a few millimeters, beyond the planned
amount of lengthening followed by gradual shortening (or com-
pression) equivalent to the amount of over-lengthening. One
well-designed study by Kim et al. examined the effect of the addi-
tion of compressive forces (distraction followed by compression)
on BMP-4 in the mandible DO rabbit model (65). They divided
their experiment into a control group (distraction of 1 mm/day
for 8 days) and an experimental group (distraction of 1 mm/day
for 10 days followed by a 3-day latency period after which they
compressed 1 mm/day for 2 days). The level of BMP-4 expression
increased in both groups at the end of the distraction process,
but in the experimental group the expression accelerated when
compression was applied and was maintained for 2 weeks post-
compression. In the same study, it was reported that the expres-
sion of TGF-β1 not only markedly increased when compression
was applied but also continued until 2 weeks after compression,
whereas in the control group, there was only moderate elevation
and remained elevated for a significantly shorter period of the DO
process (65). Hamanishi et al. also applied this method in a rabbit
model of tibia DO and found histologically increased proliferation
of osteoblasts in the distraction gap (76). Surprisingly, this was
associated with decreased vascularity, which they attributed to the
compression forces causing vascular lumen collapse (76). Also, in
a rabbit DO model, Mori et al. demonstrated that although there
was collapse of the vascular lumen when compression was applied,
VEGF and hypoxia inducible factor-1a (HIF-1a) showed marked
increase in expression (66). They concluded that this method
enhanced membranous bone formation in the distraction gap.

ACUTE VERSUS GRADUAL DISTRACTION
Compared to gradual distraction (GD), acute distraction (AD) is a
less favorable method for bone regeneration in DO (Table 2) (25,
51, 77). At the molecular level, studies comparing GD and AD in
the context of DO are limited. Warren et al. found a low expres-
sion of collagen type 1 and osteocalcin in the mandibular DO rat
model during the consolidation phase of the AD group compared
with the control (25). Fang et al. compared FGF expression in GD
with AD and found that expression of FGF increased in GD more
than AD (77).

CONTINUOUS VERSUS INTERMITTENT DISTRACTION
Several experimental studies have shown improved bone regener-
ation using continuous versus intermittent DO (Table 3) (78–80).
Continuous distraction leads to up-regulation of several genes

Table 2 | Factor expression in acute versus gradual distraction

osteogenesis in rat mandibles.

Factor Outcome Reference

ERK 1/2, BMP 2/4

(protein)

GD → ↑ ERK1/2+ ↑

BMP2/4

Rhee et al. (51)a

AD → no ERK1/2

VEGF/FGF (protein) GD → ↑ VEGF and FGF Fang et al. (77)b

AD → absence of GF

Osteocalcin, collagen

type 1, TIMP-1, VEGF

(mRNA)

GD → ↑ osteocalcin

Collagen type 1 and

TIMP-1 compared to AD

Both protocols had no

effect on VEGF

Warren et al. (25)c

DO, distraction osteogenesis; GD, gradual distraction; AD, acute distraction;

ERK1/2 extracellular signal-related kinase; BMP, bone morphogenic protein;VEGF,

vascular endothelial growth factor; FGF, fibroblast growth factor; GF, growth

factors; TIMP-1, tissue inhibitor metalloproteinase’s-1.
aGradual distraction group (distraction of 0.6 mm/day for 8.5 days), Acute dis-

traction groups (intra-operative separation of 2.1 mm in group 1 and 5.1 mm in

group 2).
bGradual distraction group (distraction of 0.5 mm/day for 8 days) and acute

distraction group (intra-operative separation of 4 mm).
cGradual distraction group (distraction of 0.5 mm/day for 6 days) and acute

distraction group (intra-operative separation of 3 mm).

more than intermittent traction (78, 79, 81). In a mandibular DO
rabbit model comparing continuous versus intermittent distrac-
tion, Zheng et al. found that VEGF was significantly upregulated at
the early stage of distraction phase and remained elevated through-
out the consolidation phase, while FGF was significantly higher at
the early stage of distraction phase only and no significant differ-
ence was established between the two groups in the other stages.
Also, there was advanced bone formation and partial bone healing
in continuous DO based on histological examination (78). In the
same model, Zheng et al. also reported that, compared to inter-
mittent DO, the mRNA level for BMP-2 in rabbits undergoing
continuous distraction, was significantly higher throughout the
distraction phase, whereas no significant difference was noted in
the consolidation phase (79). Furthermore, the mRNA expression
of TGF-β1 was significantly higher at the early stage of distraction
phase in the continuous distraction group, although no significant
difference was found between two groups in other stages (79).

Contradicting the previously mentioned positive results of
continuous distraction, a recent clinical study by Bright et al.
showed no significant difference between intermittent (0.25 mm
4 times/day) and continuous distraction (1/1440 mm 1400
times/day) in time to union or complication rate (82).

VARIABLE DISTRACTION RATE AND RHYTHM
The effect of the rate and rhythm used in the applied DO proto-
col has a significant effect on the expression of factors involved
in the DO process (Table 4). Cheung et al. examined the expres-
sion of BMP-2, -4, and -7 with routine (0.9 mm/day) and rapid
(2.7 mm/day) distraction in the mandible DO rabbit model (83).
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Alzahrani et al. Mechanical loading in distraction osteogenesis

They showed that in the early consolidation phase there was
intense signaling of BMP-2 and BMP-4 at the edges of the dis-
traction regenerate in the routine group, which spread to the
primary trabecule as the consolidation phase progressed, whereas
in the rapid group there were only weak signals of these BMPs in
the area of the distraction regenerate and no extension to other
parts of the bone throughout the consolidation phase. In both
groups, BMP-7 was not detected throughout the experimental
periods.

Schiller et al. studied the alteration of expression of various
growth factors in rapid distraction (0.75 mm twice/day) com-
pared to routine (0.25 mm twice/day). They found that there was
decreased cellular staining of FGF, VEGF, and PDGF in the rapid
distraction group starting on the first day of lengthening (26).

Table 3 | Factor expression in continuous versus intermittent

distraction osteogenesis in rabbit mandibles.

Factor Outcome Reference

TIMP-1

(mRNA)

Up-regulating TIMP-1 in continuous

DO

Liu et al.

(80, 81)a

TGF-β1/BMP 2

(mRNA)

High level of TGF-β1 and BMP 2 in

continuous DO

Zheng et al.

(78, 79)a

VEGF/bFGF

(mRNA)

Continuous DO → proper mechanical

environment for angiogenesis

through up-regulation of the

angiogenic mediators

Zheng et al.

(78, 79)a

DO, distraction osteogenesis; TIMP-1, tissue inhibitor metalloproteinase’s-1;

BMP, bone morphogenic protein; TGF-β1, transforming growth factor beta; bFGF,

basic fibroblast growth factor; VEGF, vascular endothelial growth factor.
aContinuous distraction group (0.9 mm/day for 11 days at a rate of 8 times/s) and

intermittent distraction group (0.9 mm/day for 11 days at a rate of once per day).

DISCUSSION
The beneficial effects of mechanical loading on bone formation
have been known for more than a century, when Wolff developed
the concept that bone adapts to its environment (75). However,
of all the forms of mechanical loading – compression, tension
(or distraction), bending, torsion, and shear – only compression
forces were mostly recognized as having an anabolic effect on bone
formation. It was Ilizarov, in the 1950s, who was the first one to
introduce the concept that distraction (tension) forces could also
lead to bone formation, provided these forces are applied in a
controlled environment, and that was the key to the success of
the technique of DO (1, 6). As previously mentioned, although
DO is a very successful technique in generating large amounts of
new bone, the long period of time the external fixator has to be
kept on until the newly formed bone consolidates, presented a
major problem of this technique. The question then arises: how
to accelerate newly formed bone in the distracted gap? Numer-
ous techniques have been described to accelerate bone formation,
however, manipulation of the mechanical loading environment is
probably the most attractive as it is non-invasive, easily applic-
able, and furthermore adds no cost to the technique. This led
some authors to challenge the standard distraction protocol devel-
oped by Ilizarov. Several reports in the literature have shown that
the addition of compressive forces to the distraction protocol,
specifically the accordion technique, could be beneficial in acceler-
ating bone formation in the distracted gap (67–70, 84). However,
there has been no detailed analysis of this technique: how much
compression should be applied, which phase of DO should the
compression be added and for how long? More importantly, it still
remains largely unknown how the effects of compression forces
differ from those of distraction forces at the molecular level in
stimulating bone formation in the context of DO.

The expression of multiple growth factors has been identified
in context of standard DO protocol, including TGF-β, PDGF, IGF,
bFGF, and VEGF. While alteration of the mechanical environment

Table 4 | Factor expression in variable distraction rates and rhythms of distraction osteogenesis.

Factor Distraction protocol Model Outcome Reference

BMP-2/4/7

(protein)

0.9 mm/day versus 2.7 mm/day Mandibular DO in

rabbits

Increased Expression of BMP-2/4 in

0.9 mm/day group

Cheung et al. (83)

No BMP-7 in both groups

FGF/VEGF/PDGF

(protein)

0.5 mm/day versus 1.5 mm/day Femur DO in rats Increased expression of VEGF, FGF and

PDGF in 0.5 mm/day group

Schiller et al. (26)

Endothelial cells

antigen (protein)

Four varying rates (0.3, 0.7, 1.3,

and 2.7 mm/day)

Tibia DO in rabbits The vascularization process was

maximally stimulated at distraction rates

of 0.7 and 1.3 mm/day. While impaired in

0.3 mm/day and not maximally stimulated

in 2.7 mm/day

Li et al. (24, 38)

Collagen type 4

(protein)

Four varying rates (0.3, 0.7, 1.3,

and 2.7 mm/day)

Tibia DO in rabbits Collagen type 4 expression was highest at

rates of 0.7 mm/day and 1.3 mm/day

Li et al. (24, 38)

DO, distraction osteogenesis; BMP, bone morphogenic protein; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; PDGF, platelet-derived growth

factor.

Frontiers in Endocrinology | Bone Research December 2014 | Volume 5 | Article 214 | 78

http://www.frontiersin.org/Bone_Research
http://www.frontiersin.org/Bone_Research/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alzahrani et al. Mechanical loading in distraction osteogenesis

lead to variable changes in expression of these factors. Except for
the BMP pathway, we were unable to identify any other specific
protein, molecule or pathway that clearly characterizes specific
changes in signaling when the biomechanical loading environ-
ment is altered. The BMP pathway has been extensively studied
in the context of bone regeneration and DO and we and others
have shown that it plays a significant role in DO using the stan-
dard protocol (28, 32, 36, 85). We have also shown (Tables 1–4)
that the expression of BMPs changes when the mechanical load-
ing environment is altered, specifically an increased expression of
BMPs when compression forces are added to the standard protocol
and when continuous distraction is applied. More research needs
to be done in that area to identify which specific combination of
biomechanical forces leads to optimal expression of BMPs.

Another possible explanation on the beneficial effects of com-
pression loading on bone formation in DO at the molecular level
is related to the expression of sclerostin and the difference in scle-
rostin inhibition with various types of loading. The emergence of
the Wnt pathway as a major player in bone regeneration,along with
its alteration when sclerostin is inhibited led to extensive research
in that area (86, 87). We know today that sclerostin inhibition is
one of the numerous pathways through which mechantransduc-
tion may lead to new bone formation (55,88). In our laboratory,we
have demonstrated in a mouse model of DO that various members
of the Wnt signaling pathway are expressed during the distraction
process (86) and that systemic application of sclerostin antibod-
ies caused increased bone formation in the distracted gap (87).
However, to the best of our knowledge, there has been no study
evaluating the effects of altering the mechanical loading environ-
ment in the context of DO on the expression of Wnt pathway
members and the degree of sclerostin inhibition. The only study we
were able to find comparing the effects of compression versus dis-
traction on the expression of sclerostin, was by Robling et al., who
showed in an ulnar loading model in the rat that compression load-
ing causes 80% suppression of sclerostin, while distraction loading
caused only 20% inhibition of sclerostin (55). This is an extremely
important observation as it supports the hypothesis that the addi-
tion of compressive loading to the distraction protocol may be
beneficial to bone formation by suppressing more sclerostin than
distraction forces only. We believe that future research should also
focus on analyzing the effects of altering the biomechanical load-
ing environment on the expression of various members of this
pathway and hence try to identify the optimal “non-invasive tissue
engineering” method to enhance bone formation in DO.
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Mechanical loading is essential to maintain normal bone metabolism and the balance
between bone formation and resorption. The cellular mechanisms that control mechan-
otransduction are not fully defined, but several key pathways have been identified. We
discuss the roles of several components of the Wnt signaling cascade, namely Lrp5, Lrp6,
and β-catenin in mechanical loading-induced bone formation. Lrp5 is an important Wnt
co-receptor for regulating bone mass and mechanotransduction, and appears to function
principally by augmenting bone formation. Lrp6 also regulates bone mass but its action
might involve resorption as well as formation. The role of Lrp6 in mechanotransduction is
unclear. Studies addressing the role of β-catenin in bone metabolism and mechanotrans-
duction highlight the uncertainties in downstream modulators of Lrp5 and Lrp6. Taken
together, these data indicate that mechanical loading might affect bone regulation trigger-
ing the canonical Wnt signaling (and perhaps other pathways) not only via Lrp5 but also via
Lrp6. Further work is needed to clarify the role of the Wnt signaling pathway in Lrp5 and/or
Lrp6-mediated mechanotransduction, which could eventually lead to powerful therapeutic
agents that might mimic the anabolic effects of mechanical stimulation.

Keywords:Wnt, Lrp5, Lrp6, Sost, mechanotransduction

INTRODUCTION
Mechanical loading is essential to maintain normal bone metab-
olism and the balance between bone formation and resorption
(1, 2). Disuse of bone or insufficient loading can cause reduced
bone formation as well as increased bone turnover, which can
be appreciated in astronauts that have spent significant time in
space, among patients restricted to bed rest, and in people suffer-
ing from muscle paralysis (3). Conversely, exposure to frequent,
high-impact loading results in active bone formation (4). A good
example of this effect can be seen among competitive racquet
sports players, in whom the upper limb bones of the dominant
(playing) arm is generally more robust compared to the non-
playing skeletal elements (5). These effects are consequences of
Wolff ’s law (6) and have been verified in numerous murine models
of mechanotransduction, such as ulna- and tibia-loading mod-
els, the tail suspension model, and the botulinum toxin paralysis
model (7–9). However, the precise physical and biological mech-
anisms that drive adaptation to disuse/overuse have not been
completely elucidated.

Although the biological mechanisms that control mechan-
otransduction are far from certain, considerable progress has been
made in identification of some of the key players in this process.
For example, very early after a mechanical signal is received by
bone cells, adenosine triphosphate (ATP) is released from stimu-
lated cells and intracellular Ca2+ concentration increases within
1 min after loading (10–12). Subsequently, at least two other essen-
tial second messengers, prostaglandin E2 (PGE2) and nitric oxide
(NO), are released from the mechanically stimulated cells (13–15)

(Figure 1). Those events lead to the induction of MAP-kinase sig-
naling (ERK 1/2) and C-fos expression (16, 17). Later, inhibition
of Sost and Dkk1expression, along with increased expression of
IGF-I and other bone matrix-related genes such as osteopontin
and collagen have been documented (18, 19).

In this process, the Wnt pathway has been reported to play
an important role in transmitting mechanical signaling in bone
remodeling through both activating and inactivating several sig-
naling cascades (20). The canonical Wnt pathway is initiated when
released Wnt proteins bind to receptor complexes including a
seven pass transmembrane co-receptor called Frizzled, and either
low-density lipoprotein-related receptor-5 (Lrp5) or -6 (Lrp6).
Formation of this receptor complex at the cell surface eventually
leads to increased β-catenin-induced transcriptional activity via
increased β-catenin levels in the cytoplasm.

Over the past decade, this Wnt/β-catenin signaling pathway has
been identified as an essential component of mechanically induced
signal transduction. Heterozygous deletion of β-catenin in osteo-
cytes has been reported to significantly reduce loading-induced
anabolic responses in bone (21). Wnt/β-catenin signaling in bone
remodeling is proposed to be regulated by both Lrp5 and Lrp6 (22–
25). Although Lrp5 and Lrp6 have common properties, such as
sequence and structural similarity within this subfamily of the LDL
receptor-related proteins (26–28), their molecular downstream
events might be different in the context of bone remodeling. In this
review, we discuss the roles of both Lrp5 and Lrp6 in mechanical
loading-induced Wnt/β-catenin signaling pathways in the process
of bone remodeling.
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Kang and Robling Wnt signaling in mechanotransduction

FIGURE 1 | Cellular mechanisms of action in mechanically stimulated osteocytes, which control osteoblast and osteoclast activity.

LRP5
LOSS-OF-FUNCTION STUDIES
Experiments performed on mice engineered with loss-of-function
mutations in Lrp5 have revealed that Lrp5 is important to trans-
fer the mechanical loading-induced signals in mechanosensory
bone cells. Sawakami et al. investigated the crucial role of Lrp5 on
skeletal mechanotransduction using mice with loss-of-function
mutations (Lrp5-null) (25). Similar to the human patients with
loss-of-function mutations in LRP5, the loss of Lrp5 signaling
in mice yielded a significant decrease in bone-mineral density and
bone strength. Mechanotransduction studies in these mice showed
a reduced osteogenic response to mechanical loading, which was
due to a reduction in load-induced synthesis of bone matrix, but
not due to osteoblast recruitment and/or activation on the sur-
faces. Saxon et al. confirmed that Lrp5 has an important role in
mechanotransduction using a different Lrp5−/−mouse model and
a different skeletal loading modality. Among the experiments they
reported that where their control mice (Lrp5+/+) exhibited dose-
responsiveness to loading, they observed a loss of responsiveness
in the Lrp5 mutants (29).

Based on the positive effects of the mechanical loading on bone
formation, we can surmise that loading might either increase
expression of Wnt stimulatory molecules, reduce expression of
inhibitory molecules, or both. One of the more notable inhibitors
of bone formation is sclerostin, which is known to participate in
the Wnt signaling pathway (Figure 1). Sclerostin is an Lrp5/Lrp6
antagonist that is encoded by the Sost gene. It is primarily
expressed in the osteocyte population, and loss-of-function muta-
tions in Sost (or in its regulatory elements) are known to cause
sclerosing bone disorders such as sclerosteosis and Van Buchem

disease (30–32). Sost transcript expression and sclerostin protein
levels are dramatically decreased as a result of mechanical loading,
especially in the high strain regions of the bone (8). Conversely,
skeletal disuse causes an increase in Sost expression. The functional
role of Sost regulation during mechanical loading was addressed
by Tu et al., who showed that if the normal decrease in Sost expres-
sion that occurs during loading was prevented, the anabolic effects
of loading were abolished (33). They accomplished this effect by
loading engineered mice that harbored a transgene comprising an
8 kb Dmp1 promoter driving a human SOST cDNA. In these mice,
the normal drop in endogenous Sost levels that occurs during load-
ing was countered by an increase in human SOST during loading,
owing to the load-sensitive Dmp1 promoter that regulated the
hSOST cDNA.

GAIN-OF-FUNCTION STUDIES
Other mutations in LRP5 have been identified in the human
population that, rather than causing loss-of-function and very
low bone mass, were found to cause abnormally high bone mass
(HBM). Engineered mice have been generated to study the effect
of these gain-of-function missense mutations in LRP5, including
transgenic and knock-in models. Published reports from these
mouse models demonstrate that the gain-of-function mutations
in Lrp5 are associated with an HBM phenotype (24, 29). The
mechanotransduction phenotype observed in the loss-of-function
(Lrp5−/−) mice prompted several investigators to ask whether the
HBM-causing mutations in Lrp5 also affect mechanotransduc-
tion, perhaps in the converse (beneficial) direction. To this end,
Robinson et al. conducted ulnar loading experiments in mice har-
boring a human cDNA for LRP5 that included the G171V-causing
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nucleotide substitution (34). The cDNA was driven by the 2.3 kb
Col1a1 promoter, which provided specificity of the HBM allele
to mature osteoblasts and osteocytes. They showed that Wnt/β-
catenin target gene expression was increased after loading and
this effect was associated with increased cell responsiveness to
mechanical loading. This result was confirmed by Saxon et al., who
reported the same mouse model (2.3 kb Col1a1 – G171V) sub-
jected to tibial loading produced an increased osteogenic response
to mechanical loading (29). They also indicated that these HBM
transgenic mice had increased resistance to bone loss associated
with disuse compared to wild type (WT) controls.

The effect of HBM-causing mutations in Lrp5 on mechan-
otransduction were further probed by Niziolek et al., who used two
novel HBM knock-in models to elucidate the role of Lrp5 in the
loading response. Those investigators used a different approach
than the G171V transgenic approach used by Robinson et al.
(34) and Saxon et al. (29). Rather than overexpressing cDNAs
for HBM-causing alleles only in osteoblastic cells, Niziolek et al.
knocked in the G171V and A214V HBM-causing mutations into
the endogenous loci. This strategy allowed for normal expression
levels and tissue distribution, owing to the undisturbed promoter
and regulatory elements. These mice are therefore a more orthol-
ogous model to two of the human HBM families (7). When
axial tibia loading was applied for 3 days to mature male Lrp5
G171V and Lrp5 A214V knock-in mice and to their WT controls,
fluorochrome-labeling results showed that this loading resulted in
a significantly enhanced periosteal response in the A214V knock-
in mice, whereas the G171V knock-in mice exhibited greater bone
formation on the endocortical surface. This bone formation dif-
ference in two different HBM-inducing Lrp5 mutations indicated
that these types of mutations can alter the mechanisms responsi-
ble for anabolic mechanotransduction, and also, that a portion of
the HBM phenotype observed in human patients carrying gain-
of-function mutations in LRP5 might be at least partially due to
enhanced mechanoresponsiveness in their skeletons.

LRP6
Lrp6 is similar in sequence and structure to Lrp5, and these two
receptors have been proposed to function largely in the same con-
texts and signaling pathways. However, there are some important
differences between the two receptors. The most obvious differ-
ence is that whereas Lrp5−/− mice are viable and fertile (albeit
with low bone mass), Lrp6−/− mice exhibit an embryonic lethal
phenotype. Those observations suggest that either (1) the tim-
ing, location, and/or level of embryonic expression is different
between Lrp5 and Lrp6, (2) the ligands, inhibitors, and/or down-
stream cascades differ between these two receptors, or (3) some
combination of those two possibilities. For example, Lrp6 appears
to be crucially important for bone’s anabolic response to intermit-
tent parathyroid hormone (PTH) treatment, whereas Lrp5 appears
to be uninvolved. Li et al. showed that deletion of a floxed Lrp6
allele in osteoblasts, using osteocalcin-driven Cre recombinase,
disrupts the bone anabolic activity of PTH by reducing number
of osteoblasts (23). Wan et al. showed direct interaction between
Lrp6 and the PTH 1 receptor using fluorescence resonance energy
transfer (35). While Lrp6 appears to be important for PTH signal-
ing, at least two published reports indicate that Lrp5 is not essential

for transducing PTH signaling (25, 36). These data suggested that
Lrp5 and Lrp6 might participate selectively and differently in Wnt
and/or other hormonal signaling. On the other hand, while Lrp5 is
crucial for mechanotransduction, there is to date no clear evidence
indicating that Lrp6 participates in mechanical loading-induced
activation of Wnt signaling pathway.

Although both Lrp5 and Lrp6 are required to develop normal
postnatal bone, available evidence indicates that their roles in this
process might differ. Lrp6 has been reported to play a role in bone
resorption and formation, whereas Lrp5 appears to affect bone for-
mation but not bone resorption (22–25). These observations come
from a number of studies that have looked at cell-specific effects
of Lrp5 and Lrp6 in bone. For example, Kubota et al. reported the
discovery of a naturally occurring mutation in Lrp6, which con-
ferred hypomorphic properties to the receptor (referred to as the
“rs” mutation). In a careful analysis of these mice, they found that
canonical Wnt signaling was severely impaired in cells harvested
from the rs/rs mice compared to WT mice (22). As expected, the
rs/rs mice displayed low bone mass in vivo, but the phenotype was
primarily due to increased bone resorption, with no detectable
change in bone formation. This result stands in stark contrast
to that reported for Lrp5−/− mice, in which bone resorption is
normal but bone formation is reduced considerably. While both
Lrp5 and Lrp6 can regulate Wnt signaling, the receptors might be
active in osteoblasts over different time windows. A recent report
indicates that Lrp6 might affect early osteogenic differentiation,
whereas Lrp5 seems to affect late osteogenic differentiation (24).
It should also be noted that the resorption/formation phenotype
observed in the Lrp6 hypomorphic mice was not confirmed in
an osteoblast-specific deletion model (Ocn-Cre with Lrp5flox/flox

mice); in fact, the opposite mechanism was reported, i.e., reduced
bone formation and no change in resorption (23, 24). Li et al.
observed that Lrp6 KO mice showed little change in the osteoclast
number but reduced the osteoblast number compared with the
WT littermates (23).

Another remarkable point of difference between Lrp5 and Lrp6
function is that the bone compartment affected might be differ-
ent, although both Lrp5 and Lrp6 can both influence cortical bone
remodeling. Sawakami et al. showed that the cross-sectional area
of ulnas from Lrp5-deficient mice was reduced compared to WT
mice (25), whereas Lrp6 appeared to be involved preferentially in
trabecular bone development (22). This suggests that the devel-
opmental role of Lrp5 and Lrp6 might be different across bone
surfaces. Other examples of compartment-specific effects have
been reported for the Wnt cascade. For example, Liu et al. observed
a surface-specific influence of Wnt signaling on bone metabolism.
They found that Wnt16 deletion decreased cortical bone thickness
and increased cortical bone porosity, while very minor changes
were observed in trabecular bone in mice lacking Wnt16 (37).

β-CATENIN
A major canonical downstream target of both Lrp5 and Lrp6 is
β-catenin. Inactivation of β-catenin in osteoblasts (e.g., 2.3 kb
Col1a1-Cre crossed to β-cateninflox/flox) causes osteopenia by
affecting bone resorption rather than bone formation (38). The
resorption phenotype in these mice has been replicated using
Dmp1-Cre, a Cre driver that is active later in the osteoblast
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differentiation pathway, i.e., late-stage osteoblasts and osteocytes.
Osteocyte-specific β-catenin-deficient mice showed a low bone
mass phenotype via increased osteoclast number and activity,
while osteoblastic function was normal (39). Mechanistically,
downregulated osteoprotegerin (OPG) expression was implicated
in osteoclastic resorptive activity effect of those mice. Because β-
catenin is downstream of Lrp5/6, this result is consistent with
the Kubota et al. report on the Lrp6 hypomorphic mouse, but is
inconsistent with the reports on Lrp5−/− and osteoblastic Lrp6−/−

mice. It is interesting to note that the β-catenin resulted in a more
severe bone phenotype than lack of either Lrp5 or Lrp6, indi-
cating that there might be a combined (or synergistic) effect of
Lrp5 and Lrp6 on bone regulation. Holmen et al. showed this
possibility by comparing mice lacking various combinations of
Lrp5 and Lrp6 (40). Additionally, β-catenin receives input from
other proteins (e.g., mTOR, Pi3K), so it might be unreasonable to
expect that β-catenin deletion would phenocopy the deletion of
Lrp5/6. Regarding the role of β-catenin in mechanotransduction,
it was recently shown that both copies of β-catenin are required in
osteocytes and/or late-stage osteoblasts for mechanotransduction
to occur; mice haploinsufficient for β-catenin in those cell popula-
tions showed no measureable response to mechanical stimulation
in vivo (21).

Based on the various evidences regarding the Lrp5 function on
bone formation and the Lrp6 role on bone regulation via bone
resorption, we can hypothesize that the mechanical loading might
affect bone regulation triggering the canonical Wnt signaling not
only via Lrp5 (bone formation) but also via Lrp6 (perhaps both
bone resorption and formation). In normal conditions, Wnt sig-
naling pathways probably are influenced by both Lrp5 and Lrp6
at the same time, but in different ways and their roles might be
synergistic. Further investigation on the role of Lrp6 in mechan-
ical loading-induced signaling pathways and the synergistic effect
of Lrp5 and Lrp6 could show more clearly the mechanism of Wnt
signaling, via both Lrp5 and Lrp6, in mechanotransduction.

CONCLUSION
Mechanical loading is a powerful modulator of bone modeling
and remodeling. The exact cellular and molecular mechanisms by
which this process occurs are still unclear. Substantial evidence
indicates that the Wnt signaling pathway participates in the trans-
duction of mechanical signals at the cell surface and ultimately
leads to the regulation of bone metabolism. Lrp5 is intricately
involved in bone cell mechanotransduction, but there is no indica-
tion at this time whether Lrp6 has any role in this process. Further
studies are needed to clarify the role of the Wnt signaling path-
way in Lrp5 and/or Lrp6-mediated mechanotransduction, which
could eventually lead to powerful therapeutic agents that might
mimic the anabolic effects of mechanical stimulation.
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SKELETAL ADAPTATION TO
MECHANICAL STRAIN IN HUMANS
Several lines of clinical evidence (1–3)
suggest that the adult skeleton in humans
continuously responds to change in
mechanical environment to maintain
resultant “elastic” deformation (strain) of
bone; increased or decreased bone strain
would normally induce bone gain or
loss, respectively. Indeed, skeletal adap-
tation to mechanical strain, known as
the mechanostat (4–6), plays a signif-
icant role in the treatment of osteo-
porosis. For example, bone strain from
habitual physical activity decreases when
an osteoporosis drug increases bone
strength, indicating that the effect of osteo-
porosis therapy is limited by mechani-
cal strain-related feedback control; this
mechanostat-based logic is consistent with
various clinical data (3). Approaches to
reduce the limitation of osteoporosis ther-
apy include pharmacologically enhanc-
ing skeletal response to mechanical load-
ing, and earlier experimental studies
using external mechanical loading mod-
els show that intermittent treatment with
parathyroid hormone has such a pos-
sibility (7, 8). Importantly, treatment
with teriparatide could synergistically pro-
duce bone gain with even low, physio-
logical levels of mechanical loading in
humans (9) as well as animals (10).
The present article concisely discusses
the effects of daily or weekly treatment
with teriparatide and proposes a new
mechanostat-based hypothesis for bone
quality associated with mineral versus
collagen.

DAILY OR WEEKLY TREATMENT WITH
TERIPARATIDE IN OSTEOPOROSIS
In Japan, not only daily subcutaneous
injection of teriparatide (20 µg/day) (11–
13) but also weekly subcutaneous injec-
tion of teriparatide (56.5 µg/week) (14, 15)
has been approved for the treatment of
adult osteoporosis patients with high risk
of fracture. Interestingly, there are marked
differences in the effects of these two treat-
ments on circulating markers of bone for-
mation and resorption. The daily injection
results in a rapid and sustained increase
in bone formation markers followed by a
delayed increase in bone resorption mark-
ers (12); the period of time during which
the increase in bone formation is superior
to that in bone resorption is called the ana-
bolic window (16). In contrast, the weekly
injection induces only a transient increase
in bone formation markers without an
increase in bone resorption markers (14).

Formation and resorption occur on dif-
ferent surfaces during bone modeling, and
thus modeling-based bone formation and
resorption are not coupled; such uncou-
pling factors include mechanical loading
that stimulates bone formation and sup-
presses bone resorption. Modeling-based
bone formation by histomorphometry (17,
18) as well as an increase in bone formation
markers and a decrease in bone resorp-
tion markers in blood (19) are observed
during the first month of daily treatment
with teriparatide, which is consistent with
clinical finding suggesting that daily treat-
ment with teriparatide and normal phys-
ical activity synergistically produce bone
gain (9). A rapid but transient increase

in bone formation markers without an
increase in bone resorption markers (14)
implies that weekly treatment with teri-
paratide also stimulates modeling-based
bone formation.

On the other hand, long-term daily,
but not weekly, treatment with teriparatide
causes increases in both bone formation
and resorption markers (12, 14). These
systemic changes agree with histomorpho-
metric data showing that 1 or 2 years of
daily treatment with teriparatide results
in an increase in remodeling-based bone
formation (20); resorption followed by
formation occurs on the same surface dur-
ing bone remodeling and thus remodeling-
based bone resorption and formation
are coupled. Increased or decreased bone
remodeling lowers or raises, respectively,
the degree of mineralization (21), and
cortical volumetric bone mineral density
(BMD) is decreased after daily treatment
with teriparatide (13). In contrast, weekly
treatment with teriparatide is unlikely to
increase bone remodeling because neither
an increase in bone resorption markers nor
a decrease in cortical volumetric BMD is
not found (14, 15).

PERSPECTIVES ON THE EFFECTS OF
TERIPARATIDE ON BONE FRAGILITY
An important goal of osteoporosis ther-
apy is to prevent hip fracture associated
with significant morbidity and mortal-
ity. The latest systematic review suggests
that bone fragility at the hip is improved
by daily treatment with teriparatide (22);
the effect of weekly treatment with teri-
paratide on non-vertebral fracture risk
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FIGURE 1 | Force displacement curve of a bone. (A) Treatment with an
ideal osteoporosis drug improves bone fragility by increasing both of the
force and displacement at failure (23). X denotes fracture. (B) The curve
would consist of the pre-yield “elastic” deformation associated with
mineral and the post-yield “plastic” deformation associated with collagen.
Consequently, mechanical strain-related feedback control, the
mechanostat, could work against mineral-related, but not collagen-related,

impairment of bone quality. X denotes fracture. (C) The pre-yield “elastic”
deformation can be modified by osteoporosis therapy that (i) directly
enhances the response to mechanical loading and increases the slope of
the curve (upper) or (ii) lowers mineral-related bone quality and results in
compensatory bone gain by the mechanostat to maintain the slope of the
curve (lower). Note that, in the latter case, the yield force can be
increased if compensated efficiently.

is under investigation. Here, we present
mechanostat-based perspectives on this
topic.

Fall-related fracture occurs if the energy
from the fall is higher than that the
bone can absorb. Force displacement curve
obtained from a biomechanical test, in
which a bone is loaded until it fractures,
shows that work to failure (energy absorp-
tion), the area under the curve, represents
bone fragility, and an ideal strategy for the
improvement of bone fragility is to increase
both the force and displacement at failure
(23) (Figure 1A).

From a material point of view, stiff-
ness and toughness of bone tissue gen-
erally depend on mineral and collagen,
respectively (24). There is a yield force
at which a bone begins to deform plas-
tically, and mechanical strain from nor-
mal physical activity would be linked to
the pre-yield “elastic” deformation associ-
ated with mineral but not to the post-yield
“plastic”deformation associated with colla-
gen (Figure 1B). Consequently, mechanical
strain-related feedback control could com-
pensate mineral-related, but not collagen-
related, impairment of bone quality to
maintain “elastic” deformation. Indeed,
this theory is compatible with clinical
data relating to bone quality. Examples
of the mechanostat-based compensation
for mineral-related impairment of bone
quality would include rickets/osteomalacia
and use of warfarin (3, 25–27), while
the impairment of bone quality associated

with collagen cross-links significantly con-
tributes to skeletal fragility in diabetes
(28–30).

It is possible to speculate that treatment
with teriparatide improves bone fragility
at the hip through the mechanostat-
based “modeling-related direct” and
“remodeling-related compensatory”mech-
anisms (Figure 1C). Both daily and weekly
treatments are expected to have the for-
mer effect by the enhancement of skeletal
response to mechanical loading (7–10).
In contrast, the latter effect is linked to
daily treatment; a decrease in the degree of
mineralization after daily but not weekly
treatment (13, 15) might act to improve
bone fragility if compensated efficiently,
because compensatory bone gain by the
mechanostat to maintain the pre-yield
“elastic” deformation could increase the
yield force at which a bone begins to
deform plastically and thus the energy
that the bone can absorb. This possibility
is supported by histomorphometric data
showing that one or two years of the treat-
ment results in increases in modeling- and
remodeling-based bone formation (20),
because the mechanosat suggests that the
former “modeling-related direct” effect
does not continue for a long time (3).

Finally, the mechanostat-based theory
appears to be inconsistent with clinical
data that daily or weekly treatment with
teriparatide stimulates bone accrual at the
endosteal rather than periosteal surface,
because the strain level would be lower

at the former site; endosteal as well as
trabecular, but not periosteal, bone appo-
sition is detected by computed tomogra-
phy after daily (13) and weekly (15) treat-
ments. Teriparatide-induced bone model-
ing is dose-dependent (17, 18), implying
higher concentrations of the agent at the
trabecular and endosteal surfaces. Regard-
less of the mechanism, the mechanostat
suggests that inner bone gain could limit
outer bone gain, because bone gain in the
inner compartments is likely to decrease
bone strain in the outer compartment.
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There are differences in bone health between ethnic groups in both men and in women.
Variations in body size and composition are likely to contribute to reported differences.
Most studies report ethnic differences in areal bone mineral density (aBMD), which do
not consistently parallel ethnic patterns in fracture rates. This suggests that other para-
meters beside aBMD should be considered when determining fracture risk between and
within populations, including other aspects of bone strength: bone structure and microar-
chitecture, as well as muscle strength (mass, force generation, anatomy) and fat mass. We
review what is known about differences in bone-densitometry-derived outcomes between
ethnic groups and the extent to which they account for the differences in fracture risk.
Studies are included that were published primarily between 1994 and 2014. A “one size
fits all approach” should definitely not be used to understand better ethnic differences in
fracture risk.

Keywords: ethnic groups, bone, muscle, pQCT, DXA, fracture, skeletal, bone mineral density

INTRODUCTION
There are differences in fracture risk between ethnic groups in both
men and in women across the globe. It is important to understand
the underlying phenotype that contributes to these differences
in order to be able to determine strategies for the prevention of
osteoporosis and bone fragility in an ever-changing environment.
Most studies report ethnic differences in areal bone mineral den-
sity (aBMD), which do not consistently parallel ethnic patterns in
fracture rates. Variations in body size and composition are likely
to contribute to reported differences.

Traditionally, aBMD (g/cm2) measured by single and dual
energy x-ray absorptiometry (DXA) or photon absorptiometry
(SPA/DPA) is used as a surrogate for bone strength and fracture
risk. DXA superseded SPA/DPA over 30 years ago. DXA has many
advantages, including good precision, low radiation dose, and abil-
ity to scan skeletal sites most prone to osteoporotic fracture. Areal
BMD predicts fracture and in Western White older adults, a 1-
SD decrease in aBMD leads to 2.6-fold greater fracture risk (1).
However, DXA only measures aBMD (g/cm2), projectional bone
area (cm2), and bone mineral content (BMC, g) and as such does
not fully account for bone size because it cannot account for dif-
ferences in bone depth. Additionally, DXA is an average value
across all bony elements within the periosteal envelope and so
does not assess the separate compartments within bone (corti-
cal or trabecular), bone structure (size and shape), organization
within the periosteal envelope (e.g., cortical thickness), microar-
chitecture (e.g., trabecular thickness, number, cortical porosity),
or bone metabolism, all of which are important components of
bone strength. The aforementioned limitations are thought to be
the basis for the inadequacies of aBMD in predicting fracture in
different ethnic groups (2). The advancement of imaging technol-
ogy to include central, peripheral, and high-resolution peripheral
quantitative computed tomography (QCT, pQCT, and HRpQCT)
has enabled the measurement of volumetric bone mineral density

(vBMD), the structural dimensions, and internal organization
of cortical and trabecular bone and to give in vivo estimates
of bone strength. With its greater spatial resolution (82 µm),
HRpQCT also measures trabecular and cortical microarchitecture;
it measures trabecular number directly and provides indirect esti-
mates of trabecular bone volume, trabecular thickness, trabecular
separation, and bone strength (3).

Throughout this review, ethnicity has been used to group indi-
viduals according to a mix of cultural and other factors including
geography, language, diet, religion, ancestry, and physical features
traditionally associated with race. The glossary in Table 1 has sum-
marized and defined each ethnic group that is discussed in this
review.

This review focuses on evidence from studies using bone-
densitometry techniques and those reporting fracture incidences.
With the aforementioned technical developments and the recog-
nition of the limitations of DXA, recent studies have focused on
describing ethnic differences in bone structure and bone microar-
chitecture and the extent to which these may contribute to dif-
ferences in fracture risk. However, as this review highlights, there
are still relatively few data available outside of US, particularly in
populations where fracture incidence is predicted to rise over the
coming decades.

FRACTURE INCIDENCE AND BMD ACROSS THE GLOBE
Global data on adults suggest that, compared to age-matched
White-American or British/European populations, other ethnic
groups have a lower incidence of fracture (Figure 1). There is
a >10-fold variation in age-standardized hip fracture risk across
63 countries and a notable divide between Western and East-
ern populations (4–6). Most recently, Cauley et al. (5) showed
greater variability in incidence and geographic pattern for clinical
vertebral fractures than for hip fracture; it should be noted that for
radiographically confirmed vertebral fractures the global pattern
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Table 1 | Classification of ethnic groups.

Ethnic group Definition

White-American European ancestral origins living in US

Black-American African ancestral origins living in US

Asian-American Collective group of eastern Asian (Japanese,

Chinese) ancestral origins living in US

Chinese-American Chinese ancestral origins living in US

Japanese-American Japanese ancestral origins living in US

White-British English, Welsh, Scottish, and Northern Irish living

in UK

South-Asian British Indian, Pakistani, and Bangladeshi ancestral roots

living in UK

Afro-Caribbean British African ancestral origins whose forebears were in

the Caribbean before immigrating to UK

Gambian Sub-Saharan African ancestral origins, primarily

Mandinka, living in The Gambia

Gambian-British Sub-Saharan African ancestral origins, primarily

Mandinka, living in UK

Chinese Chinese ancestral origins living in China

incidence was similar to that for hip fracture (5). Globally, the
lowest fracture rates are in populations with African ancestry (6),
but there is a sparcity of data from the African continent, partic-
ularly Sub-Saharan Africa (5, 7, 8). In the late 1960s, Solomon
et al. described differences between White and Bantu popula-
tions in adult fracture incidence to be similar to those reported
in North-America between Black- and White-Americans (9). Data
from Cameroon suggest similarities to populations from the devel-
oped world because women have higher incidence than men of low
trauma fracture to the hip and wrist (10). Further data are required
to confirm the generalizability of this observation. With a rising life
expectancy, increasing “Westernization” of African populations,
better survival for individuals with HIV, and increasing non-
communicable disease risk fracture incidence is also expected to
rise and should be better characterized (5,7, 10, 11). In Asian popu-
lations,a 15-fold increase in hip fracture incidences was reported in
studies from Japan and Hong Kong (12, 13). Compared to Western
populations, there also appear to be sex differences in the patterns
of incidence where in China there were no sex differences and in
Thailand, men have greater hip fracture incidence (14, 15).

To date, the majority of large population studies have used
aBMD measured by DXA as a proxy for fracture risk to study eth-
nic differences in bone health. In men, data from the third National
Health and Nutrition Examination Survey (NHANES III) showed
that Black-Americans had a higher mean femoral neck and total
hip aBMD compared to White-American men (16); these differ-
ences were similar to reported fracture rates between these ethnic
groups (17). The osteoporotic fractures in men study (MrOS) used
QCT and showed that Black-American and East Asian-American
men had higher bone strength compared to White-American men

due to greater vBMD at the femoral neck (18). Data from UK-
cohort of the European Male Aging Study (EMAS) compared
White-British men to a group of Afro-Caribbean British and
South-Asian British men. The Afro-Caribbean British group had
higher aBMD at all sites compared to South-Asian British and
White-British, both before and after adjustment for body size (19).
However, vBMD of the distal radius assessed using pQCT was not
different between the groups (20).

One of the largest multi-ethnic studies, the National Osteo-
porosis Risk Assessment (NORA) study (NORA) showed that
Black-American women had higher, and Asian-Americans1 lower,
aBMD in the study population (2). Even after adjusting for body
weight and other risk factor covariates, the greater aBMD in Black-
American women persisted; however, Asian-American women
had similar values to White-American women (2). Despite lower
aBMD in Asian-American women, studies have shown lower rates
of fracture compared to White-American women (2). In UK,
South-Asian women had lower aBMD than White-British women
before appropriate adjustment for body or bone size, thereafter
there were no differences between groups (21, 22). Similarly, Chi-
nese women had lower aBMD than White-British women; after
adjustment for body size, these differences were attenuated (23).
Furthermore, despite a lower size-adjusted BMC at the lumbar
spine, hip, and radius in Gambian women compared to White-
British women (independent of height and weight), there was a
lower incidence of fracture among Gambian women (24), suggest-
ing that there are other factors contributing to the lower fracture
risk seen in Gambian women. Taken together, all of the studies dis-
cussed in this section suggest that there may be other components
of bone strength that should be studied to help to better predict
fracture risk in different populations.

ETHNIC DIFFERENCES IN BONE STRUCTURE
Earlier studies of bone structure show differences in body-segment
proportions (sitting and standing height) and also in cortical para-
meters measured using histomorphometry, which may contribute
to ethnic differences in fracture rates (25, 26). The most recent
studies also demonstrate that bone structure and microarchitec-
ture are different in ethnic groups and these variations are likely
to contribute to the ethnic differences in fracture rates.

DUAL ENERGY X-RAY ABSORPTIOMETRY
The Study of Womens Health Across the Nation (SWAN) study
reported no differences in aBMD between Chinese-American,
Japanese-American, and White-American women, but bone struc-
ture varied greatly (27). Femoral neck cross-sectional area (total
bone surface in a cross-section, exclusive of soft tissue spaces
and pores) and section modulus of the hip, measured by DXA,
were higher in Japanese-American compared to White-American
women (27). A greater section modulus in Japanese-American
women would give better resistance to axial compressive and bend-
ing stresses. In the previously described studies of Gambian and
Chinese women, compared to White-British women, ethnic differ-
ences in hip axis length (HAL) have been reported, in addition to

1Residing in US, i.e., predominantly East Asian population
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FIGURE 1 | Hip fracture rates for men and women combined in different countries of the world categorized by risk. Where estimates are available,
countries are color coded red (annual incidence >250/100,000), orange (150–250/100,000), or green (<150/100,000) (6).

the aBMD differences (23, 28, 29). Of the three groups, Gambian
women had the shortest HAL after correction for height. Similarly,
in a study in British men, HAL was shorter in Afro-Caribbean
British men compared to White-British and South-Asian British
men (19); similar results were reported in Gambian-British com-
pared to White-British men after correcting for weight and height
(28). A longer HAL has been associated with a higher risk of hip
fracture, and is considered to be a risk predictor for hip fracture
(30). And so, it is likely that these structural differences, in part,
explain differences between ethnic groups of hip fracture incidence
(28, 31).

QUANTITATIVE COMPUTED TOMOGRAPHY
In UK, there are only sparse data on bone structure measured
by axial or peripheral QCT. Pre-menopausal South-Asian British
women had lower cortical vBMD, BMC, and thinner cortices at the
radial diaphysis compared to White-British women; this was inde-
pendent of age, height, and weight (32). Despite lower BMC in the
South-Asian British women, bone strength, as estimated using the
strength strain index (SSI) was similar. This suggests that bones
of pre-menopausal South-Asian British women may be efficiently
adapted to a lower BMC as a result of a different distribution of
bone mineral within the periosteal envelope, thereby preserving
bone strength (32, 33). In contrast, another study has shown that
post-menopausal South-Asian British women have lower SSI and
fracture load at the radius and tibia despite having thicker cortices
and higher vBMD; bone cross-sectional area was smaller (34).

In MrOS, Black-American and Asian-American men
had thicker cortices, measured using axial QCT, than

White-Americans, which led to greater bone strength at the hip
(18). Similarly, greater estimated bone strength was found in
Afro-Caribbean British and South-Asian British men compared
to White-British men. Lower strength in the White-British men
was due to smaller bone size at the mid-shaft radius (20).

HIGH-RESOLUTION pQCT
Due to the relatively recent introduction of HRpQCT, there are
only limited data using this technology. In a comparison of pre-
menopausal women from US, Chinese-American women were
shown to have smaller bones, with higher cortical vBMD and dif-
ferent trabecular microarchitecture than White-American women
(35, 36). They appeared to have a structural advantage in their tra-
becular microarchitecture compared to White-American women,
with larger, more plate-like trabecule, and a greater plate-rod
junction density, which indicates the number of trabecular net-
work connections (35). As plate-like structure contributes to a
greater proportion of bone strength than the rods, these struc-
tural differences may explain the lower fracture risk in this group
of women. Currently, there are no other data using HRpQCT
to compare differences in bone structure. Lower fracture risk in
African-American women is likely due to thicker cortices and bet-
ter trabecular microarchitecture, both of which would be reflected
in higher aBMD (a composite measurement of trabecular and
cortical bone) previously reported in this ethnic group (37).

ETHNIC DIFFERENCES IN BODY COMPOSITION
There are major differences in body habitus (fat mass, mus-
cle mass, height, and weight) between ethnic groups (Table 2),
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Table 2 | Ethnic differences in body composition in women and men.

Chinese-American South-Asian British Black-American Tobago South-African Mexican-American

Women Body weight ↓ ↑ ↑ ↑ = =

Height ↓ ↓ = ↑ ↓ ↓

BMI ↓ ↑ ↑ ↑ ↑ ↑

Fat mass ↓ ↑ ↑ ↑

Muscle mass ↓ ↓ ↑ ↓

Men Body weight ↓
a

↓ = = ↓ ↓

Height ↓
a

↓ = = ↓ ↓

BMI =
a

= = ↓ ↓ =

Fat mass ↑
a

↑
b

↓ ↓ ↓

Muscle mass ↓
b

↑

Reference (23, 50) (32, 34, 51, 52) (40, 53) (45, 54, 55) (56, 57) (40, 58)

All parameters are compared to White individuals.
aChinese ancestral origins living in China.
bSouth-Asian ancestral origins living in New Zealand.

which should be considered when studying differences in bone
between and within different ethnic groups (38). For exam-
ple, Chinese-American and Gambian women have a low BMI,
which is a risk factor for fracture (Table 2) (2, 24). In post-
menopausal women, a higher body weight is considered to be
protective against fracture due to increased load (from greater
muscle and fat mass) on the skeleton and also with fat accu-
mulation providing padding during a fall (39). This is indicated
in Black-American women who have greater fat and lean mass
and aBMD, and lower fracture risk, compared to White-American
women (40) (Table 2). A recent meta-analysis reported that mus-
cle mass exerts a greater positive influence on aBMD than fat mass
in men and women combined (41). However, increased weight
appears to provide only partial protection, with an audit of frac-
ture cases in UK and results from the Global Longitudinal Study
of Osteoporosis in Women showing that obesity was a risk fac-
tor for fracture (42, 43). Those who fractured did not have a
low aBMD (43), indicating the insensitivity of aBMD to predict
fracture.

The NORA and SWAN studies (2, 44) emphasized the impor-
tance of taking into account body weight when quantifying
differences in aBMD between Asian-American (Chinese and
Japanese) and White-American women. Correcting for body
weight decreased or reversed the differences in the total hip
or spine aBMD between Asian-American (Chinese and Japan-
ese) and White-American women (2, 44, 45). Similarly, cor-
recting for body size attenuated differences in aBMD at the
hip, lumbar spine, and total body in South-Asian British (Pak-
istani and Gujarati) women compared to White-British women
(22, 46).

There is a gap in the literature regarding the differences in body
composition between men of different ethnicities (Table 2). The
studies mentioned in Table 2 demonstrate that there are differ-
ences in muscle mass between ethnic groups. These studies also
show that it is important to interpret aBMD from DXA with cau-
tion if bone area, height, and weight (or its component parts) are
not adequately accounted for, as it may lead to misinterpretation
of results (46).

ETHNIC DIFFERENCES IN THE MUSCLE–BONE RELATIONSHIP
Muscle strength is a composite term that describes muscle mass
and anatomy (including intramuscular fat accumulation), force
generating capacity and power (33). Muscle contractions are con-
sidered as the primary source of load upon the skeleton, more so
than body weight, even in weight bearing bones (47). Given the dif-
ferences in lean mass discussed in the previous section, it is likely
that muscle force and power will also be different between eth-
nic groups, which are likely to contribute to differences in vBMD,
size, shape, and distribution of bone. Measurements of muscle
mass or cross-sectional area incompletely represent changes in
muscle strength (48). Techniques to quantify the functional aspects
of muscle strength include grip force, jumping mechanography,
dynamometry, and electromyography. These dynamic tests give
more accurate estimations of muscle strength than using muscle
mass alone (46). Preliminary data from the EMAS demonstrated
ethnic differences in the relationship between muscle force and
power and age (20, 49).

There is a gap in the literature, because no studies published
to date have investigated the relationships of muscle mass and
function with vBMD, bone size and shape, and/or microarchi-
tecture between ethnic populations. Differences in muscle force
and power may partly underlie the ethnic differences in fracture
incidence.

CONCLUSION
Fracture incidence varies between ethnic groups. Despite its many
advantages, it is now recognized that the variance in fracture
rates between ethnic groups cannot solely be explained by DXA.
The studies described in this review highlights that “one size
does not fit all” and there is a need to understand differences in
skeletal phenotype at different stages of life (e.g., pre- versus post-
menopausal) and in different populations both within and across
continents (33). The separate measurement of cortical and trabec-
ular bone compartments, and bone shape, size, microarchitecture,
and metabolism is important to fully understand the differences of
bone strength between ethnic groups. This requires technologies
that move beyond measurements aBMD/BMC by DXA and use of
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three-dimensional imaging devices like pQCT and HRpQCT. The
investigation of muscle and bone relationships in ethnic groups
is also critical to the development of more effective strategies to
improve musculoskeletal health and function. Future studies are
required to identify how differences in nutrition, cultural pref-
erences, socioeconomic factors, sunshine exposure, and physical
activity levels affect bone health between ethnic groups.
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Treat-to-Target Strategy in Osteoporosis

In addition to other chronic diseases such as hypertension, hypercholesterolemia, and diabetes, a
treat-to-target strategy was recently applied in rheumatoid arthritis and has now been discussed in
osteoporosis. An important goal of osteoporosis therapy is normal risk of hip fracture associated
with significant morbidity and mortality, but the anti-fracture efficacies of currently approved
drugs are limited (1, 2). Although fundamental methods to effectively prevent osteoporotic fracture
include pharmacological treatment of sarcopenia that results in improving bone fragility as well as
reducing fall risk, the present article focuses on anti-sclerostin antibodies such as romosozumab and
blosozumab, the investigational agents for osteoporosis, and provides new insights into their effects
from natural homeostatic system in the skeleton.

Alternative Drugs of Mechanical Strain-Related Stimulus

The human skeleton normally responds to the change in local mechanical environment at
each skeletal site to maintain resultant elastic deformation (strain) of bone; increased or
decreased bone strain would induce bone gain or loss, respectively (3–5). This mechanical
strain-related feedback control called the mechanostat (6, 7) plays a key role in the manage-
ment of osteoporosis; increased bone strength by an osteoporosis drug results in decreased
bone strain, indicating that the effect of osteoporosis therapy is limited by the mechanostat
(Figure 1) (5). Approaches to reduce the limitation include pharmacologically enhancing skeletal
response to mechanical stimulation (8), but this might not efficiently reduce the risk of fall-
related hip fracture because the skeleton is adapted to the mechanical environment resulting
from habitual physical activity but not to the unusual direction of mechanical force by falls.
Consequently, an ideal strategy is to develop an alternative agent of mechanical strain-related
stimulus (5).

One example would be investigational anti-sclerostin antibodies such as romosozumab and
blosozumab; experimental evidence has established that the production of sclerostin secreted by
osteocytes is increased by skeletal disuse and decreased by skeletal loading (9, 10). In addition,
bone formation induced by intermittent treatment with parathyroid hormone is associated with the
inhibition of sclerostin (11), suggesting that teriparatide could partly have a similar effect. There is,
however, an obvious difference between the effects of anti-sclerostin antibodies and teriparatide, if
injected daily (8), on bone remodeling; remodeling-based, coupled bone resorption and formation
are significantly promoted by the latter, but not by the former.
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FIGURE 1 | Mechanical strain-related feedback control of bone
strength. A long arrow indicates the effect of osteoporosis therapy that
increases bone strength and thus decreases bone strain from physical
activity, and short arrows indicate the negative feedback control of bone
strength that returns bone strain to its pre-treatment level (5).

Modeling-Based Effects of Anti-Sclerostin
Antibodies

In contrast to bone remodeling, modeling-based bone formation
and resorption are not coupled, and mechanical stimulation is
a natural uncoupling factor that stimulates bone formation and
inhibits bone resorption; experimental data in skeletally mature
animals (12, 13) show that strong suppression of bone resorption
by risedronate or denosumab does not impair modeling-based
bone formation induced by artificial mechanical loading or habit-
ual physical activity. In agreement with the above suggestion that
investigational anti-sclerostin antibodies such as romosozumab
and blosozumab are alternative drugs of mechanical strain-
related stimulus, an experiment using male cynomolgus monkeys
found a marked increase in modeling-based bone formation by
romosozumab (14) and phase 2 clinical studies in postmenopausal
women confirmed that both romosozumab and blosozumab treat-
ments rapidly induced an increase in bone formation and a
decrease in bone resorption (15, 16).

Optimal Doses of Anti-Sclerostin
Antibodies

In postmenopausal women with low areal bone mineral den-
sity (BMD), romosozumab and blosozumab treatments for
1 year increased areal BMD at the lumbar spine and hip dose-
dependently; mean changes from baseline in areal BMD at the
lumbar spine, total hip and femoral neck by romosozumab
[placebo vs. highest dose (210mg every 1month)] were −0.1 vs.
11.3%, −0.7 vs. 4.1%, and −1.1 vs. 3.7%, respectively, while those
by blosozumab [placebo vs. highest dose (270mg every 2weeks)]
were−1.6 vs. 17.7%,−0.7 vs. 6.7%, and−0.6 vs. 6.3%, respectively
(15, 16). Notably, however, areal BMD at the one-third radius
was not changed by the highest dose of romosozumab (−0.9
vs. −1.2%, respectively) and non-significantly increased only by
the highest dose of blosozumab (−1.4 vs. 0.9%, respectively)
(15, 16).

The effects of anti-sclerostin antibodies at the radius appear
to reflect the fact that forearm is not exposed to high levels of
mechanical strain under normal physical activity. Experimental
evidence that the production of sclerostin secreted by osteocytes
is increased by skeletal disuse and decreased by skeletal loading
(9, 10) suggests that the levels of sclerostin expression in non-
weight-bearing bones such as the radius could be higher than
those in weight-bearing bones such as the lumbar spine and
hip. Consequently, it would be possible to speculate that even
highest doses of romosozumab and blosozumab selected in phase
2 clinical studies were not enough for the radius. Indeed, the
strongest effects on areal BMD at the lumbar spine and hip
were achieved with the highest dose of blosozumab and only
this regimen resulted in a trend of increase in areal BMD at
the radius (15, 16); further higher doses of blosozumab might
increase areal BMD at the radius dose-dependently. Several lines
of evidence to support this hypothesis include (i) patients with
sclerosteosis due to deficiency of sclerostin have higher areal
BMD at the radius as well as the lumbar spine and hip (17)
and (ii) appropriate doses of anti-sclerostin antibodies effectively
increase bone mass in animals with skeletal disuse or unloading
(18, 19).

If the above logic is correct, the highest doses of romosozumab
(210mg every 1month) and blosozumab (270mg every 2weeks)
are unlikely to cause unwanted bony overgrowth at non-weight-
bearing sites such as the face and skull in postmenopausal women
with osteoporosis. In contrast, however, further higher doses of
these drugs would be required to improve skeletal fragility in
patients with reduced physical activity; one useful indicator to
determine optimal doses of anti-sclerostin antibodies could be
areal BMD at the radius.

Limitation of Treatment with
Anti-Sclerostin Antibodies

Both romosozumab and blosozumab treatments in postmeno-
pausal women with low areal BMD showed that marked changes
in circulating bone formation and resorption markers returned
to the pre-treatment levels within a year despite the continued
treatments (15, 16). The existence of other mechanotransduc-
tion pathways independent of sclerostin (20) indicates that treat-
ment with an anti-sclerostin antibody cannot escape from the
mechanostat-related limitation of osteoporosis therapy (5).

The relation between circulating sclerostin and bone mass
would support this theory. Sclerostin-related high bone mass in
patients with sclerosteosis or van Buchem disease and heterozy-
gous carriers of these diseases is linked to lower levels of circu-
lating sclerostin (21, 22), while circulating sclerostin and bone
mass in normal women and men have a positive correlation (23–
25). This discrepancy suggests that higher bone mass associated
with other mechanotransduction pathways independent of scle-
rostin would cause lower mechanical strain in the skeleton and
thus could result in compensatory higher sclerostin production
according to the mechanostat, although the positive correlation
between circulating sclerostin and bonemass is also influenced by
the fact that higher bone mass results in more osteocytes, which
are the main source of sclerostin (26).
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Withdrawal of Treatment with
Anti-Sclerostin Antibodies

Results of 1-year post-treatment follow-up after 1-year treatment
with blosozumab were recently reported in the phase 2 clini-
cal trial of postmenopausal women with low areal BMD. Mean
changes from baseline in areal BMD at the lumbar spine, total
hip, and femoral neck by the highest dose (270mg every 2weeks)
of blosozumab (1-year treatment vs. 1-year treatment plus 1-year
follow-up without treatment) were 17.7 vs. 6.9%, 6.7 vs. 3.9%, and
6.3 vs. 5.3%, respectively (27).

The mechanostat indicates that bone strength returns to base-
line after the withdrawal of treatment (5) and the speed of this
reverse change depends on the drug (28–30). The above site-
specific difference in the reduction of areal BMD could partly
result from less mechanical loading at the lumbar spine, possibly
associated with higher sclerostin production (9, 10). Treatment
with an anti-sclerostin antibody can reinforce the fragile skeleton
by non-site-specific bone apposition, while its discontinuation

would result in mechanical strain-related, site-specific bone loss.
Local bone strain from normal physical activity is lower in the
inner compartments, suggesting that bone loss caused by the
mechanostat-related negative feedback is higher at the trabecular
and endosteal surfaces. In contrast, newly formed bone at the
periosteal surface through modeling-based apposition might not
be resorbed because of a lack of efficient bone resorption in this
region.

Conclusion

Anti-sclerostin antibodies such as romosozumab and blosozumab
are the alternative drugs ofmechanical strain-related stimulus that
can overcome the mechanostat-related limitation of osteoporosis
therapy (Figure 1) (5). It is expected that these agents will make a
treat-to-target strategy in osteoporosis possible in the near future.
Further studies are desired to investigate their optimal doses,
especially depending on the levels of habitual physical activity, as
well as appropriate duration of the treatments.
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