
Is bone’s response to mechanical signals dominated by muscle
forces?

Alexander G. Robling1,2

1Department of Anatomy & Cell Biology, Indiana University School of Medicine, Indianapolis, IN
46202
2Department of Biomedical Engineering, Indiana University – Purdue University at Indianapolis,
Indianapolis, IN 46202

Abstract
Skeletal loading in vertebrates controls modeling drifts, modulated remodeling rates, and affects
growth trajectories. It is unclear whether the majority of the mechanical stimulus detected by bone
cells originates from muscle contraction forces, or from gravitational forces associated with
substrate impact. A number of clinical and basic science reports indicate that muscle forces play a
dominant role in generating the mechanical stimulus in exercise-induced bone gain. While it is in
most cases difficult to separate the effects of gravitational forces acting on body mass from muscle
contractions, several well-conceived experiments offer considerable insight into the propensity of
muscle-derived forces per se to drive the adaptive response in bone. Load-induced osteogenesis
requires that mechanical signals come packaged with particular characteristics, all of which can be
generated from either gravitational or muscle forces. Neither of these two sources has been
demonstrated empirically to be the source of bone’s adaptive response, but a convincing body of
data suggests that muscle contractions are present, significant, and capable of accounting for a
large majority of the adaptive responses.

Keywords
mechanotransduction; loading; muscle; strength; bone mass

“Trauma excepted, muscles cause the largest loads and the largest bone strains, and
these strains help to control the biological mechanisms that determine whole-bone
strength.”

-Harold Frost, 2000

As indicated by Frost and echoed by others, one of the prevailing dogmas in the field of
bone functional adaptation posits that bone morphology, structure, and strength are
dominated by the forces generated by muscle contraction. While it is widely accepted that
bone adapts to the mechanical demands to which it is subjected, the origin of the mechanical
demands that provide the driving stimulus for the tissue, i.e., muscle contraction or substrate
reaction forces, have come under closer scrutiny in recent years.(5) The argument over the
“muscle forces or gravitational loads” is not simply an academic one; there are real and
potentially therapeutic consequences of characterizing the specific roles of muscle forces
and gravitational loads on bone adaptation.
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Perhaps an example from the field of bone cell mechanobiology can highlight the
importance and benefit of elucidating the origin of a physical stimulus: in light of the well-
known adaptive nature of bone tissue described more that a century ago, (28) it has been
known for many years that bone cells are sensitive to mechanical forces. It was commonly
assumed that tissue deformation during loading (e.g., exercise) would stretch resident bone
cells (e.g., osteocytes), and this stretching action would generate a cascade of signaling
events that would eventually result in enhanced structural adaptation.(2, 21) In the
mid-1980s and the years to follow, many experiments indicated that the degree to which
bone cells need to be stretched, in order to elicit an osteogenic response, was greater than the
surrounding mineralized tissue could bear.(3, 16, 29) These studies lead to the discovery that
fluid shear forces, and not mechanical stretch, were the driving stimulus behind load-
induced osteogenesis in whole living bones. Subsequent experiments showed that
modulating the flow rate of extracellular fluid through the bone matrix, without deforming
the tissue at all, could generate a robust osteogenic response, similar to the response
generated from vigorous physical activity.(1, 22, 23, 30–32) With the identification of the
precise nature of the physical stimulus driving the response, it became possible to
manipulate the biology of the system with minimal superfluous stimulation. New therapies
and exercise-related approaches to bone health can be streamlined to account for these
discoveries. In a similar fashion, deciphering the primary stimulus for adaptive response on
a more macroscopic level (muscle forces or gravitational loads) carries with it the potential
to design physical activities and therapies aimed specifically at improving bone mass more
effectively.

The remainder of this communication reviews some pertinent information implicating the
role of muscle force as the primary driving stimulus in bone functional adaptation, with the
goal of providing some clarification on what muscle contraction can and can not account for.
It should be stated at the outset that muscle-derived forces and gravitational-derived forces
are by no means mutually exclusive phenomena in the weight-bearing skeleton. Sorting out
the individual contributions of muscle and gravitational forces is hampered by a lack of
appropriate models that specifically address this question. However, as we piece together
portions of the published literature, a paradigm emerges that indicates muscle-derived forces
are present, significant, and capable of eliciting adaptive responses. Whether those forces are
the primary stimuli is not settled, and physiologically, may not matter from the tissue’s
perspective.

Muscle strength and bone mass: lessons from the upper limb
Separating the effects of gravitational loads from those of muscle loads is a difficult
undertaking, but perhaps the most logical place to begin is the upper limb. By virtue of the
bipedal posture of humans, the upper limb harbors substantial muscle mass but does not
transmit body weight to the ground, and is therefore not subject to ground reaction forces. A
brief survey of the multitude of studies looking at the relation between muscle strength/mass
and bone mass at various sites in the upper limb reveals a consistent, significant, positive
association between the two.(9) It is also evident that the gain and decline of bone mass
mirrors the gain and decline of muscle strength throughout life, even in the upper limb (Fig.
1). Those results could be interpreted several ways: (1) stronger muscles pull with greater
force on the skeleton, and consequently the bone must adapt; (2) larger, heavier bones
require greater muscle force to move them, and consequently, the muscle must adapt to the
greater bone mass; or (3) muscle mass and bone mass are controlled independently by the
genetic program and/or the physical environment, and the associations between the two are
spurious. Although the aforementioned results do not prove a cause–effect relationship (it is
reasonable to assume that larger individuals might harbor genes for both large muscles and
large bones (20)), more elegant studies have probed this relation to look for the underlying
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muscle mass effects. For example, Daly et al.(6) measured muscle and bone size in the
racket and non-racket arm of subadult competitive tennis players using magnetic resonance
imaging. Their data confirmed earlier studies showing an increase in muscle and bone mass
in the playing vs. non-playing arm, but further probing of their results generated the novel
finding that the side-to-side differences in muscle area accounted for a statistically
significant amount (20%) of the variation in the side-to-side differences in humeral rigidity.
Those analyses overcome the confounding effects of body size, genetics, and self selection
on the muscle size–bone size relation, but conversely, they also highlight that there is a
significant portion of the variation in bone size not explained by muscle mass.

The associations between muscle/strength and bone in children is strong enough that clinical
techniques for disease diagnosis can be founded upon them. For example, it is well know
that DXA- and QCT-derived measurements are an inadequate diagnostic tool in children, for
the simple fact that BMD and BMC are a partial function of stature (i.e., shorter kids will
have less BMC than taller kids at the same age). The normal range of variation in stature,
even for a given age and developmental stage, is too wide to facilitate the use of DXA-
derived measurements in assessing bone mass and potential disease. Schönau’s solution to
this problem was to develop the “functional muscle-bone unit” as a means for assessing
whether too much or too little bone exists in the growing skeleton, based on strength (i.e.,
muscle mass) indices.(19) In healthy children and adolescents, upper limb bone strength, or
a surrogate thereof (e.g. second moments of area), is matched to height-adjusted muscle
mass. Deficiencies in the amount of bone per unit muscle strength versus deficiencies in
both factors allows for classification of diagnoses into primary (true, or intrinsic) and
secondary (physiologic) bone disorders. It is interesting to note, and perhaps telling with
respect to the influence of muscle forces on bone mass, that in most of the disease states
studied by Schönau, bone mass is typically not overadapted for muscle mass. In other words,
when the muscle goes, so goes the bone, but not vice versa. The potential uncoupling of
upper limb muscle strength to bone strength in certain disease states, and the strong
association under normal circumstances, argues for a strong influence of muscle forces as a
key determinant of bone mass and strength.

A third and equally informative observation concerning the role of muscle forces on bone
mass is the clinical finding that newborns suffering from intrauterine onset neuromuscular
paralysis exhibit normal bone length but severely reduced cortical thickness and mass.(17,
18) These infants are frequently born with multiple fractures (e.g., humerus, radius, femur)
that occurred prior to delivery. Considering that normal and paralyzed fetuses are both in a
nearly “weightless” aqueous environment (bathed in amniotic fluid), it is unlikely that
significant ground reaction forces are generated during the gestational period. Yet it is only
when the muscle contractile forces are lost that the bones become pencil thin and fracture
easily. These observations would argue for muscle-derived forces and against ground
reaction/gravitational force as the primary stimulus driving the adaptive modeling response,
at least in the developing skeleton.

Muscle strength and bone mass: lessons from the lower limb
Studies examining portions of the skeleton that experience significant components of both
muscle-derived forces and gravitational/ground reaction forces have yielded data implicating
the primary role of muscle force in bone mass regulation. In a study conducted in patients
receiving partial hip replacements, Lu et al. outfitted the prostheses with telemetrically
monitored force transducers located inside the shafts of the prostheses.(12) These subjects
were asked to walk along a force plate (among other activities) while the ground reaction
forces were collected from the force plate and axial force was telemetrically collected from
the transducers within the prosthesis. Greater than 70% of the forces generated within the

Robling Page 3

Med Sci Sports Exerc. Author manuscript; available in PMC 2012 August 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



femur during a normal gait cycle were found to result from muscle forces (which also were
monitored via EMG), leaving less than 30% derived from body weight (Fig. 2). These data,
while informative, are limited in that the proportion of forces in the long bones resulting
from muscle contraction might change, even dramatically, in a high-load (exercise) scenario,
which is when bone formation is primarily stimulated.

Other studies using animal models point to the effects of lower limb muscle contraction in
osteogenesis, even in the complete absence of impact loading from ground reaction forces.
These conditions were made possible in a clever set of experiments designed by Umemura
and colleagues, in which they trained rats to jump up to an elevated platform, located half a
meter above them.(24) The rats would propel themselves upward from the floor to the
platform via explosive muscle contraction, but the impact of landing was precluded by
training them to “catch the top edge of the box [i.e., platform]” with their front paws and
climb up the remainder of the way.(15) A handful of experiments from this group, using the
modified jumping model, demonstrate significant increases in bone fat-free dry weight,
mechanical properties, and structural properties as a result of several variations on the “jump
up” protocol.(25–27) Thus, a purely muscle-contraction mode of loading is capable of
driving a robust osteogenic response, similar to results found in studies employing both
muscle contraction and impact.

Muscle strength and bone mass: lessons from genetic mouse models
The age of genetic engineering is now upon us, and with it comes a host of tools that can
provide seemingly limitless insight into the biological regulation of cells, tissues, and
organs. It is now possible to build large muscles (7) or large bones (11) independently and in
the absence of significant mechanical loading via targeted genetic manipulation. Several
genetic mouse models have been generated that elucidate the effects of muscle mass/
strength on bone mass/strength. For example, targeted deletion of the myostatin gene
(GDF-8; a negative regulator of skeletal muscle growth) or muscle-specific overexpression
of follistatin (an inhibitor of myostatin)—produce a dramatic increase in skeletal muscle
mass.(10, 13)

The most well-studied of these mice, the myostatin knockout, was reported to exhibit normal
femoral size, shape, and mass (with the exception of expanded trochanters and tubercles for
muscle attachment) despite individual muscles reaching up to 3 times the mass of non-
mutant mice.(7) Larger muscles would be expected to generate greater forces, but the
similarity in bone mass could be explained by the observation that both mutant and wild-
type mice were roughly equally inactive in their cages, and both genotypes exhibited
identical body weight. To assess whether the larger muscles in the myostatin null mice were
concomitantly more powerful, Mendias et al.(14) looked at muscle contractile properties of
the myostatin mutants and found them to be significantly enhanced (~30% increase over
wild-type), and remained proportional to muscle size. Given the greater muscle mass and
increased contractile propensity in the myostatin nulls, the next obvious experiment would
be to challenge the mice with an exercise regimen to ascertain whether the increased muscle
mass and strength, if exerted, would result in increased bone mass beyond that seen in wild-
type mice. Hamrick et al.(8) conducted that experiment by exercising these mice on a
treadmill for 30 minutes/day, 5 days/week, for 4 weeks, and measured mechanical properties
in the radius. Exercised myostatin-deficient mice exhibited an increase in whole bone
structural properties of 30% compared with non-exercised caged controls, whereas exercised
wild-type mice did exhibited only a small, non-significant increase compared with non-
exercised cage controls. Thus, when put to use, bigger, stronger muscles translate into
bigger, stronger bones.
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Conclusions
It is clear that muscle forces per se are capable of providing a sufficient stimulus to drive
bone adaptation. It is also clear that muscle forces normally provide a significant amount of
force, and consequently strain, the axial bones. Whether muscle forces are the primary
stimulus remains to be demonstrated empirically. It is likely that the origin of the primary
mechanical stimulus is less important to the bone tissue than the “spectral package” in which
the stimulus is delivered. Mechanical signals must be of sufficient magnitude, be imposed at
significant rates, and be dynamic in application in order for bone adaptation to occur. If
physical activity generates ground reaction forces that meet those criteria, it is likely that the
ground reaction forces will stimulate osteogenesis. Likewise, if muscular activity deforms
the bone tissue in such a manner that those criteria are met, osteogenesis will occur. Perhaps
in the coming years, the field will be able to build on some of the animal and human
exercise models that have provided clues thus far, to ultimately clarify which mode—
muscular or gravitational—provides the lion’s share of the driving force for bone adaptation.
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Figure 1.
(A) Bone mineral content in the distal radius across a wide age range of subjects
demonstrates the poor association with age (left panel), compared to the close association
with forearm muscle area (right panel). From Schönau, 2005.(19) (B) Isometric muscle
strength measurements over a wide age range shows a very similar profile to bone mass over
the same range. From Brooks and Faulkner.(4)
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Figure 2.
(A) Representative force vs. time traces recorded from internal (instrumented femoral
prosthesis) and external (force plate) sources, indicating that more than 70% (difference
between the two traces) of the force transmitted through the femur during normal gait
originates from muscle contraction. From Lu et al.(12) (B) Changes in the external diameter
of the tibia after 8 wks of jumping exercise (or treadmill running) in rats of different age
groups. The rats were trained to jump up to a platform, which precluded any impact loading
(see text). Muscle-modulated jumping significantly enhanced periosteal growth. From
Umemura et al.(24)
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Figure 3.
Myostatin deficiency results in skeletal muscle overgrowth (A), but the long bones of
inactive mice are not affected by the double-muscle phenotype (B). Maximal tenatic force
(PO) was increased significantly by the mutation. When challenged with exercise, the
myostatin null mice gained significantly more bone than wild-type mice, as revealed by the
30% increase in bone strength (untimate force) among mutants. From McPherron et al., (13)
Hamrick et al., (7) Mendias et al., (14) and Hamrick et al.(8)
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