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Abstract

Sarcopenia was originally conceptualized as the age-related loss of skeletal muscle mass. Over
the ensuing decades, the conceptual definition of sarcopenia has changed to represent a condition
in older adults that is characterized by declining muscle mass and function, with “function” most
commonly conceived as muscle weakness and/or impaired physical performance (e.g., slow gait
speed). Findings over the past 15-years, however, have demonstrated that changes in grip and

leg extensor strength are not primarily due to muscle atrophy per se, and that to a large extent,
are reflective of declines in the integrity of the nervous system. This article briefly summarizes
findings relating to the complex neuromuscular mechanisms that contribute to reductions in
muscle function associated with advancing age, and the implications of these findings on the
development of effective therapies.
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Sarcopenia was originally conceptualized, thirty years ago, as the age-related loss of skeletal
muscle mass (1). Over the ensuing decades, sarcopenia has come to be conceptually defined
as a condition in older adults that is characterized by declining muscle mass and function,
with “function” most commonly conceived as muscle weakness and/or impaired physical
performance (e.g., slow gait speed) (2, 3).

The central tenet for the evolution of the definition of sarcopenia is based on the premise
that the loss of muscle mass leads to the loss of muscle function (e.g., weakness) and that
this contributes to limitations in physical function and mobility. Two critical arguments,
however, strongly question the scientific premise of this tenet:

1. Longitudinal data indicate that the age-related changes in strength are not due to muscle
wasting (4, 5), and that strength, but not mass, is associated with negative health outcomes
(6, 7). For instance, using data from the Health ABC study, Delmonico and colleagues
(2009) assessed changes in thigh muscle size using computed tomography and isokinetic leg
extensor strength serially over a 5-year period in a cohort of older adults that were between
70-79 years at baseline (4). They reported that annualized decreases in muscle strength were
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2-5 times greater than the loss of muscle size in those who lost or maintained weight over
the five-year period. Moreover, individuals that gained weight actually exhibited a small
increase in muscle size, but this increase in muscle size did not prevent a loss of strength.
Findings of this nature clearly indicate that the loss of muscle strength (and presumably
power) in older adults is modestly associated with the loss of muscle mass or size, and
suggest that neurological and non-muscle mass related factors are critical in the development
of age-related muscle weakness. It should be noted that muscle atrophy should not be
regarded as a negligible corollary of aging. Low muscle mass is associated with negative
outcomes in a variety of disease conditions, and its importance to overall health should not
be diminished (8).

2. Impairments in neural activation of skeletal muscle is (9) a key contributor to muscle
weakness in older adults. Grip strength, due to widespread availability of grip dynamometers
and ease of assessment, is by far the most common index of muscle strength in the field

of aging systems and geriatrics. Loss of grip strength with advancing age has been shown

to have predictive power in relation to a range of health-related conditions (6, 7, 10, 11).
Grip strength is generally interpreted as a simple measure of skeletal muscle function, which
is why it has largely been used in the recent conceptual definitions of sarcopenia. The
interpretation of grip strength as a measure of skeletal muscle function is, however, arguably
incorrect (9). Rather, a strong case can be made that grip strength, and age-related changes
in grip strength in particular, is neither simple nor a measure skeletal muscle function per

se (see reference (9) for a more detailed discussion) . Instead, evidence suggests that the
force generated during a maximum voluntary grip force task is around half of what would be
expected if the skeletal musculature itself were fully activated by the nervous system (Figure
1) (12-14), due to reduced neural drive to the muscles (15). Specifically, the maximum force
that can be produced by each finger decreases in proportion to the number of other fingers
that are engaged simultaneously, such that when four fingers contribute to the grip task, the
maximum force that can be generated by each digit is typically less than half that produced
when it is engaged in isolation (i.e., there is a force deficit) (14, 16). Moreover, this grip
strength ‘force deficit’ is larger in older adults in comparison to young adults (14, 17). In
agreement with the above-mentioned notion of impairments in neural activation being a key
contributor to age-related changes in muscle strength, we have reported that weaker older
adults exhibit a 20% deficit in voluntary (neural) activation of the wrist flexor muscles (18).
In this study, the motor nerve was electrically stimulated during a maximal voluntary wrist
flexion contraction and any increment in force evoked by a stimulus indicates that voluntary
activation is less than 100%. Thus, voluntary activation represents the proportion of maximal
possible force that is produced voluntarily, and impairment indicates some motor units are
not recruited or are not firing fast enough to produce fused contractions (19). Accordingly,
these findings indicate that impairments in neural activation, broadly speaking, is a key
contributor to muscle weakness in older adults.

Collectively, findings of this nature question the notion that 1) the loss of muscle mass

is a critical mechanism leading to loss of muscle strength, and 2) that age-related muscle
weakness is solely due to declining skeletal muscle function per se. Rather, these findings
suggest that the nervous system, and specifically the neural control of skeletal muscle,

is a key contributor to declining muscle and physical function commonly observed with
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advancing age. There is strong proof-of-concept evidence that aging results in a plethora

of changes in the neuromuscular system that could theoretically effect neuromuscular
function. These include changes in the nervous system, such as reductions in corticospinal
excitability, degeneration as well as altered biophysical and behavioral characteristics of
motor neurons, among others (for review see (19-22)). It should also be noted there are a
number of non-mass dependent age-related changes in skeletal muscle properties that may
also contribute to impaired neuromuscular function (e.g., excitation-contraction uncoupling
and alterations in musculotendinous properties that lead to reductions in intrinsic muscle
quality) (for review see (23, 24)). There has been much discussion in the literature about
the relationship between fat infiltration in muscle and dynapenia. While it’s contribution to
weakness is not fully understood, there is strong evidence that questions the contributing
role of intermuscular fat. Specifically, a study that tracked 1,678 older adults over a 5-year
period and examined the relationship between changes in muscle size, muscle fat infiltration
and muscle strength, it was observed that the change in intermuscular fat explained less
than 1% of the between subject variance in the change in muscle strength (4). Nevertheless,
the salient point is that strong consideration needs to be given to the multiple mechanisms
contributing to age-related reductions in neuromuscular function in the development of an
operational definition of sarcopenia (or dynapenia, which we have previously recommended
for consideration as an alternative to the term “sarcopenia”, in order to distinguish between
the age-related loss of muscle strength (dynapenia) and the age-related loss of muscle mass
(sarcopenia) for the reasons stated above (20, 21)).

Are We Barking Up the Wrong Tree? Sarcopenia is commonly conceptualized as a condition
of the muscular system based on the rationale that the muscular system is responsible for

the function of mobility (2, 3). However, this conceptualization does not give sufficient
consideration to “muscle function” being a subset of “motor function”. Accordingly, one
must raise the question of whether the sarcopenia field is at a critical junction in need

of a major paradigm shift away from the traditional “skeletal muscle centric” focus that

the field has largely pursued. For instance, the “graying of the nation” has resulted in a

large number of pharmaceutical companies pursuing compounds to enhance muscle and
physical function in older adults (25). To date, they have focused on compounds designed

to target skeletal muscle, such as those designed to promote muscle growth, or— at a
minimum— attenuate atrophy (e.g., myostatin-inhibitors) or those designed to increase
skeletal muscle calcium sensitivity. These trials have, generally speaking, reported modest, if
not disappointing effects, for enhancing muscle strength and physical function. Is it possible
that these disappointing results are due to these compounds targeting the entirely wrong
system— skeletal muscle— as opposed to the nervous system? There has certainly been

an increased interest in the role of the nervous system in muscle weakness and mobility
limitations in older adults in recent years, and in the coming years this answer to this
question should become clearer.
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Figure 1.
The force that can be generated during a maximum voluntary grip force task is around

half of what would be expected if the skeletal musculature itself were fully activated. This
data, which was recreated from data presented in Shinohara et al. (14), was obtained from
12 young (filled bars) and 12 older adults (unfilled bars). Subjects performed single-finger
maximal voluntary contractions (MVC) as well as a four finger MV C by pressing on
individual force transducers. Note the dramatic drop in the force of individual fingers during
four-finger MVC tasks compared with single-finger MVC tasks (i.e., a force deficit). Further
note that this force deficit was larger in older adults than young adults. Findings of this
nature suggest that grip strength is heavily reflective of nervous system function, and not
skeletal muscle function per se

Significant differences for men vs. women, *P<0.05 and for elderly vs. young, +P<0.05.
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