
1882

Journals of Gerontology: Medical Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2021, Vol. 76, No. 10, 1882–1890

doi:10.1093/gerona/glab098
Advance Access publication April 7, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com.

Review

Sarcopenia and Neuroscience: Learning to Communicate
Brian C. Clark, PhD1,†,  and Richard G. Carson, PhD2,3,4,*,†

1Ohio Musculoskeletal & Neurological Institute and the Department of Biomedical Sciences, Ohio University, Athens, USA. 2Trinity 
College Institute of Neuroscience and School of Psychology, Trinity College Dublin, Ireland. 3School of Psychology, Queen’s University 
Belfast, Northern Ireland, UK. 4School of Human Movement and Nutrition Sciences, The University of Queensland, Australia.

*Address correspondence to: Richard G. Carson, BSc, MSc, PhD, School of Psychology, Queen’s University Belfast, David Keir Building, 18-30 
Malone Rd, Belfast, BT9 5BN Northern Ireland, UK. E-mail: r.g.carson@qub.ac.uk 

†B.C.C.and R.G.C. contributed equally to this work.

Received: December 14, 2020; Editorial Decision Date: March 28, 2021

Decision Editor: Anne B. Newman, MD, MPH, FGSA

Abstract

In the 1990s and early 2000s, the common definition for sarcopenia was age-related loss of skeletal muscle, and low levels of muscle mass 
were central to sarcopenia diagnosis. In more recent consensus definitions, however, low muscle strength displaces low muscle mass as a 
defining feature of sarcopenia. The change stems from growing evidence that muscle weakness is a better predictor of adverse health outcomes 
(eg, mobility limitations) than muscle mass. This evidence accompanies an emerging recognition that central neural mechanisms are critical 
determinants of age-related changes in strength and mobility that can occur independently of variations in muscle mass. However, strikingly 
little practical attention is typically given to the potential role of the central nervous system in the etiology or remediation of sarcopenia (ie, 
low muscle function). In this article, we provide an overview of some mechanisms that mediate neural regulation of muscle contraction and 
control, and highlight the specific contributions of neural hypoexcitability, dopaminergic dysfunction, and degradation of functional and 
structural brain connectivity in relation to sarcopenia. We aim to enhance the lines of communication between the domains of sarcopenia 
and neuroscience. We believe that appreciation of the neural regulation of muscle contraction and control is fundamental to understanding 
sarcopenia and to developing targeted therapeutic strategies for its treatment.
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The concept of sarcopenia arose in the late 1980s and early 1990s 
to describe age-related loss of muscle mass (1). Sarcopenia has since 
become recognized as an important geriatric condition and a key 
precursor to the development of frailty, prompting an exponen-
tial increase in scientific research into this condition. Such efforts 
supported an evolution in the definition and conceptualization of 
sarcopenia; current views more commonly consider sarcopenia as an 
age-related loss of muscle mass and muscle function (namely muscle 
strength) (2).

Between 2010 and 2014, 3 different working groups com-
prising international panels of geriatricians and scientists from aca-
demia and industry proposed a series of consensus definitions of 
sarcopenia (3–5). These definitions centered on the general premise 
that advancing age results in changes in body composition, particu-
larly muscle wasting (ie, atrophy), which leads to muscle weakness 
that precipitates reduced physical function and mobility limitations. 
These early consensus definitions highlighted low levels of muscle 

mass as central to sarcopenia diagnosis. However, recent working 
groups called for substantial revisions to these definitions, with 
low muscle strength (ie, weakness) displacing low muscle mass as 
a principal defining feature of sarcopenia. This proposition stems 
from growing evidence that muscle weakness is a better predictor 
of adverse health outcomes (eg, mobility limitations) than is muscle 
mass (6–8).

The increased emphasis on muscle weakness in sarcopenia 
is, in our opinion, well-motivated. The premise that age-related 
loss of muscle mass was a direct cause of age-related decrease in 
muscle strength stemmed from associations that were ultimately 
not as strong as initially expected. For instance, both cross-sectional 
and longitudinal study data clearly indicate that age-related loss 
of strength far exceeds the loss of muscle mass (9,10). In fact, 
Delmonico et al reported that older adults who gained weight and 
increased their muscle mass (assessed via computed tomography 
imaging) over a 5-year period (n = 333) still exhibited substantial 

https://orcid.org/0000-0002-6021-6431
mailto:r.g.carson@qub.ac.uk?subject=


loss of strength (Figure 1A) (10). Recently, Cawthon et al demon-
strated that measurement of muscle mass using the D3-creatine dilu-
tion technique resulted in stronger associations between muscle mass 
and lower extremity function than the more commonly employed 
dual-energy x-ray absorptiometry technique of measuring muscle 
mass (11). Thus, the role of muscle mass in measures of strength and 
mobility is liable to further revision. Nonetheless, it seems safe to 
conclude that age-related loss of strength is not due solely to muscle 
atrophy, and that nonmuscle mass-related factors may play critical 
roles in development of weakness.

The most recent definitions of sarcopenia suggest that con-
sensus has shifted from the historic muscle-centric view to a rec-
ognition that manifestation of strength is mediated by a host of 
neuromuscular mechanisms (12,13). However, the potential role of 
the central nervous system (CNS) in the etiology or remediation of 
sarcopenia remains poorly understood. In this article, we provide 
an overview of some mechanisms that mediate neural regulation of 
muscle contraction and control, and highlight the specific contribu-
tions of neural hypoexcitability, dopaminergic dysfunction, and deg-
radation of functional and structural brain connectivity in relation 
to sarcopenia. By promoting awareness and understanding of the 
neural regulation of muscle contraction and control in the context 
of sarcopenia, we hope to facilitate development of alternative strat-
egies to treat this condition.

Sarcopenia, Muscle Function, and the 
Nervous System

With respect to sarcopenia, the term “muscle function” is generally 
used to encompass muscle strength, muscle power (the product of 
the force and velocity of muscle contraction), and fatigability (2). 
Most work to date focused on the degree to which measures of 
muscle strength and power predict negative health outcomes in older 
adults. The results are incontrovertible. Weakness places older adults 
at greater risk of mobility limitations (14,15), falls (15), impairments 
in instrumental activities of daily living (16), and even premature 
death (16–18). Weakness is more prevalently associated with frailty 
than chronological age (19).

Muscle power declines earlier and more precipitously with 
advancing age than maximal muscle strength. Muscle power is of 
greater importance than muscle strength for many everyday tasks 
such as rising from a chair and climbing stairs and has emerged as an 
important predictor of functional limitations in older adults (20,21). 
This is not surprising; for strength to confer functional benefits, the 

rapidity with which muscle force is generated must be sufficient 
for the task at hand. For example, muscle force must be generated 
quickly to shift one’s base of support and restore an upright stance 
following a disturbance that would otherwise induce a fall. The 
speed of recruitment and maximal discharge rate of motor neurons 
largely determines the velocity at which muscles can generate force 
(22,23). Thus, nervous system integrity is critical.

The ability to selectively engage muscles in a coordinated 
context-sensitive manner is of commensurate importance to physical 
function. If a perturbation occurs during gait, the observed adaptive 
response extends across the whole body, involving not only coord-
inated lower limb muscle activity, but also goal-directed engagement 
of the torso and arm muscles (see (24) for review). The pattern of 
muscle activation manifested in such circumstances is often described 
with reference to the term synergy—defined as mechanisms used by 
the CNS to coordinate groups of motor units (motor neurons and 
the muscle fibers they innervate) into functional assemblies (eg, (22)). 
While it is perhaps obvious that measures of muscle strength depend 
upon the capability of the CNS to recruit motor units and discharge 
them at optimal rates, it is less widely appreciated that all assess-
ments requiring contractions in humans necessarily also reflect the 
organization of muscle synergies. That measures of muscle perform-
ance are more strongly predictive of physical function and adverse 
health outcomes than measures of muscle mass is, in our opinion, 
due to dependence of muscle performance on the integrity of neural 
systems necessary for motor unit recruitment and coordination.

Impairments in Muscle Synergy Formation 
and Neural Activation Are Key Contributors to 
Weakness

Grip strength is a robust prospective predictor of negative health out-
comes in older adults. The extent to which tests of human grip strength 
impose demands on the CNS (for review, see (23)) is less well recog-
nized. These demands are dictated by the complexity and redundancy 
of the musculoskeletal apparatus of the human hand. Tests of maximum 
grip strength require that the brain modulates recruitment of 19 muscles 
situated entirely within the hand and another 20 muscles located in the 
forearm in a spatially and temporally differentiated pattern. The force 
measured during grip strength testing depends not only on activation 
of muscles that flex the phalanxes against the dynamometer, but also 
upon the ability of the CNS to engage the muscles that orient the fingers 
with respect to one another, and those that stabilize the position of the 
hand and wrist. The degree to which these various requirements can be 
balanced determines the reading that will be obtained.

The significance of the constraints imposed on expressions of 
strength by the demands for muscle coordination can be illustrated 
by the “multi-finger force deficit” phenomenon. This is the decline 
in the flexion force that can be generated by an individual finger as 
the number of other fingers contributing to the grip is increased (25). 
When all 4 fingers are engaged together, the force applied by each 
finger is about half that which can be applied when the finger is used 
in isolation. The magnitude of this deficit is greater in older adults 
(26), consistent with evidence that deficiencies in muscle synergy for-
mation contribute to the difficulties experienced by older adults in 
many movement tasks (27,28) (Figure 2A).

Substantial improvements in performance can be achieved in the 
absence of changes in muscle mass, further emphasizing the critical 
role of the CNS in grip strength (30). Work toward the end of the 
19th century demonstrated that grip strength is enhanced entirely as 
a consequence of training performed by the opposite limb (31). There 

Figure 1. Longitudinal data over a 5-year period illustrating that older adults 
who gained weight and increased their quadriceps femoris cross-sectional 
area (Quad CSA) still exhibited a dramatic reduction in leg extensor muscle 
strength. Adapted from Delmonico and colleagues (10).
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have been many further demonstrations of this “cross-education” 
phenomenon (eg, (32)), in tasks that engage muscles of the upper or 
lower limbs. The most parsimonious interpretation is that improved 
control of muscle coordination and activation—instantiated by CNS 
adaptations—is the primary agent of change.

There is also evidence that age-related changes in the strength 
of other muscle groups are critically determined by central neural 
mechanisms. In addition to affecting muscle synergy, the health of the 
CNS is the key factor determining the sufficiency of neuromuscular 
activation. Numerous studies used the interpolated twitch method 
or a derivative thereof (33,36) to examine whether aging results in 
impairment of the CNS in fully activating skeletal muscle volition-
ally (see (35) for review). These reports yielded discrepant findings, 
likely due to variations in the muscle groups investigated, as well as 
the inherent heterogeneity of aging (36). However, we recently re-
ported strong evidence that older adults with clinically meaningful 
leg extensor weakness exhibit significant deficits in the ability of their 
nervous system to fully activate their leg extensor muscles (Figure 
2B) (29,37). Interestingly, stronger older adults did not exhibit these 
deficits. These findings indicate that the nervous system is a key cul-
prit in clinically meaningful age-related weakness. This is arguably 
the most interesting phenotype from a clinical care and treatment 
perspective. Moreover, these findings suggest that aging is not inher-
ently associated with impairments in neural activation (as stronger 
older adults exhibited minimal deficits). These outcomes also high-
light the heterogeneity of aging and raise the possibility that reduced 
physical activity or other factors (opposed to age per se) lead to im-
paired neural regulation of muscle contraction and control.

Neural Control of Muscle Contraction and 
Control: A Primer

Voluntary engagement of a muscle is initiated by activity in brain 
networks (eg, the primary motor cortex), resulting in elevated firing 

of (descending) corticospinal neurons and consequential recruitment 
of spinal motor neurons, and hence muscle fibers. As descending 
drive increases, a greater number of spinal motor neurons are re-
cruited, they discharge more rapidly, and additional contractile 
force is generated (38). When a motor neuron fires sufficiently fast, 
the muscle fibers it innervates produce a fused contraction. In this 
context, there are multiple influences on the state of spinal motor 
neurons (in addition to descending drive from the motor cortex and 
other supraspinal centers), such as those mediated by excitatory 
and inhibitory afferent projections, and alterations in motor neuron 
properties that may make them more or less responsive to synaptic 
input (39).

Although all actions are mediated by integrative interactions at 
multiple sites within the nervous system, ultimately the only avail-
able output channel is provided by motor neurons (40). The pyram-
idal tract, which originates in the deeper structures of the cerebral 
cortex, is the best-studied output pathway. Many axons in this tract 
intersect in the lower medulla and form the corticospinal tract that 
projects to the spinal cord. Several cortical areas, including the pre-
motor and parietal areas as well as the primary motor cortex, con-
tribute axons to the corticospinal tract, with many of these axons 
terminating on spinal interneurons in the intermediate region of the 
spinal cord. The terminals of some corticospinal axons also extend 
into the ventral horn of the spinal cord, where they branch out and 
contact monosynaptically the dendrites of spinal motor neurons 
(corticomotoneurons). A single corticomotoneuron axon often ter-
minates on and excites spinal motor neurons for several different 
agonist muscles. Further, this neuron can influence the contractile ac-
tivity of additional muscles through synapses on spinal interneurons 
that act indirectly to suppress the activity of antagonist muscles. 
Monosynaptic projections from the primary motor cortex onto 
spinal motor neurons are most profuse for the distal arm, hand, and 
finger muscles. This arrangement allows the primary motor cortex 
to regulate the activity of these muscles directly, in contrast to in-
direct muscle regulation through the reflex and pattern-generating 
functions of spinal circuits. The corticospinal tract is not, however, 
the only pathway for descending control signals to spinal motor cir-
cuits since the spinal cord also receives inputs from the rubrospinal, 
reticulospinal, and vestibulospinal tracts.

A muscle may be controlled (innervated) by several hundred 
alpha motor neurons; however, there is wide variability across 
muscles. Each alpha motor neuron will innervate anywhere from a 
few to several thousand muscle fibers (ie, the motor unit). The motor 
unit is the elementary constituent of motor control because it rep-
resents the final pathway transmitting the neural signal to skeletal 
muscle fibers. The number of muscle fibers innervated by a motor 
neuron (innervation number) varies primarily based on the func-
tion of a given muscle, with muscles responsible for the most precise 
control (eg, eye muscles, hand muscles) having a lower innervation 
number than those responsible for higher force and power produc-
tion. The amount of force that can be produced by the activation of 
a motor unit is related to the number of muscle fibers innervated by 
the motor neuron.

Muscle force is modulated primarily by the recruitment and dis-
charge rate of motor units, whereby force can be increased by activa-
tion of additional motor units or by discharging an active motor unit at 
a faster rate. For a motor unit to be activated, the alpha motor neuron 
must reach threshold. The recruitment threshold depends on the mem-
brane resistance of the motor neuron, which results in small-diameter 
motor neurons being recruited first. Motor neuron discharge rates de-
pend on the level of net excitatory input to the motor neuron, coupled 

Figure 2. (A) Multi-finger force deficit exhibited by a group of 6 male (29.3 ± 
3.6 years) and 6 female (29.8 ± 4.6 years) young; and 6 male (87.2 ± 4.5 years) 
and 6 female (76.3 ± 4.0 years) older participants. Negative values indicate 
that the force generated by each digit in the 4-finger test is substantially 
lower than that produced when a digit is engaged in isolation. Diminution 
of the force applied by individual digits during 4-finger tasks is greater in 
older persons than in young persons. This original plot was generated using 
data extracted from Shinohara et  al. (28). (B) Older adults with clinically 
meaningful leg extensor weakness exhibit significantly higher levels of leg 
extensor voluntary inactivation (ie, impairments in the nervous system to 
fully activate their quadriceps musculature) than older adults who are not 
weak. This original figure was generated using data extracted from Clark 
et al. (29).
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with its intrinsic membrane properties, which ultimately determine the 
magnitude of neuronal depolarization. These properties can be dramat-
ically altered by input from monoaminergic neurons in the brain stem. 
For instance, when the monoamines serotonin and norepinephrine 
activate L-type Ca2+ channels on the dendrites of the motor neurons, 
the resulting inward Ca2+ currents can enhance synaptic currents up to 
10-fold. Thus, high monoaminergic drive can result in “self-sustained 
firing” of the motor neurons (ie, they continue to fire repetitively after 
being activated by a brief, excitatory synaptic input). Notably, motor 
units vary based on their contraction speed, maximal force, and ability 
to withstand fatigue.

There is compelling evidence that aging affects most of the neural 
processes described above (for review, see (23,35,41)). Undoubtedly, 
these changes contribute mechanistically to the declines in physical 
capability and muscle function commonly observed with advancing 
age. In the next few sections, we highlight our work and that of others 
demonstrating the specific contributions of neural hypoexcitability, 
dopaminergic dysfunction, and degradation of functional and struc-
tural brain connectivity to sarcopenia.

The Contribution of Neural Hypoexcitability

Neural excitability can be defined, depending on the level of de-
tail, as the readiness of a nerve cell or neural circuit to respond to a 
stimulus (42–44). The response is typically in the form of an action 
potential, a transient change of electrical charge (polarization) of the 
neuronal membrane. The action potential can be measured either 
individually, at the level of an individual nerve cell, or as sum of ac-
tion potentials in form of a compound action potential or an evoked 
potential, at the level of group of neurons or neural circuits (42,43). 
Neural hypoexcitability may be a key contributor to weakness (eg, 
a neuron with low excitability will, conceptually, have a lower max-
imal steady-state firing frequency (44)).

We and others previously suggested that aging-associated weak-
ness, as well as a myriad of other disorders and conditions (eg, disuse, 
injury, and sepsis), may be due, in part, to neural hypoexcitability 
(29,45–47). Older adults with clinically meaningful leg extensor 
weakness exhibit corticospinal hypoexcitability (eg, they have motor 
evoked potentials approximately half that of the strong older adults 
and ~25% longer silent period durations) (Figure 3) (29). Moreover, 
these indices of excitability explain ~33% of between-subject vari-
ability in older adults’ leg extensor strength, which is slightly more 
than that explained by thigh lean mass (29).

Recognizing the limitations of cross-sectional studies for drawing 
cause-and-effect conclusions (49), these findings nonetheless suggest 
that weakness is due, in part, to neural hypoexcitability. While these 
findings do not provide insight into whether the dysfunction is at 
the level of the cortical or spinal motor neurons, prior work indi-
cates that aging is associated with hypoexcitability of both upper 
and lower motor neurons. For instance, paired-pulse brain stimu-
lation paradigms that permit inferences in relation to intracortical 
excitability demonstrate that older adults have greater indices of cor-
tical hypoexcitability than young adults (50,51). Human and animal 
studies also suggest that aging results in reduced α-motor neuron 
excitability (eg, greater and longer afterhyperpolarization poten-
tials and lower minimal and maximal steady-state firing frequencies) 
(Figure 3B) (48,52–54). Findings of this nature raise the question of 
whether neurotherapeutic interventions targeting excitability could 
be a viable approach to increasing muscle strength to reduce the risk 
of physical impairments in later life.

Contribution of Dopaminergic Dysfunction

It has been proposed that dysregulation of the basal ganglia, a group 
of subcortical nuclei, contributes to age-related reductions in mo-
bility by virtue of its dopaminergic function. Progressive degener-
ation of midbrain dopaminergic neurons is associated with deficits in 
initiation, speed, and fluidity of voluntary movement (55–57). Lower 
rates of voluntary force development presage an elevated risk of falls 
(58). The ability of the nervous system to rapidly drive muscle force 
production is also linked to indices of mobility (59,60). Moreover, 
peak horizontal saccade velocity—which, in principle, should not 
be constrained by musculoskeletal mechanisms—decreases with age. 
Older adults exhibit saccade velocities that are about half those of 
young adults (Figure 4A) (61).

Studies of the aging human brain show that regulation of dopa-
mine (DA) action is significantly reduced in old age. This change 
occurs as a result of structural degradation, including neuronal loss, 
reduction of neuroreceptor sites, and a decline of transporter mol-
ecules (63). Age-dependent declines of brain DA levels in the basal 
ganglia were reported postmortem, specifically in the dorsal stri-
atum (64). In vivo imaging studies later confirmed these findings 
(63). Moreover, after the age of 20, the availability of DA D1-like 
receptors declines in the human striatum at a rate of ~7% per decade 
(65,66), with the D2-like family demonstrating a similar decrease in 
receptor density (~5–10%/decade) (40,67) and receptor binding po-
tential (~6–8%/decade) (39,68,69).

Several studies directly examined the relationship between stri-
atal DA, age-related changes in gait, and other measures of motor 
function. For instance, Volkow et  al reported that age-related 
decreases in brain DA activity in nonparkinsonian older adults, 
assessed using positron emission tomography with sensitivity to 
DA D2 receptors in the caudate and putamen, are associated with 
finger-tapping speed (70). Similar studies reported that lower 
striatal DA transporter activity explains ~23% and 35% of the 

Figure 3. (A) Older adults with clinically meaningful leg extensor weakness 
exhibit indices of neural hypoexcitability (ie, significantly smaller motor 
evoked potentials) in comparison to nonweak older adults as assayed 
using transcranial magnetic stimulation. This original figure was generated 
using data extracted from Clark et al. (29). (B) Older adults (n  = 7) exhibit 
significantly slower motor unit firing rates of the first dorsal interosseous 
(finger abductor) during a maximal voluntary contraction (n = 7). This finding 
suggests that reductions in muscle strength in older adults are partially due 
to an impaired ability to fully drive the surviving motor units. Figure created 
from data presented by Kamen et al. (48).
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between-subject variance in “comfortable-pace” gait speed and 
cadence, respectively (71). Moreover, several investigations re-
ported a relationship between dopaminergic genotype (catechol-
O-methyltransferase genotype) and mobility (59,72,73). These 
studies generally suggest that genotypes resulting in intermediate 
levels of tonic DA (ie, the Val158Met polymorphism) are associated 
with faster gait and movement speeds (59,72,73). This is likely 
due to an influence of these genotypes on balancing the roles of 
tonic and phasic DA (ie, tonic–phasic regulation of DA transmis-
sion) (74–76). Lastly, a recent pilot study that treated a small 
number of older adults (n = 16; mean age 72.5 years) who suf-
fered from depression with L-DOPA for 3 weeks reported a 16% 
and 28% significant increase in single-task and dual-task usual 
gait speed, respectively (Figure 4B) (62). Collectively, findings of 
this nature support the premise that dopaminergic system status is 
linked directly to preservation of gait speed and mobility. Further 
work on this topic appears warranted.

Degradation of Brain Connectivity

There is a vast literature that documents age-related variations in 
functional and structural brain connectivity (77). A  substantial 
volume of work deals specifically with the relationships between 
these variations and preservation of physical function (78). A general 
conclusion to emerge from this work is that the manner in which the 
brain is affected by neural degeneration is not “diffuse, random, or 
confluent” (79). Rather, neural degeneration proceeds in an orderly 
and sequential manner, affecting brain networks that regulate related 
functions. Notably, grip strength is a strong predictor of subsequent 
declines in mobility, as gauged by gait speed (80,81).

Here, we will focus on a subdomain of this literature: 
interhemispheric (corpus callosum [CC]) projections. A fundamental 
role of these CC pathways is to support contrast-enhancing and in-
tegrative functions by co-opting the computational resources of the 
2 cerebral hemispheres (82). Thus, it is predicted that reductions in 
the structural integrity of the callosal fiber bundles connecting nodes 

of the cortical (motor) network will give rise to reductions in motor 
capability. The CC plays a key pathophysiological role in aging and 
in the early phases of neurodegenerative disease (83). In the fol-
lowing section, we highlight the literature on age-related changes 
in CC microstructure, focusing on studies that used diffusion-
weighted magnetic resonance imaging at high angular resolution. 
Such methods permit more satisfactory biophysical modeling of the 
lateral cortical projections of the CC, which contain complex archi-
tectures such as crossing fibers (84–86).

The CC exhibits structural and functional segmentation. The 
local tissue microstructure of callosal streamlines linking anatom-
ically defined regions in the 2 cerebral hemispheres can be inferred 
by tractography (eg, (87)). Alternatively, tissue microstructure 
may be estimated by looking at subdivisions of the CC delineated 
using histological methods (eg, (88)) or by interrogating the func-
tional connectivity of white matter networks (eg, (89)). Using such 
methods, the subdivisions typically associated with (sensori-) motor 
functions are the body and the isthmus of the CC. A negative associ-
ation between age and white matter structural integrity is observed 
in the body of the CC (90,91), which is particularly pronounced 
after 40 years of age (92). A similar pattern of age-related change 
is observed in CC fibers projecting to the precentral gyrus using 
an approach based on whole‐brain tractography and delineation 
of tracts of interest (93). Although, to the best of our knowledge, 
longitudinal assessments have thus far only been conducted using 
low-angular-resolution diffusion-weighted magnetic resonance im-
aging sequences, in a cohort of 215 individuals assessed twice over 
an interval ranging between 2.7 and 4.7 years, annual decreases in 
fractional anisotrophy (FA) and increases in radial diffusivity, axial 
diffusivity, and mean diffusivity—reflecting myelin disruption or de-
generation—were detected in the body of the CC. The start of de-
cline was placed in the fifth decade ((94), see also (95)). Therefore, 
it appears that structural integrity of the callosal fibers connecting 
nodes of the cortical motor network tends to diminish with age. 
Significantly, age-related variations in callosal integrity are associ-
ated with measures of strength and mobility.

Several studies suggested that gait velocity is related to the 
burden of white matter hyperintensities within the CC (41,96,97). 
These findings suggest that the parts of the CC that connect frontal, 
(pre)motor, and sensory areas exhibit the closest associations with 
gait abnormalities (eg, (98)). Additionally, in studies employing the 
diffusion tensor model, lower white matter integrity in the body of 
the CC accompanies higher temporal gait variability (99) and poorer 
performance on clinical mobility assessment scales (97). Zhou et al 
observed associations between FA values registered for the genu of 
the CC and walking speed in older adults (100).

Prospective studies also reveal that the integrity of the CC is indica-
tive of future declines in mobility. Tian et al reported that the volume of 
the whole CC predicted subsequent changes in gait speed over a period 
of 4 years (101). In a prospective study spanning 3 years, Ryberg et al 
noted that the size of isthmus of the CC at baseline was inversely related 
to the prevalence of falls (102). In contrasting groups of individuals 
who had either “improved” or “not responded” to a home-based phys-
ical activity intervention over a period of 2 years, Venkatraman and col-
leagues observed that diffusion tensor modeled mean diffusivity of the 
(whole) CC at baseline was predictive of differences between the groups 
in performance of the Timed Up and Go test (103). Moreover, van der 
Holst et al observed that over a period of ~5.4 years, declines in stride 
length were associated with decreases in white matter FA and increases 
in mean diffusivity in the whole CC (104). In cross-sectional studies, 
the relationship between FA values in the body of the CC and both gait 

Figure 4. (A) Peak horizontal saccade velocity—which theoretically should 
not be affected by musculoskeletal mechanisms and processes—decreases 
with age. Figure created based on estimated values from Irving et al. (61). 
This article did not report specific pairwise comparisons across groups, 
but a group main effect was observed, denoted here with an asterisk. (B) 
Older adults with depression (n  =  16) and slow gait speed were given a 
3-week treatment with carbidopa/levodopa (L-DOPA), which resulted in 
significant improvement in single- and dual-task usual gait speed (37.5 mg 
carbidopa/150 mg levodopa once daily for the first week, twice a day for the 
second week, and 3 times a day for the third week). Figure created from data 
presented by Rutherford et al. (62).
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speed and variability of gait speed remains present after adjustment for 
the presence of white matter hyperintensities ((105), see also (106)).

On the basis of anatomical magnetic resonance images obtained 
from a large (~500) cohort of older adults (60–64  years), Anstey 
et  al noted an association between grip strength and the area of 
the midbody of the CC (107). To date, no studies employed high-
angular-resolution diffusion-weighted magnetic resonance imaging 
to directly assess the relationship between callosal white matter in-
tegrity and grip strength. Using a test that measures sensory function 
and upper limb strength, Cunningham et al reported an association 
between (diffusion tensor modeled) FA values derived for the body 
of the CC and test performance in a small group of adults (age 
~50  years) (108). Similar associations are observed in patient co-
horts (109). In a 2-year longitudinal study, changes in white matter 
hyperintensity burden in the body and splenium of the CC were as-
sociated with aging-related declines in the time taken to rise from 
chair to stand, a task that is heavily dependent on strength (110).

The effects of age-related degeneration on the callosal fiber bun-
dles connecting nodes of the cortical motor network suggest that 
changes in central neurological processes mediate the relationship 
between life-span variations in grip strength and gait sufficiency (and 
cognitive function). More generally, it is possible to delineate specific 
changes in brain structure that precipitate weakness and limitations 
of mobility.

Conclusion

We used the evolving conceptualization of sarcopenia as the con-
text in which to assess the proposition that central neural mechan-
isms are critical determinants of age-related changes in strength and 
mobility. In this vein, we provided an overview of the mechanisms 
that mediate neural regulation of muscle contraction and control, 
and highlighted the instrumental contributions to sarcopenia of 
neural hypoexcitability, dopaminergic dysfunction, and degradation 
of functional and structural brain connectivity. These examples of 
age-related changes in neural function are by no means exhaustive. 
They do, however, point to the influence of a broad range of neural 
factors in the expression of sarcopenia. Many of these factors have 
yet to be studied comprehensively. There is certainly still much to be 
learned about these factors and the manner in which the extent of 
their influence varies across different types of sarcopenia. However, 
a general point can be made: aging of the nervous system plays a 
critical role in precipitating loss of muscle strength and reduction in 
physical function.

In some circumstances, a lack of knowledge about the mechan-
istic basis of age-related declines in function may have little practical 
impact, particularly if the approach to remediation is concerned with 
the symptoms rather than the causes. In other instances, the conse-
quences of deficits in basic knowledge are not so benign. Age-related 
changes in strength and mobility provide a case in point. Most 
nonexercise-based therapeutic interventions for sarcopenia currently 
being developed or deployed focus on increasing muscle mass. While 
these may succeed in their narrow intent (ie, gains in muscle mass), 
they do not provide a means of addressing deficits in neuromus-
cular control. It is therefore unlikely that this approach represents 
the most effective allocation of resources. More particularly, it is a 
concern that older adults are being denied CNS-focused intervention 
strategies that, we hypothesize, have the potential to yield more sub-
stantial gains in functional capacity than increases in muscle mass 

alone. While the lines of communication between the domains of 
sarcopenia and neuroscience have recently expanded, further dia-
logue is essential in order to enhance the breadth of understanding 
upon which the development of effective therapeutic strategies for 
the treatment of sarcopenia must be based.
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