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Reframing sarcopenia as a disease of the ageing motor system

Lucas B R Orssatto, W David Arnold, Luigi Ferrucci, Marco V Narici, Brian C Clark

Sarcopenia is a major driver of disability, frailty, and loss of independence in ageing populations. Current consensus
definitions have shifted from low muscle mass to low muscle strength and impaired physical performance as the
defining clinical features. The underlying disease model, however, has remained predominantly muscle-centric, a
framing that has generated important advances in muscle biology but has also guided decades of muscle-focused
research in which drugs that increase muscle mass have produced inconsistent functional benefits. Muscle mass
and intrinsic muscle quality account for an important but incomplete proportion of age-related declines in strength
and mobility. Ageing disrupts the entire motor system, from supraspinal centres, spinal circuitry, and peripheral
nerves to neuromuscular junctions and muscle, reducing neural drive, coordination, and force generation. We
propose reframing sarcopenia as a disease of the ageing motor system. Although existing strength-based and
performance-based criteria capture the clinical syndrome, there is scope for improvement. The disease model and
diagnostic framework should evolve to reflect the distributed biology of sarcopenia, guiding integrated assessment,
mechanistic stratification, and therapies that target both neural and muscular mechanisms. Without this shift,

meaningful therapeutic progress will remain challenging.

Introduction

Sarcopenia was initially framed as the age-related loss of
skeletal muscle mass, and early epidemiological studies
linked declining lean mass with disability, falls, and mor-
tality." This poverty-of-flesh framing was reinforced by
decades of research that implicitly equated greater muscle
mass with better function.'? Over the past decade, however,
consensus definitions of sarcopenia have shifted away from
framing muscle mass as the primary defining feature of
sarcopenia.'? Multiple international working groups now
emphasise poor muscle strength and physical performance
(eg, poor grip strength, gait speed, and chair stands) for
diagnosis and staging,** with muscle mass as a supportive
or confirmatory measure.*® This shift reflects a robust
empirical finding that strength and performance predict
adverse outcomes more strongly and consistently than
muscle mass in older adults.**”

Despite this definitional evolution, in which low strength
and poor performance are treated as the defining features
and not as incidental findings, the underlying conceptual
model of the disease has remained predominantly muscle-
centric.>*# Mechanistically, weakness and slowness are still
considered primarily as downstream consequences of
muscle dysfunction, even though the diagnostic definitions
of weakness and slowness have advanced.** The nervous
system is sometimes acknowledged but rarely placed at the
centre of the conceptual framework. According to reviews,
figures, and trial designs, sarcopenia is a myopathic dis-
order, as though muscles act in isolation despite Sher-
rington’s final common pathway principle, whereas the
brain, spinal cord, and peripheral nerves required for
coordinating and modulating muscle activation, trophic
support, and maintenance are ignored or relegated to the
margins.’*

This conceptual lag has translational consequences
beyond semantics. When sarcopenia is defined by deficits
in voluntary strength and movement, then, by definition,
sarcopenia is a disorder of the motor system. The term
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motor system indicates the entire central and peripheral
apparatus that generates and controls movement—namely,
the brain and supraspinal centres, spinal cord, peripheral
nerves, neuromuscular junctions, and muscle fibres.
Approaching sarcopenia as a muscle-only disorder risks
continued misalignment between biological targets and the
functional outcomes that define the condition. This mis-
direction, for example, perpetuates clinical trials and
therapeutic strategies that increase muscle mass without
meaningfully improving mobility and independence.’
A condition defined by the inability to generate force and
move effectively demands a conceptual model and frame-
work that encompasses descending and sensorimotor
circuits and contractile tissue.

In this Personal View, we distinguish between sarcopenia
as a clinical syndrome, defined by weakness and impaired
physical performance, and the disease model, which refers
to the distributed biology of ageing across the motor system
that produces this phenotype.

Muscle-focused models alone are not enough to
predict motor output impairment

The most immediate challenge to a purely muscle-based
view of sarcopenia is quantitative. Muscle loss explains
only a modest or trivial proportion of strength decline in
older adults.”* Individuals with similar muscle mass can
show markedly different strength and physical capabil-
ities."* Conversely, pronounced weakness and mobility
restriction can develop despite only slight reductions in
lean tissue, whereas others undergo substantial muscle loss
yet retain preserved function.”'? Furthermore, the model
remains incomplete even when it is extended to include
intrinsic muscle contractile function. When strength
measures are replaced with mobility measures, such as
walking speed, muscle measures become even weaker
predictors than they originally were,'® because gait speed is
an integrated outcome influenced by balance, sensory
function, pain, cardiorespiratory fitness, cognition, and
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muscle function. Hence, gait speed alone does not identify
which system is curtailing performance. Muscle power
(ie, the product of force and velocity) illustrates this muscle
function dissociation particularly clearly. Muscle power
declines earlier and more steeply than either muscle mass
or maximal strength, tracks functional decline and dis-
ability more closely, and depends not only on contractile
properties but also on motor-unit recruitment, firing-rate
modulation, and neural drive."*"7 Muscle power, there-
fore, reflects the motor system nature of sarcopenia more
directly than muscle mass or strength and corresponds to
everyday tasks, such as rising from a chair, climbing stairs,
recovering balance, and avoiding falls,*** by which
mobility is typically judged.

The field’s experience with pharmacological and nutri-
tional interventions is equally instructive. Substantial
financial resources have been devoted to the development
of muscle-targeted compounds.>* However, several trials of
anabolic agents or protein supplementation that increased
lean mass and muscle mass in older adults produced only
modest or variable gains in functional outcomes.>* These
results are frequently framed as inefficient translations of
muscle gain into strength. Another equally plausible
interpretation is that interventions have often targeted the
wrong component of the system or only one of several
necessary nodes. Conversely, exercise can improve
strength, power, and physical performance in older adults
even when muscle mass does not measurably increase,
underscoring that functional gains might occur
independent of changes in muscle mass.'**

None of these observations imply that muscle tissue is
unimportant. However, the insufficient explanatory power
of muscle measures to predict declines in physical function
and the disappointing functional returns of purely hyper-
trophic strategies suggest that the key drivers of age-related
weakness and slowness have not been accounted for. Those
drivers reside not only within the muscle but also
throughout the motor system. Current frameworks do not
account for how age-related changes in the nervous system
fundamentally modulate muscle force generation.

Ageing alters the motor system from brain to
muscle

Voluntary movement reflects coordinated activity across a
distributed motor system. Supraspinal centres plan and
modulate actions; sensory inputs are integrated to shape
motor output; descending pathways convey commands;
and spinal motoneurons amplify and translate neural drive
into motor-unit discharge and force. At each of these levels,
ageing introduces changes that can reduce the fidelity,
timing, and magnitude of the outgoing neural drive to
muscle™?! (figure 1). At the spinal level, motoneuron loss
and motor-unit remodelling”2* help to prevent myofibre
atrophy and preserve muscle mass but can impair fine
motor control and reduce motor output.' Age-related
changes in persistent inward currents and other intrinsic

electrophysiological properties reduce neuromodulation of
firing-rate acceleration, firing-rate amplification, and self-
sustained firing, challenging rapid generation of high
force.?** Peripheral nerve demyelination, low conduction
velocity, and impaired neuromuscular transmission can
constrain motor-unit recruitment and flexible force scal-
ing.""*' The sensory side of the motor system is affected in
parallel. Age-related structural and functional decline of
muscle spindles and their proprioceptive afferents
(including spindle atrophy and partial loss of sensory
innervation) impairs position sense and movement per-
ception, contributing to slow and less accurate movement,
poor balance, and weakness through reduced propriocep-
tive support of motor output.**¢ Finally, movement is also
reorganised. Older adults adopt more cautious movement
strategies (eg, greater co-contraction®’” and greater reliance
on visual feedback), which might not only improve stability
but also impose energetic® and mechanical penalties that
contribute to slower gait, impaired balance, and reduced
adaptability to environmental demands. These adaptations
are shaped not only by neuromuscular changes but also by
cognitive and perceptual factors (eg, attention, executive
function, fear of falling, and risk perception), which interact
with motor decline to shape movement behaviour.*** Gait
slowness, commonly used to operationalise sarcopenia, is
an integrated, low-specificity phenotype that possibly
reflects age-related degradation of neural drive and sen-
sorimotor control,” in addition to the changes in mechan-
ical and histological properties of muscles. Precisely,
because gait integrates multiple physiological systems,
walking speed is highly predictive of adverse outcomes and
is also a challenging therapeutic target for any therapy
aiming at a single node of the system.* These neural
impairments are not minor modifiers of muscle output;
instead, they are of sufficient magnitude to explain a sub-
stantial proportion of the missing weakness and slowness
that muscle-focused models leave unexplained. This pat-
tern also illustrates a broader point: this framework does
not replace a muscle-first model with a neuron-first model.
Neural and muscular ageing are coupled and mutually
reinforcing. Reduced neural drive might promote disuse
and atrophy, whereas declining muscle quality, altered
sensory feedback, and inflammation, in turn, might further
impair motor control. Sarcopenic weakness is best under-
stood as emerging from this coupled decline rather than
from the failure of any single tissue.

Clinical phenotypes point to motor system
involvement

The clinical presentation of sarcopenia often includes fea-
tures suggestive of neural involvement: weak and slow
force generation, increased force variability, altered coord-
ination, reduced steadiness, impaired balance, and reduced
adaptability to perturbations.?*** Boundaries with other
age-related motor disorders (eg, mild neuropathies, par-
kinsonian syndromes, and cerebellar disease) can be
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The cortex and brainstem
« Degeneration and atrophy of grey and white matter
and channels
« Reduced monoaminergic (eg, SHT, NE, DA) release and projection
« Reduced neurotransmitter release and receptor number and function
« Hypoexcitability
« Disfacilitation
« Impaired inhibition
Consequences
« Slower planning and initiation of movement
« Weaker and slower descending drive
« Impaired sensorimotor integration
« Slower express sensorimotor responses

The spinal cord
+ Reduced monoaminergic projection
« Cell degeneration
« Reduced neurotransmitters
« Impaired inhibitory circuits (eg, presynaptic, reciprocal,
and recurrent inhibition)
« Increased synaptic noise
Consequences
« Increased antagonist co-activation
« Reduced reflex adaptability during dynamic tasks
« Increased reflex latency variability

g

>

Proprioceptive afferents

« Muscle spindle atrophy and partial loss of sensory innervation

« Dorsal root ganglion neuron loss and reduced spindle dynamic response
Consequences

« Impaired position sense and balance

« Slower and less accurate motor control

Spinal motor neurons
« Degeneration and death (preferential for larger cells)
« Demyelination
« Denervation-reinnervation (motor unit remodelling)
« Hypoexcitability (eg, weaker dendritic PICs)
Consequences
« Lower discharge rates
« Increased discharge variability
« Slower conduction velocity
« Greater reliance on descending drive

I Neuromuscular junction
| « Fragmentation of endplate
« Increased endplate dispersion
« Partial denervation-reinnervation cycles at the
neuromuscular junction
Consequences
« Impaired neuromuscular junction transmission

Muscles and tendons
« Degeneration and atrophy
« Cell apoptosis (type Il preference)
« Non-contractile tissue infiltration
« Architectural changes
« Mitochondrial dysfunction and loss
« Changes in tendon compliance and stiffness +
« Impaired excitation-contraction coupling
Consequences
« Lower and slower force and power output per cell and muscle CSA
+ Reduced and slower force transmission

Incomplete model: muscle-centric view of sarcopenia

Figure 1: Contrasting the current muscle-centric model of sarcopenia with a proposed motor system model

The figure illustrates a comprehensive view of the motor system model of sarcopenia, in which age-related changes across the cortical and subcortical centres, the spinal
cord, spinal motoneurons, and neuromuscular junctions interact with changes in the skeletal muscle to impair force generation and voluntary movement. The lower
panel depicts the prevailing muscle-centric model, which emphasises muscle atrophy and muscle-related functional impairment, whereas the broader motor system
remains largely uncharacterised. Note: The summarised mechanisms and circuits shown are examples of major age-related changes affecting the motor system and are
not intended to be comprehensive. This figure was created using BioRender.com. CSA=cross-sectional area. DA=dopamine. 5HT=serotonin. NE=norepinephrine.

PIC=persistent inward current.

blurred, and some older adults can have multiple subclin-
ical lesions across the brain, spinal cord, peripheral nerves,
neuromuscular junctions, and muscles that together hin-
der mobility. However, diagnostic frameworks for sarco-
penia rarely incorporate systematic assessment of the
broader motor system. Grip strength and gait speed capture
the outcome of dysfunction but provide little insight into
which components are impaired, and brief maximal tests
might not reflect the repeated submaximal force demands
of daily life. In this context, it is not surprising that trials
recruiting participants solely on the basis of low muscle
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mass or weak grip, without central or peripheral motor
profiling, have yielded heterogeneous or sometimes dis-
appointing results.” This approach risks treating a multi-
level motor system syndrome as a single, uniform
myopathy.

Accordingly, caution is warranted when treating sarco-
penia as a single-aetiology disease state, because even
master athletes face age-related declines in muscle mass
and function that reflect normal ageing.“* However,
genetic susceptibility and factors such as comorbid disease,
medications, inactivity, surgery, and trauma can accelerate
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this trajectory into pathophysiology. A major clinical chal-
lenge is detecting sarcopenia early, before motor
impairment compromises mobility and independence.

Scope and boundaries of the motor system
framework

Reframing sarcopenia as a disorder of the ageing motor
system raises a legitimate question on its scope. The motor
system is a broad construct, and many age-related con-
ditions (eg, osteoarthritis, Parkinson’s disease, stroke,
peripheral neuropathy, and cerebellar or vestibular dis-
orders) impair movement. The proposed framework is
bound to provide a mechanistic account of the sarcopenic
syndrome (reduced voluntary strength, low muscle power,
and impaired physical performance) when these features
arise from interacting, age-related changes distributed
across muscles, the neuromuscular junction,” peripheral
nerves, spinal motoneurons,** spinal circuitry, and
supraspinal control.*® The framework, which is not inten-
ded to reclassify every cause of impaired mobility as sar-
copenia, extends, instead of replacing, existing mechanistic
understanding of muscle movement. For example, the
contributions of motoneuron loss or dysfunction and
neuromuscular junction remodelling have long been
acknowledged in sarcopenia research;**?* nevertheless,
they have generally been viewed as modifiers operating
around a fundamentally muscle-centric disease process.
We argue that these neural changes are constitutive com-
ponents of the syndrome rather than peripheral modifiers
and should, therefore, be repositioned from the margins to
the centre of mechanistic explanation and therapeutic
targeting.

This framework places overt neurological, rheumato-
logical, and orthopaedic diseases as differential diagnoses
or comorbid contributors rather than as forms of primary
sarcopenia. A condition in which a single dominant path-
ology accounts for an older adult’s weakness or immobility
defines a secondary cause of functional impairment and
should be diagnosed and managed accordingly. Primary
age-related sarcopenia, by contrast, is characterised by the
distributed, multilevel, and frequent subclinical changes
described above, in which no single overt lesion or path-
ology predominates but their cumulative effect on
voluntary force generation and movement is clinically
meaningful. The same logic applies to subclinical diseases
because several age-related neural changes overlap with
early or mild neuropathies;* a degree of diagnostic ambi-
guity is unavoidable. Resolving this ambiguity in individual
patients is the purpose of the selective neuromuscular
characterisation.

The framework also preserves a distinct and necessary
role for the intrinsic biological ageing of skeletal muscle.
Age-related changes in fibre size and type, excitation—
contraction coupling, mitochondrial function, perfusion,
extracellular matrix, and intramuscular fat infiltration
reduce the capacity of a muscle to generate force,>”'? and

these changes remain essential subjects of mechanistic
study. Whether these changes alone are sufficient to pro-
duce clinically meaningful functional impairment is an
important conceptual question. We argue that isolated,
severe intrinsic muscle disease can impair function but
constitutes a myopathy, whereas, in typical age-related
sarcopenia, muscular changes are neither isolated nor
quantitatively sufficient to fully account for the observed
deficits in strength and mobility.”® The distinction is,
therefore, not between muscle and the nervous system as
competing sites but between isolated myopathic change
and the coupled, multilevel decline that characterises the
sarcopenic syndrome. Although muscle remains the
indispensable effector of the motor system, we contest the
assumption that it should remain the primary explanatory
and therapeutic focus.

Finally, the framework distinguishes normal motor sys-
tem ageing from disease. Decline across the motor system
is universal to some degree: even master athletes show
motor-unit remodelling and reductions in neural and
muscular function with age.* Sarcopenia is not synonym-
ous with this background trajectory. Rather, it denotes the
point at which distributed motor system decline, accel-
erated by genetic susceptibility, comorbidity, sedative or
anticholinergic medication burden, inactivity, surgery, or
trauma, becomes sufficient to compromise mobility and
independence. Framed this way, the model does not path-
ologise ageing itself; it characterises when and why age-
related changes in the motor system become a clinically
actionable disorder.

Shifting to a motor system model can address
unresolved issues

The proposed reframing of sarcopenia has practical con-
sequences at several levels.

First, this revised framework should reorient mechanistic
research. Instead of focusing only on how muscle fibres
atrophy, accumulate fat and non-contractile tissue, or lose
contractile function, we should systematically map how
age-related changes across the sensorimotor, neuromotor,
and muscular systems (figure 1) interact over time. Longi-
tudinal, multilevel studies that relate these measures to
changes in strength, physical performance, and clinical
outcomes are essential to resolve causal pathways.

Second, this framework has implications for biomarker
development and patient stratification. Trial-ready meas-
ures of neural function could help to define distinct motor
system phenotypes and identify the rate-limiting compo-
nent(s) to target in individuals with weakness and mobility
limitation. Some individuals might be primarily challenged by
impaired central or spinal drive despite relatively preserved
muscle mass, whereas others might show adequate neural
drive but intrinsically weak muscles. These phenotypes are
unlikely to respond similarly to the same intervention.

Third, a motor system model clarifies why the
muscle-centric therapeutic strategies have produced
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disappointing functional outcomes.’ If weakness and
mobility loss reflect distributed dysfunction across the
motor system, interventions targeting muscle mass alone
will often be insufficient unless paired with approaches that
improve neural activation and functional translation.
Resistance training is effective because it simultaneously
loads muscle, challenges the neural circuitry that generates
and coordinates force,®* and enhances perfusion and
mitochondrial function supporting muscle performance.
Moreover, exercises involving multiple sensory stimuli,
postural challenges, continuous motor learning, and social
stimulation, such as dancing, might engage motor system
circuits more broadly.” This multisystem action possibly
explains why exercise remains the most reliable intervention
for improving sarcopenia outcomes® and also suggests that
progress will depend on combination therapies that target
multiple physiological systems rather than a single pathway.

Finally, the model should influence clinical practice.
When an older adult presents with weakness and slow gait,
evaluation should not stop at measuring strength and
estimating muscle mass. Evaluation should also consider
the neural contributions to motor output, as outlined in the
next section. Aligning evaluation with the underlying
biology could guide referral to neurology, physiatry, or
other specialties when appropriate. Clinicians should also
consider iatrogenic contributors, particularly sedative and
anticholinergic burden, which can blunt motor drive and
suppress functional capacity. Medication optimisation and
deprescribing should thus be viewed as pragmatic adjuncts
to rehabilitation when the clinical goal is improved mobility
and independence.

A staged approach to implementation

A reasonable concern is that incorporating the motor sys-
tem into the assessment of sarcopenia would impose
impractical complexity to routine care. It need not. The
framework is best implemented as a two-stage process that
is motor system-aware from the first contact: clinical
screening to identify the sarcopenic presentation while
deliberately assessing signs of neural and muscular
involvement, followed by mechanistic phenotyping where
feasible and likely to change decisions. Consistent with the
distinction between the syndrome and the underlying dis-
ease model, the clinical presentation (ie, weakness, mobility
limitation, or low muscle strength and power) should be
identified first. Motor system mechanisms can then be
explored to characterise patient subtypes rather than to
make initial diagnosis. The principle is to screen prag-
matically with the whole motor system in view and to
phenotype in detail only when additional information is
clinically actionable.

The clinical motor system screening stage should remain
feasible in primary care and geriatric practice but should
not simply be equated with the measures in current use.
Existing screening evaluates grip strength, gait speed,
chair-rise time, and brief batteries such as the short physical
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performance Dbattery,*® supplemented with bedside
assessment signs, such as tendon reflexes, sensation,
coordination, rapid alternating movements, and qualitative
gait (or emerging methods) for understanding neural
involvement. These measures are valuable, and gait speed
in particular is an important prognostic marker in geriatric
medicine.*' However, their limitations are well recognised;
cut-points vary across working groups,*** case-finding
sensitivity is modest, brief maximal tests do not reflect
the repeated submaximal force demands of daily life, and
both performance measures and bedside examination
signs are physiologically non-specific. The existing meas-
ures, thus, capture the outcome of motor system dysfunc-
tion while revealing little about the components that are
impaired. A minimal universal core assessment can be
applied to all older adults at this stage, with a brief, struc-
tured neuromuscular assessment reserved for those whose
weakness is pronounced, rapidly progressive, or dis-
proportionate to the apparent muscle loss, thereby sup-
porting the time-constrained clinician to avoid unnecessary
assessment in all individuals.

The greater opportunity is to improve the specificity of
screening. The current bedside repertoire is of modest
specificity. The appropriate response is not to discard but to
develop it and validate practical motor system-relevant
measures for point-of-care use. Promising near-term can-
didates include muscle power” and the rate of force
development, which largely reflect neural drive and con-
tractile speed rather than the maximal force;* measures of
hand motor control (eg, the multifinger force deficit*** and
pegboard tests®**’); force steadiness or variability as
accessible indexes of motor-unit control;** and dual-task
gait® with reactive stepping or balance,” which is used to
assess central and sensorimotor integration.®*** Low-cost
instrumented or application-based implementations of
these constructs could keep them feasible for routine clin-
ical use instead of being confined to research laboratories.
Establishing the reliability, cut-points, and discriminative
and predictive validity of such measures is, in our view,
among the most impactful near-term priorities for the field
and offers the clearest route, realised in clinical care rather
than only in research settings, to improve current screening
techniques by ensuring practicality.

The mechanistic phenotyping stage is appropriate pri-
marily in specialist clinics, research cohorts, and clinical
trials, in which the process can identify mechanisms,
stratify participants, and test target engagement. Relevant
tools include surface and high-density electromyography
with motor-unit analyses, motor-unit number estimation,
nerve conduction studies, measures of neuromuscular
transmission, transcranial magnetic stimulation-derived
indexes of corticospinal excitability and inhibition,
multimodal functional neuroimaging (eg, electro-
encephalography, magnetoencephalography, and MRI),
and skeletal muscle imaging. Such measures can differ-
entiate sarcopenic, non-sarcopenic, and athletic ageing
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Routine care: pragmatic and low burden

Step 1: Screen . )
Develop and validate practical screens
Identify the sarcopenic presentation through a
motor-system perspective: low strength, power, or rate of
force development, multifinger force deficit, slow gait or
manual dexterity, and impaired movement performance.

eg Power, rate of force development,
force steadiness, dual-task gait, and
reactive balance.

The clearest near-term route to provide
the screens a clinical advantage over
current tools.

A brief screen for everyone and add a focused
neuromuscular exam when weakness is pronounced or
disproportionate.

Step 2: Exclude alternatives

Manage as secondary cause or differential
diagnosis. Refer to neurology, '
rheumatology, or orthopaedics, as ]

. P . ) appropriate. ]
If one dominates, classify it as a secondary or differential ; approp :

diagnosis. |

*

Specialist clinics, research, and trials: high resolution and high cost

Rule out dominant alternative pathologies (eg, Parkinson's :
disease, stroke, advanced neuropathy, osteoarthritis). i

Step 3: Mechanistic phenotyping | Feeds back to routine care

Locate the rate-limiting node with mechanistic measures: Phenotyping data validate and calibrate !
electromyography or high-density electromyography, | the practical screens, and refine diagnostic
motor unit number, nerve conduction, neuromuscular ! and prognostic tools over time. i

transmission, transcranial magnetic stimulation,
functional neuroimaging, and muscle imaging. B
: Crossdisciplinary motor-systems teams
Standardise protocols for frail, multimorbid older adults. ] i
! Shared neural and muscle expertise in i

¢ . specialist clinics and research networks.

Step 4: Stratify and target

Integrated biomarker panels

Match the patient subtype to the intervention.

o o Longitudinal neural and muscle measures:
Intrials, link to target engagement and stratification | parsimonious, trial-ready biomarkers for

endpoints. ! stratification and target engagement. :

Figure 2: A staged, motor system-aware pathway for sarcopenia

During routine assessment, older adults receive a brief motor system-informed screen of strength, power, gait, and
physical performance, with selective neuromuscular examination when weakness is pronounced, rapidly
progressive, or disproportionate to muscle loss. Dominant alternative pathologies (eg, Parkinson’s disease, stroke,
advanced neuropathy, or severe osteoarthritis) are excluded and managed as secondary or differential diagnoses. In
specialist clinics, research cohorts, and trials, mechanistic phenotyping locates the rate-limiting component of the
motor system to support participant stratification and target-engagement endpoints. A central near-term priority
(highlighted boxes) is the development and validation of practical, motor system-relevant screens. The pathway is
iterative, with data from mechanistic phenotyping feeding back to routine care (indicated using a green dashed
loop), validating and calibrating the practical screens, and refining diagnostic categories and prognostic tools over
time. Realising the pathway depends on crossdisciplinary motor system teams and on integrated biomarker panels.
This figure was created using BioRender.com.

phenotypes* and identify the rate-limiting component of
the motor system in an individual. This information cannot
be obtained from screening measures, and this advantage is
most relevant when the aim is to select or develop a targeted
intervention. A precondition for translating this stage is the
development and standardisation of protocols that are toler-
able and reliable for older adults with frailty and mult-
morbidities, for whom many established electrophysiological
tests are burdensome. This two-stage structure (figure 2) keeps
routine screening low-burden and motor system-aware while

reserving resource-intensive assessments for situations where
these assessments are likely to change clinical decisions.

Practical challenges and limitations
Implementing the proposed framework for sarcopenia will
require caution, and several limitations should be consid-
ered. Detailed mechanistic phenotyping is unlikely to be
feasible or cost-effective as universal screening; time con-
straints, the restricted availability of neurological and
neuromuscular expertise in primary care, and uneven
access to electrophysiology and advanced imaging are real
and substantial barriers. A further and more fundamental
limitation is evidential. The measures on which current
sarcopenia screening protocols depend are prognostically
well validated (eg, gait speed*'); however, they are mech-
anistically blind, and their performance as case-finding and
diagnostic instruments is more modest than that implied
by their prognostic standing. Conversely, the incremental
value of the proposed motor system measures, whether
refined screens or deep mechanistic phenotyping, is yet to
be established, either for prediction over and above existing
measures or for guiding treatment.

Two considerations temper the abovementioned con-
cerns without resolving them. First, the two-stage approach
outlined above is designed precisely to contain cost and
complexity by concentrating resource-intensive assess-
ment in the specialist and research settings. These settings
facilitate decision making and keep routine screening
feasible. Second, the value of a motor system approach is
best judged not against prognosis alone but against two
questions the current toolkit cannot answer: whether more
specific yet practical screens that indicate which component
of the motor system is failing can be developed and whether
mechanistic phenotyping can match patients to inter-
ventions more effectively than performance-based assess-
ment. Framed this way, the relevant tests are concrete:
whether motor system measures improve screening spe-
cificity, patient stratification, treatment matching, and
ultimately functional outcomes and cost-effectiveness
beyond what current practice delivers.

These queries remain open empirical questions, and we
present the framework as a mechanistic and therapeutic
reorientation; the diagnostic and economic value of the
proposed framework must, hence, be illustrated rather than
assumed. The work needed to establish the framework’s
diagnostic and economic value is two-fold and already
tractable. In the nearer term, such works must include
developing and validating practical, motor system-relevant
screening measures with defined cut-points and estab-
lished discriminative performance, and in research and
trial settings, such works must embed mechanistic phe-
notyping in longitudinal cohorts and trials as a stratification
and target-engagement tool to test its incremental predict-
ive and decision-analytical contribution. Both tasks are
central priorities in the agenda outlined below.
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A practical agenda for embracing sarcopenia as
a motor system disease

Operationalising the reframing of sarcopenia requires
coordinated efforts, for which we highlight five priorities
(figure 3).

Identify mechanisms and biomarkers of motor system
ageing

Research should move beyond isolated measures towards
integrated, longitudinal characterisation of the motor sys-
tem. Combining robust neural and muscle measures in
well-phenotyped cohorts can reveal how changes at differ-
ent levels coevolve and which combinations best predict
subsequent functional decline. This information can then
be used to derive parsimonious biomarkers of motor sys-
tem health, understood here as physiological, electro-
physiological, imaging, and performance-based measures,
subsequently followed by two translational goals: practical
point-of-care screens for the clinic (according to the near-
term priority outlined earlier) and mechanistic measures
suited for trial stratification and target engagement.

Build crossdisciplinary motor system teams

Sarcopenia research and care remain largely siloed, often
anchored in geriatrics or endocrinology. To advance the
motor system model, close collaboration with neurologists
(eg, neuromuscular disease and movement disorder sub-
specialists), rehabilitation physicians and therapists, and
basic and applied neuroscientists is essential. Multi-
disciplinary clinics and research networks focused on age-
related mobility disorders should be structured to span
brain, nerve, and muscle expertise, rather than treating
them as separate domains.

Integrate motor system assessment into clinical
pathways

Consensus statements and guidelines could explicitly
endorse the staged, motor system-aware pathway as out-
lined earlier: a motor system-informed screen for older
adults under assessment; a selective neuromuscular
examination when weakness is pronounced, asymmetric,
rapidly progressive, or disproportionate to muscle loss; and
mechanistic phenotyping in specialist and research set-
tings. Embedding this framework in guidelines and fund-
ing the validation of practical screen tools that it requires
could inform refined diagnostic categories and prognostic
tools over time.

Develop motor-targeted interventions

The therapeutic approaches for sarcopenia should build on
muscle-focused and anabolic strategies by explicitly
addressing how gains in muscle mass and quality translate
into motor output. Potential avenues include compounds
that modulate motoneuron excitability or neuromuscular
transmission, which have shown promising preclinical
results.®>*  Alternative approaches could include non-
invasive brain or spinal stimulation techniques, exercises
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1. Identify mechanisms and biomarkers of motor system ageing
Research should move beyond isolated measures towards integrated,
longitudinal characterisation of the motor system, enabling parsimonious,
trial-ready biomarker panels that capture key elements of motor system health.

2. Build crossdisciplinary motor system teams
Multidisciplinary clinics and research networks focused on age-related
mobility disorders should be structured around teams that span neural

and muscle expertise, rather than treating these as separate silos.

Therapeutic approaches and trials must expand beyond muscle to target the
entire motor system, routinely incorporating motor system biomarkers as
mechanistic (secondary or exploratory) endpoints, alongside functional and
patient-centred endpoints.
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Figure 3: A suggested practical agenda for embracing sarcopenia as a motor system disease
The figure outlines five complementary directions for shifting sarcopenia research and care from a muscle-centric
model to a motor system-based framework. This agenda is intended as a constructive guide for major sarcopenia
working groups to support the integration of this model into future discussions, research priorities, and consensus

updates. This figure was created using BioRender.com.

(eg, resistance training, task-specific motor learning
frameworks, balance training, and reactive stepping train-
ing), nutritional interventions (eg, serotonergic pre-
cursors), and technologies that provide enriched
sensorimotor feedback. Trials should incorporate motor
system biomarkers to test target engagement, identify res-
ponders, and link neural changes to gains in strength and
performance. Broadly, because the motor system ages
within the wider biology of the organism, geroscience-
based strategies that target shared mechanisms of ageing
might offer a complementary, system-level route to pre-
serving motor function alongside interventions aimed at
specific neural or muscular targets.

Define sarcopenia according to the proposed motor
system-based framework

Formal definitions influence how clinicians think, how
trials are designed, how public funding is allocated, and
how payers reimburse care. We propose that future
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consensus explicitly describe sarcopenia as a geriatric dis-
ease of the motor system, characterised by reduced volun-
tary strength and impaired physical performance arising
from interacting neural and musculoskeletal changes.
Whether the term sarcopenia, with its muscle-centric ety-
mology, remains appropriate for this broader model is an
open question. Names of diseases of other specialities have
been revisited to better reflect pathophysiology and reduce
conceptual bias, and a similar discussion might be war-
ranted for sarcopenia as well. For now, clearly articulating
the motor system framing would be a substantial step
forward.

Conclusion

The field of sarcopenia research has made substantial
advances in recognising that the condition is not simply
about how much muscle an older adult has but what they
can do. Yet, we have not fully recognised the corollary: what
older adults can do depends on the entire motor system.
Continuing to treat sarcopenia as a primary muscle disease
while defining it by impairments in movement creates a
fundamental inconsistency that constrains mechanistic
insights and therapeutic progress.

Embracing a motor system model will not diminish the
importance of muscles; rather, such an approach will place
muscles within the distributed system that produces
strength and movement. For researchers, following the
proposed framework means designing studies and bio-
markers that integrate mechanisms at neural and muscular
levels. For clinicians, following the proposed framework
means broadening assessment and management pathways
to account for central and peripheral motor contributions.
For the field of sarcopenia research as a whole, this
framework means acknowledging that age-related weak-
nesses and mobility limitations are best understood, and
ultimately managed, through an integrated motor system
perspective. If sarcopenia is a signature characteristic of
ageing, then its conceptual model should reflect the biology
of human movement. Reframing sarcopenia as a motor
system disease model is not merely semantic but necessary
for aligning biology, clinical outcomes, and successful
therapeutic strategies.

Contributors
LBRO and BCC conceived the study. All authors contributed to the
development of ideas and critically reviewed and approved the final
manuscript.

Declaration of interests
We declare no competing interests.

Acknowledgments

This study was supported in part by extramural support from the National
Institute on Aging of the National Institutes of Health (R0O1AG078129 and
R0O1AG067758 to BCC and WDA). The study was also supported in part by
the National Institute on Aging Intramural Research Program of the NIH
(awarded to LF). The contributions of LF were made as part of their official
duties as an NIH federal employee, are in compliance with agency policy

requirements, and are considered works of the US Government. However,
the findings and conclusions presented in this paper are those of the

author(s) and do not necessarily reflect the views of the NIH or the US
Department of Health and Human Services.

References

1 Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet 2019; 393: 2636—46.

2 Sayer AA, Cooper R, Arai H, et al. Sarcopenia. Nat Rev Dis Primers
2024; 10: 68.

3 Bhasin S, Travison TG, Manini TM, et al. Sarcopenia definition:
the position statements of the sarcopenia definition and outcomes
consortium. | Am Geriatr Soc 2020; 68: 1410-18.

4 Kirk B, Cawthon PM, Arai H, et al. The conceptual definition of
sarcopenia: Delphi consensus from the global leadership initiative
in sarcopenia (GLIS). Age Ageing 2024; 53: afae052.

5  Cruz-Jentoft AJ, Bahat G, Bauer |, et al. Sarcopenia: revised
European consensus on definition and diagnosis. Age Ageing 2019;
48: 16-31.

6 Chen L-K, Hsiao F-Y, Akishita M, et al. A focus shift
from sarcopenia to muscle health in the Asian Working
Group for Sarcopenia 2025 consensus update. Nat Aging 2025;
5: 2164-75.

7 Delmonico M], Harris TB, Visser M, et al. Longitudinal study of
muscle strength, quality, and adipose tissue infiltration.

Am J Clin Nutr 2009; 90: 1579-85.

8 Daly RM, Scott D, Govan L, Mufioz A, Villani A, Willcock S.
Muscle matters: a proposed algorithm to guide screening,
assessment and management of poor muscle health in primary
care. Aust | Gen Pract 2026; 55: 369-72.

9 Rolland Y, Dray C, Vellas B, Barreto PDS. Current and
investigational medications for the treatment of sarcopenia.
Metabolism 2023; 149: 155597.

10 Pagano AP, Montenegro J, Oliveira CLP, et al. Estimating muscle
mass using D3-creatine dilution: a narrative review of clinical
implications and comparison with other methods.

J Gerontol A Biol Sci Med Sci 2024; 79: glad280.

11 Clark BC. Neural mechanisms of age-related loss of muscle
performance and physical function. J Gerontol A Biol Sci Med Sci
2023; 78 (suppl 1): 8-13.

12 Goodpaster BH, Park SW, Harris TB, et al. The loss of skeletal
muscle strength, mass, and quality in older adults: the health,
aging and body composition study. | Gerontol A Biol Sci Med Sci
2006; 61: 1059-64.

13 Coelho-Junior HJ, Alvarez-Bustos A, Landi F, da Silva Aguiar S,
Rodriguez-Mafias L, Marzetti E. Why are we not
exploring the potential of lower limb muscle power
to identify people with sarcopenia? Ageing Res Rev 2025;

104: 102662.

14  Coelho-Junior HJ, Marzetti E. Capturing what counts in muscle
failure: a critical appraisal of the current operational models of
sarcopenia. Lancet Healthy Longev 2025; 6: 100756.

15 Freitas SR, Cruz-Montecinos C, Ratel S, Pinto RS. Powerpenia
should be considered a biomarker of healthy aging.

Sports Med Open 2024; 10: 27.

16 Reid KF, Fielding RA. Skeletal muscle power: a critical
determinant of physical functioning in older adults.
Exerc Sport Sci Rev 2012; 40: 4-12.

17  Del Vecchio A, Negro F, Holobar A, et al. You are as fast as your
motor neurons: speed of recruitment and maximal discharge of
motor neurons determine the maximal rate of force development
in humans. J Physiol 2019; 597: 2445-56.

18 Hvid LG, Strotmeyer ES, Skjedt M, Magnussen LV, Andersen M,
Caserotti P. Voluntary muscle activation improves with power
training and is associated with changes in gait speed in mobility-
limited older adults - a randomized controlled trial. Exp Gerontol
2016; 80: 51-56.

19 Hikkinen K, Kallinen M, Izquierdo M, et al. Changes in agonist-
antagonist EMG, muscle CSA, and force during strength training
in middle-aged and older people. J Appl Physiol (1985) 1998;

84: 1341-49.

20 Orssatto LBR, Rodrigues P, Mackay K, et al. Intrinsic motor
neuron excitability is increased after resistance training in older
adults. J Neurophysiol 2023; 129: 635-50.

21 Clark BC. Neuromuscular changes with aging and sarcopenia.

J Frailty Aging 2019; 8: 7-9.

www.thelancet.com/healthy-longevity Vol m m 2026


http://www.thelancet.com/healthy-longevity

Personal View

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Hepple RT, Rice CL. Innervation and neuromuscular control in
ageing skeletal muscle. J Physiol 2016; 594: 1965-78.

Aare S, Spendiff S, Vuda M, et al. Failed reinnervation in aging
skeletal muscle. Skelet Muscle 2016; 6: 29.

Jones EJ, Chiou SY, Atherton PJ, Phillips BE, Piasecki M. Ageing
and exercise-induced motor unit remodelling. ] Physiol 2022;
600: 1839-49.

Orssatto LBR, Blazevich AJ, Trajano GS. Ageing reduces
persistent inward current contribution to motor neurone firing:
potential mechanisms and the role of exercise. J Physiol 2023;
601: 3705-16.

Orssatto LBR, Borg DN, Pendrith L, Blazevich AJ, Shield AJ,
Trajano GS. Do motoneuron discharge rates slow with aging?

A systematic review and meta-analysis. Mech Ageing Dev 2022;
203: 111647.

Orssatto LBR, Borg DN, Blazevich AJ, Sakugawa RL, Shield AJ,
Trajano GS. Intrinsic motoneuron excitability is reduced in soleus
and tibialis anterior of older adults. GeroScience 2021; 43: 2719-35.
Hassan AS, Fajardo ME, Cummings M, et al. Estimates of
persistent inward currents are reduced in upper limb motor units
of older adults. J Physiol 2021; 599: 4865-82.

Guo Y, Jones EJ, Skarabot J, et al. Common synaptic inputs and
persistent inward currents of vastus lateralis motor units are
reduced in older male adults. GeroScience 2024; 46: 3249-61.
Orssatto LBR, Fernandes GL, Blazevich AJ, Trajano GS.
Facilitation-inhibition control of motor neuronal persistent
inward currents in young and older adults. J Physiol 2022;

600: 5101-17.

Vaughan SK, Stanley OL, Valdez G. Impact of aging on
proprioceptive sensory neurons and intrafusal muscle fibers in
mice. | Gerontol A Biol Sci Med Sci 2017; 72: 771-79.

Liu JX, Eriksson PO, Thornell LE, Pedrosa-Domell6f F. Fiber
content and myosin heavy chain composition of muscle spindles
in aged human biceps brachii. | Histochem Cytochem 2005;

53: 445-54.

Kim GH, Suzuki S, Kanda K. Age-related physiological and
morphological changes of muscle spindles in rats. | Physiol 2007;
582: 525-38.

Swash M, Fox KP. The effect of age on human skeletal muscle
studies of the morphology and innervation of muscle spindles.
J Neurol Sci 1972; 16: 417-32.

Verschueren SMP, Brumagne S, Swinnen SP, Cordo PJ. The
effect of aging on dynamic position sense at the ankle.

Behav Brain Res 2002; 136: 593-603.

Landelle C, El Ahmadi A, Kavounoudias A. Age-related
impairment of hand movement perception based on muscle
proprioception and touch. Neuroscience 2018; 381: 91-104.
Hortobagyi T, Devita P. Mechanisms responsible for the age-
associated increase in coactivation of antagonist muscles.

Exerc Sport Sci Rev 2006; 34: 29-35.

Lo J, Lo OY, Olson EA, et al. Functional implications of muscle
co-contraction during gait in advanced age. Gait Posture 2017;
53: 110-14.

Young WR, Mark Williams A. How fear of falling can increase fall-
risk in older adults: applying psychological theory to practical
observations. Gait Posture 2015; 41: 7-12.

Montero-Odasso M, Verghese J, Beauchet O, Hausdorff M. Gait
and cognition: a complementary approach to understanding brain
function and the risk of falling. ] Am Geriatr Soc 2012; 60: 2127-36.
Nonnekes J, Post E, Imbalzano G, Bloem BR. Gait changes with
aging: an early warning sign for underlying pathology. | Neurol
2025; 272: 257.

Clark BC, Manini TM. Sarcopenia # dynapenia.

J Gerontol A Biol Sci Med Sci 2008; 63: 829-34.

Clark BC, Carson RG. Sarcopenia and neuroscience: learning to
communicate. | Gerontol A Biol Sci Med Sci 2021; 76: 1882-90.
Orssatto LBR, Scott D, Clark BC, Lim J, Daly RM. Intrinsic
motoneuron excitability differentiates sarcopenic, Nonsarcopenic
and athletic ageing phenotypes. | Cachexia Sarcopenia Muscle
2025; 16: €70126.

Sarto F, Franchi MV, McPhee JS, et al. Neuromuscular
impairment at different stages of human sarcopenia.

J Cachexia Sarcopenia Muscle 2024; 15: 1797-810.

www.thelancet.com/healthy-longevity Vol m m 2026

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Piasecki M, Ireland A, Coulson J, et al. Motor unit number
estimates and neuromuscular transmission in the tibialis anterior
of master athletes: evidence that athletic older people are not
spared from age-related motor unit remodeling. Physiol Rep 2016;
4: €12987.

Arnold WD, Jeppesen Morgen ], Thomasen PB, et al.
Neuromuscular junction failure in sarcopenia is linked to NaV1.4
loss and reversed by CIC-1 inhibition. J Clin Invest 2026; €190646.
Clark BC, Taylor JL, Hong SL, Law TD, Russ DW. Weaker seniors
exhibit motor cortex hypoexcitability and impairments in
voluntary activation. | Gerontol A Biol Sci Med Sci 2015;

70: 1112-19.

Lecce E, Amoruso P, Felici F, Bazzucchi I. Resistance training-
induced adaptations in the neuromuscular system: physiological
mechanisms and implications for human performance. J Physiol
2026; 604: 81-115.

Law TD, Clark LA, Clark BC. Resistance exercise to prevent and
manage sarcopenia and dynapenia. Annu Rev Gerontol Geriatr
2016; 36: 205-28.

Porter C, Reidy PT, Bhattarai N, Sidossis LS, Rasmussen BB.
Resistance exercise training alters mitochondrial function in
human skeletal muscle. Med Sci Sports Exerc 2015; 47: 1922-31.
Clemenson GD, Deng W, Gage FH. Environmental enrichment
and neurogenesis: from mice to humans. Curr Opin Behav Sci
2015; 4: 56-62.

Cegielski J, Bass ], Willott R, et al. Exploring the variability of
sarcopenia prevalence in a research population using different
disease definitions. Aging Clin Exp Res 2023; 35: 2271-75.
Orssatto LBR, Wiest MJ, Moura BM, Collins DF, Diefenthaeler F.
Neuromuscular determinants of explosive torque: differences
among strength-trained and untrained young and older men.
Scand ] Med Sci Sports 2020; 30: 2092-100.

Carson RG. Get a grip: individual variations in grip strength are a
marker of brain health. Neurobiol Aging 2018; 71: 189-222.
Rekha SV, Mohapatra S, Nandakumar G. Manual dexterity among
older adults with and without sarcopenia. BMC Geriatr 2026; 26: 135.
Daneshgar S, Tvrdy T, Enoka RM. Explaining the influence of
practice on the grooved pegboard times of older adults: role of
force steadiness. Exp Brain Res 2024; 242: 1971-82.

Enoka RM, Farina D. Force steadiness: from motor units to
voluntary actions. Physiology (Bethesda) 2021; 36: 114-30.

Mani D, Almuklass AM, Hamilton LD, Vieira TM, Botter A,
Enoka RM. Motor unit activity, force steadiness, and perceived
fatigability are correlated with mobility in older adults.

J Neurophysiol 2018; 120: 1988-97.

Orssatto LBR, Clark BC, Scott D, Cabral HV, Fernandes GL, Daly RM.
Dual tasking exacerbates force and neural control unsteadiness in
sarcopenic older adults. medRxiv 2026; published online April 29.
https://doi.org/10.64898/2026.04.28.26350825 (preprint).

Zhao Y, Zhang |, Yang K, et al. The effects of cognitive-motor and
motor-motor dual tasks on gait performance and dynamic stability
in older adults with and without sarcopenia: a cross-sectional
study. BMC Geriatr 2026; 26: 536.

Michel E, Chorin F, Guerin O, Sacco G, Zory R. Assessing the
impact of sarcopenia on balance in the elderly: an analysis using a
force platform. BMC Geriatr 2025; 26: 136.

Peterka R]. Sensorimotor integration in human postural control.
J Neurophysiol 2002; 88: 1097-118.

Horak FB. Postural orientation and equilibrium: what do we need
to know about neural control of balance to prevent falls?

Age Ageing 2006; 35 (suppl 2): ii7-11.

Kerr NR, Dashtmian AR, Darvishi FB, et al. 5-HT2C agonism as a
neurotherapeutic for sarcopenia: preclinical proof of concept.
GeroScience 2025; 47: 4075-92.

Li Y, Patel M, Baroudi J, et al. A cross-sectional study of ageing at
the mouse neuromuscular junction and effects of an experimental
therapeutic approach for dynapenia. J Physiol 2023; 601: 4135-50.
Bae JC. No More NAFLD: the term is now MASLD.

Endocrinol Metab (Seoul) 2024; 39: 92-94.

© 2026 The Author(s). Published by Elsevier Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).


https://doi.org/10.64898/2026.04.28.26350825
http://www.thelancet.com/healthy-longevity

	Reframing sarcopenia as a disease of the ageing motor system
	Introduction
	Muscle-focused models alone are not enough to predict motor output impairment
	Ageing alters the motor system from brain to muscle
	Clinical phenotypes point to motor system involvement
	Scope and boundaries of the motor system framework
	Shifting to a motor system model can address unresolved issues
	A staged approach to implementation
	Practical challenges and limitations
	A practical agenda for embracing sarcopenia as a motor system disease
	Identify mechanisms and biomarkers of motor system ageing
	Build crossdisciplinary motor system teams
	Integrate motor system assessment into clinical pathways
	Develop motor-targeted interventions
	Define sarcopenia according to the proposed motor system-based framework

	Conclusion
	Contributors
	Declaration of interests
	Acknowledgments
	References


