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Abstract

Abnormal synergies coexist with primary motor impairments (weakness and spasticity) after stroke. They are observed
during voluntary movements and are characterized by stereotyped movement patterns, a loss of independent joint control,
and abnormal muscle coordination (eg, involuntary activation of distal muscles led by proximal joint movement). The
structure and expression of abnormal synergies, however, are highly context-dependent (eg, influenced by gravity, body
posture, and task constraints) and are not homogeneous across patients. Current evidence suggests that abnormal synergies
are pathophysiologically related to damage to corticospinal tracts, upregulation of brainstem pathways (particularly
the medial reticulospinal tract, but also involves the vestibulospinal tract), and maladaptive changes in spinal circuitry.
These same mechanisms may overlap with those underlying spasticity and weakness. Spasticity is believed to result from
overexcitability of descending excitatory brainstem pathways, the reticulospinal tract in particular, and the consequent
exaggerated stretch reflexes, while muscle weakness is attributed to the reduction in corticospinal output. Recent research
and clinical observations have advanced our understanding of abnormal synergies. Post-stroke abnormal synergies are not
fixed motor impairments. A new framework is proposed that suggests post-stroke abnormal synergies could constitute
the behavioral expression of primary impairments, including weakness and spasticity, arising from their interactions with
environmental constraints, particularly antigravity control mechanisms. The term “synergy” has been used across various
frameworks, with different definitions and quantification approaches. ldentifying appropriate methods to quantify abnormal
synergies is therefore essential to investigate their relationship with spasticity and muscle weakness, and evaluate potential
abnormal synergy improvements following interventions, even if they primarily target other motor impairments.
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(A) and how stroke would negatively affect them (B). The corticospinal tract (CST) arises from various sensorimotor cortical
regions, particularly the primary motor cortex (M1). The majority (90%-95%) of the CST fibers decussate at the level of the medulla
(pyramidal decussation), forming the lateral CST. Main functions of the lateral CST include fine and precise movements. The
reticulospinal tract (RST) originates in the pontomedullary reticular formation (PMRF), where it splits into the pontine tract, which
forms the medial RST, and the medullary tract, which decussates to form the dorsal RST. The PMRF receives diffused inputs mainly
from the ipsilateral motor cortex, including the M|, the premotor (PM), and the supplementary motor area (SMA). One of the main
functions of the RST is gross movement and posture. The vestibular spinal tract (VST) originates in the lateral vestibular nucleus.
The VST is primarily responsible for mediating postural reflexes and maintaining balance. In addition, the dorsal RST provides an
inhibitory effect on the spinal stretch reflex, while the medial RST and VST provide excitatory effects on the spinal stretch reflex.
After stroke, the balance of these motor descending pathways is negatively altered. Immediately after stroke, the lateral CST output
is decreased, manifest as muscle weakness. During the recovery process, increased outputs from the medial RST and VST, combined
with decreased output from the dorsal RST, upregulate the spinal stretch reflex, manifest as spasticity. Abnormal synergies after
stroke have been associated with decreased lateral CST, increased descending brainstem pathways, particularly medial RST. Other
descending pathways (eg, medial CST, rubrospinal, and tectospinal tract) are not shown here.

manipulating objects.* This loss of individuation is most
pronounced in distal joints and correlates with greater dis-
ability in activities of daily living, such as writing, personal
hygiene tasks, or dressing. In the lower extremity (LE),
abnormal synergies result in impaired motor control,
decreased walking speed, and compromised balance, as the
ability to recruit the appropriate muscles for different phases
of gait is diminished.’ Here, abnormal synergies refer to
post-stroke stereotyped multi-joint movement patterns
characterized by a loss of independent joint control and
abnormal muscle coordination during voluntary activation.
These are also termed clinical, phenotypic, or post-stroke
abnormal synergies. It is important to distinguish these
from the term “synergies” widely used in theoretical motor
control frameworks, such as modular organization or
uncontrolled manifold. Overall, abnormal synergies are a
major contributor to post-stroke motor dysfunction, limit-
ing functional independence and recovery.

Muscle weakness and spasticity have been studied more
extensively than abnormal synergies because they are more
readily quantifiable, have standardized clinical and
research assessment tools, and have established therapeutic
approaches targeting these impairments.®’ In contrast,
abnormal synergies after stroke are complex (eg, heteroge-
neous in their patterns), less easily measured, and lack uni-
versally accepted clinical assessment and interventions.®
Additionally, the pathophysiology of muscle weakness and
spasticity has been more characterized, with clear associa-
tions to corticospinal tract (CST) damage and altered spi-
nal reflexes, respectively.”!! Meanwhile, the neural origins
underlying abnormal synergies are likely to involve multi-
factorial changes affecting both various descending motor
pathways (eg, corticospinal and reticulospinal tracts;
Figure 1) and maladaptive spinal network plasticity.*%-12
Consequently, the neural mechanisms of abnormal syner-
gies remain less characterized, and therapeutic innovations
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are limited, although their negative impact on motor per-
formance has been widely documented. Therefore, this
article will examine the following topics to improve the
understanding of abnormal synergies after stroke:

e Review the pathophysiology of abnormal synergies;
e [Examine how abnormal synergies relate to muscle
weakness, spasticity, and environmental demands;
e Propose a new framework for understanding how
abnormal synergies arise and are expressed;

e Understand different definitions of synergies after
stroke; and

e Describe various methods used to assess and quan-
tify synergies after stroke.

Abnormal Synergies and Their Time Course
Through Post-Stroke Recovery

More than half a century ago, stroke-induced movement
patterns (ie, abnormal synergies) involving multiple joints
were clinically described as flexor and extensor syner-
gies.'>!* In the upper extremity, flexor synergy often
includes shoulder retraction/abduction and external rotation
combined with elbow flexion, forearm supination, and wrist
and finger flexion. In contrast, the extensor synergy typi-
cally involves shoulder adduction and internal rotation
accompanied by elbow extension, forearm pronation, and
wrist and finger extension.*!>!> Although stroke recovery
trajectories are inherently dynamic and heterogeneous (eg,
varying according to baseline patient profiles'), the
Brunnstrom Recovery Stages remain a consistent frame-
work for describing how movement typically returns after a
stroke, regardless of the type of stroke (hemorrhagic or
ischemic) or location of the lesion (cortical or subcorti-
cal).!3 Motor recovery starts with Stage 1 (ie, Flaccidity),
where there is no voluntary movement, and muscles show
little or no resistance to passive movement. In Stage 2, spas-
ticity and abnormal synergies (either flexors or extensors)
begin to appear. These synergies often happen as weak,
uncontrolled reactions or during voluntary attempts to
move. Abnormal synergies become most noticeable in
Stage 3, where spasticity reaches its highest expression.
Flexor or extensor synergies dominate movement, and
patients often cannot move their joints independently, limit-
ing functional ability, and coordination. If recovery stops at
this stage, the abnormal movement patterns and spasticity
will remain, leading to long-term difficulty with daily tasks.
In Stage 4, spasticity begins to decrease, and patients start
gaining limited control of movement outside of the abnor-
mal synergies. In Stage 5, spasticity decreases further, and
more complex and coordinated movements become possi-
ble. By Stage 6, spasticity is minimal, and patients can per-
form isolated joint movements with near-normal
coordination. Not all stroke survivors reach Stage 6; many

of them plateau in Stages 3 to 5.!7 This classical description
provides a fundamental understanding of how abnormal
synergies, in parallel with spasticity, emerge, evolve, and
eventually are resolved throughout the course of stroke
recovery, while also highlighting their interactions with
other motor impairments (ie, weakness and spasticity).

Current Understanding of the
Underlying Mechanisms of Abnormal
Synergies After Stroke

Immediately after stroke, CST output decreases due to
direct injury to the tract or its cortical origins, resulting in
reduced transmission of voluntary motor commands, espe-
cially those required for fine, precise, and individuated
movements.'® The decrease in the CST function is strongly
associated with deficits in dexterity, weakness, and muscle
individuation, particularly in the distal muscles of the upper
extremity.'® Meanwhile, brainstem motor pathways such as
the medial reticulospinal tract (RST) and vestibulospinal
tract (VST) become upregulated, a process thought to
involve both disinhibition from the lesioned hemisphere
(eg, decreased signal from the lesioned corticoreticular
tract) and compensatory plasticity from the contralesional
hemisphere (eg, increased excitability and structural integ-
rity of these alternative descending pathways).!*2! Increased
reliance on brainstem descending pathways, especially
medial RST, could partially compensate for decreased CST
function by supporting gross motor strength, particularly in
the proximal muscles; however, it does not improve fine
motor skills or precise control.!*?2 This progressive
recruitment of cortico-reticulospinal pathways from the
contralesional motor cortices is interpreted as an adaptive
strategy that preserves gross motor control at the expense of
fine motor control, potentially resulting in stereotyped
multi-joint movement patterns.®?! Additionally, the RST
has inherently broad and diffuse connectivity to multiple
spinal motor neuron pools; therefore, its overexcitability in
the context of reduced CST output after stroke could lead to
the unintended activation of multiple synergistic muscles
during attempted voluntary movement.” Multiple studies
have shown a direct relationship between the alteration of
these descending motor pathways with the development of
abnormal synergies.*?° For instance, in moderate-to-severe
hemiparesis, flexion synergy magnitude was proportional
to the recruitment of contralesional motor cortices and
excessive activation of their ipsilateral reticulospinal path-
ways, particularly when CST output is diminished.?
Evidence of reticulospinal involvement is further supported
by findings that head rotation, used to assess reticular for-
mation excitability, selectively altered flexor synergy
torques in stroke survivors, but not in healthy individuals.?
Also, diffusion tensor imaging-based metrics, such as frac-
tional anisotropy in the contralesional cortico-reticulospinal
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tract, are used to quantify microstructural changes. Greater
upper-extremity synergy severity was correlated with a
higher RST integrity, which would reflect neuroplastic reor-
ganization of the RST tract in response to CST injury.?*
Moreover, quantitative analyses of stretch reflexes in
chronic hemiparetic stroke have shown that flexion synergy
is associated with enhanced nonlinear neural connectivity
and prolonged time lags in the spinal stretch reflex response,
suggesting increased reliance on indirect pathways and
maladaptive changes in the spinal circuitry.'>? Collectively,
these studies showed evidence that after stroke, damage to
the cortical descending tracts, upregulation of brainstem
pathways, particularly the medial RST, and maladaptive
changes in the spinal cord circuitry contribute to abnormal
synergies and impaired fine motor control. Although these
studies have advanced our understanding of neural sub-
strates underlying post-stroke abnormal synergies, the pre-
cise mechanisms and their relation to other motor
impairments remain unclear.

Abnormal Synergies and Other Motor
Impairments

Abnormal Synergy and Muscle Weakness

Muscle weakness is a “negative” upper motor neuron
(UMN) sign following a stroke, reflecting reduced volun-
tary force generation, while abnormal synergies are consid-
ered “positive” UMN signs.! Muscle weakness often
emerges immediately after stroke and is primarily attributed
to reduced CST output. Damage to the CST impairs spinal
motor neuron recruitment and is strongly associated with
pronounced weakness, particularly in distal muscles.!!?
Although abnormal synergies could manifest independently
of the degree of muscle weakness, and vice versa, the medi-
cal literature demonstrates these phenomena often co-occur
and may share overlapping neural substrates, particularly
damage to the CST. For instance, experimental studies
showed that providing arm support reduces the expression
of abnormal synergies during shoulder abduction tasks,
likely by decreasing the demand on proximal muscles
against gravity and altering neural recruitment, showing an
indirect relationship between these 2 motor impair-
ments.?’?® Also, abnormal synergies may exacerbate func-
tional weakness by limiting the ability to isolate joint
movements, especially in the upper limb, where attempts to
activate 1 muscle group involuntarily recruit others, reduc-
ing effective strength and control. Additionally, the overex-
citability of the RST following the CST injury can contribute
to impaired balance of the muscle strength across antago-
nistic muscles, potentially contributing to abnormal syner-
gies.2!? For example, a non-human primate study reported
that after recovery from CST lesions, the RST output
increases in motor neurons innervating forearm flexor and

intrinsic hand muscles, but not in forearm extensors.?
Similarly, another study in healthy monkeys demonstrated
projections of the RST facilitate activity of biceps and ante-
rior deltoid fibers, but suppress triceps activity.*® Together,
these findings suggest brainstem pathways, particularly the
RST, could promote partial functional recovery in specific
muscle groups. Initially, muscle weakness after stroke
results primarily from CST disruption. Later, as recovery
progresses, maladaptive RST overexcitability, along with
partial CST recovery, could enhance strength in some mus-
cles (eg, forearm flexors). Nevertheless, other muscles (eg,
forearm extensors) would depend mainly on CST recovery
with limited or no support from the RST. In summary, mus-
cle weakness and abnormal synergies could be interrelated
consequences of stroke, potentially sharing mechanisms.
For instance: (1) greater compensatory recruitment of brain-
stem pathways due to weakness, particularly against grav-
ity, may elicit multi-joint coupling; and (2) the differential
effects of RST overexcitability across muscle groups may
simultaneously contribute to both imbalanced strength and
stereotyped movement patterns. Nevertheless, the mecha-
nistic interplay between both phenomena remains to be
fully elucidated.

Abnormal Synergy and Spasticity

Spasticity and abnormal synergies are considered “posi-
tive” UMN signs, and they often co-occur after stroke, both
contributing to deficits in voluntary movement and func-
tional disability.!" Li et al'' proposed a new definition of
spasticity:

Spasticity is manifested as velocity- and muscle length—
dependent increase in resistance to externally imposed muscle
stretch. It results from hyperexcitable descending excitatory
brainstem pathways and from the resultant exaggerated stretch
reflex responses. Other related motor impairments, including
abnormal synergies, inappropriate muscle activation, and
anomalous muscle coactivation, coexist with spasticity and
share similar pathophysiological origins.

This definition includes the pathophysiology of spasticity
after stroke and its potential relationship with other motor
impairments. Spasticity is commonly assessed with clinical
scales such as the Modified Ashworth Scale and the
Modified Tardieu Scale during passive movements.’!
Currently, there is no clinical assessment for spasticity dur-
ing voluntary movement. In contrast, abnormal synergies
are often assessed during voluntary movement. Clinical
studies suggest that abnormal synergy is the predominant
contributor to movement dysfunction during active tasks,
whereas spasticity is more apparent during passive or sup-
ported movements and may be less functionally relevant in
these contexts.**> Spasticity has been associated with
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hyperexcitability of descending brainstem pathways, par-
ticularly the medial RST, but also involves the VST and
adaptations within spinal circuits.'®3* Clinical and neuro-
physiological findings indicate that the loss of inhibitory
cortical control leads to disinhibition and upregulation of
these descending pathways, enhancing excitatory drive to
spinal motor neurons and increasing the stretch reflex, man-
ifesting as spasticity.”*> Emerging evidence suggests abnor-
mal synergies and spasticity could partially share neural
mechanisms,'>?>3 particularly the RST, although other
pathways are also involved.!" For instance, a recent work
showed that when stroke survivors voluntarily abduct their
shoulder, involuntarily co-activating of the elbow flexors
(ie, expression of post-stroke abnormal synergy), simulta-
neously potentiates stretch reflex hyperactivity at the elbow
(ie, a hallmark of spasticity), providing convergent evi-
dence of shared neural mechanisms between abnormal syn-
ergies and spasticity.?® Also, hyperexcitability of brainstem
pathways may simultaneously increase background muscle
activity, contributing to spasticity, and promote coupled
activation of functionally related muscles, giving rise to
abnormal synergies. Electromyographic (EMG) studies
show spastic muscles have higher baseline activity and
more synchronous recruitment of motor units, with lower
variability and increased activation in response to stretch,
reflecting increased motoneuron excitability and prolonged
excitatory postsynaptic potentials.”* The heightened excit-
ability makes spastic muscles more readily activated com-
pared to non-spastic muscles, leading to involuntary muscle
activation in response to minimal stretch or synaptic input.>
Additionally, impaired reciprocal inhibition and persistent
high excitability in spastic muscles reduce their ability to
modulate activity in response to task demands, further pro-
moting involuntary co-activation during attempted volun-
tary movement.'>*” From a motor control perspective, the
threshold control theory, for example, offers a complemen-
tary framework for understanding the relationship between
spasticity and abnormal synergies. This theory proposes
that the nervous system controls movement by regulating
the tonic stretch reflex threshold (TSRT; ie, the muscle
length at which the motoneuron recruitment starts at zero
velocity of stretch®®3?). After stroke, the range of TSRT
regulation is reduced, falling within the biomechanical
range (ie, muscles become involuntarily activated by stretch
at joint angles where they should remain silent, manifesting
as spasticity*®). Notably, recent evidence showed that TSRT
and the velocity-sensitivity (i) explained a substantial por-
tion of the variance in FMA-UE scores assessing in-synergy
and out-of-synergy movements exclusively, providing fur-
ther evidence of a close link between spasticity and abnor-
mal synergies.** Overall, while abnormal synergy and
spasticity often interact and may share neural substrates, the
precise nature of their relationship (eg, whether they repre-
sent related yet distinct clinical phenomena or constitute

different manifestations of the same underlying mecha-
nism) remains to be elucidated. Thus, understanding this
interplay is essential for advancing both assessment and
effective rehabilitation strategies in post-stroke motor
impairment.

Are Abnormal Synergies Fixed and Context-
Independent Patterns?

Although flexor and extensor synergies are among the most
common abnormal multi-joint patterns observed after
stroke, research demonstrates abnormal synergies are not
fixed but stereotyped, context-dependent patterns. Research
demonstrates abnormal synergies can be selectively acti-
vated depending on context, and some individuals retain the
ability to perform out-of-synergy movements, even for
severely-impaired stroke survivors.**'*> Also, rehabilita-
tion and task-specific training can alter the structure and
expression of abnormal synergies, showing they are
dynamic and subject to neuroplastic change.**** Overall,
abnormal synergies are stereotyped but not fixed, varying
according to multiple factors (eg, body posture, motor task,
recovery phase, and level of impairment).

First, body position or posture can modulate the degree
of abnormal synergy expression. For instance, abnormal
synergy expression is typically less pronounced in the
supine position (eg, lying in bed) but increases in sitting,
with the greatest expression seen during tasks requiring
antigravity control and postural stability, such as standing.*’
This is consistent with Brunnstrom’s original descriptions,
which emphasized that the ability to move out of synergy
and perform isolated joint movements is context-dependent
and often more restricted in positions requiring greater pos-
tural control or weight-bearing. In standing, the need for
antigravity control and balance could further increase the
intensity of abnormal synergies, often resulting in maximal
expression of stereotyped joint linkages and reduced ability
to isolate movements.***” For example, a stroke survivor
may show mild shoulder-elbow coupling (ie, flexor syn-
ergy) when lying in bed, but when sitting, elbow flexion
might become more tightly linked to shoulder abduction,
and in standing, wrist and finger flexion may also be invol-
untarily recruited as part of the synergy. For the lower limb,
the extensor synergy links hip extension, adduction, inter-
nal rotation, knee extension, and ankle plantarflexion. In
supine, a patient may be able to extend the knee with less
involuntary hip adduction. In sitting, voluntary knee exten-
sion is more likely to be accompanied by involuntary hip
adduction and ankle plantarflexion. In standing, these link-
ages are most intense, with attempts at knee extension
resulting in strong, stereotyped activation of the entire
extensor synergy pattern. Thus, the intensity and composi-
tion of these joint linkages increase with upright posture
and greater postural demand.
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Second, clinical studies using robotic exoskeletons
and kinematic analysis have shown abnormal synergies
after stroke are highly task dependent. A stroke study
showed synergy-driven activation is typically stronger
when elicited via proximal joints (eg, shoulder or elbow)
and weaker when initiated at distal joints (eg, wrist or
fingers).* Another study, which used a robotic exoskele-
ton, showed that the degree and pattern of abnormal joint
coupling in stroke survivors varied depending on the spe-
cific reaching task, with multi-joint coordination impair-
ment most pronounced during outward reaching
movements, and the abnormal synergy expression varied
between different movement directions and joint involve-
ment, indicating that abnormal synergies are sensitive to
task demands.*® Recently, it was shown the ability to iso-
late joint movements and the manifestation of abnormal
synergies differed between constrained (single-joint) and
unconstrained (multi-joint) movement conditions, with
more pronounced abnormal coupling in tasks requiring
distal joint individuation.*? Furthermore, by analyzing
Fugl-Meyer assessment (FMA) scores, a study found
some individuals with severe impairment could selec-
tively suppress abnormal synergies depending on the vol-
untary activation context (eg, keeping the elbow extended
during shoulder loading), demonstrating abnormal joint-
coupling could be selectively excited or inhibited based
on task conditions.*!

Furthermore, the expression of abnormal synergies can
change over time and with rehabilitation. Longitudinal
studies have demonstrated that with targeted therapy,
patients can achieve greater joint individuation and reduced
abnormal joint coupling, indicating synergy patterns are not
static but can be tuned or altered through motor learning
and recovery processes. A randomized clinical trial found
that adding robotic therapy to standard rehabilitation
resulted in greater improvement in UE flexor synergy com-
pared to adding self-guided therapy at the beginning of the
training in moderately impaired subacute stroke survivors.*’
Moreover, robotic-assisted therapy could improve shoulder
and elbow movements and reduce abnormal joint coupling
in chronic stroke survivors, suggesting reduced abnormal
synergy expression.*’

In summary, post-stroke abnormal synergies are stereo-
typed but dynamic, context-dependent patterns rather than
fixed deficits. Collectively, these findings underscore that
abnormal synergies vary with body posture and environ-
mental demands, highlighting the need for further study of
their interaction with other motor impairments and contex-
tual factors that may influence abnormal synergy expres-
sion, to inform more precise assessment and targeted
interventions.

Pathophysiology of Abnormal Synergies after
Stroke

Based on the previous information, it can be stated that
abnormal synergies:

e Often co-occur with other motor impairments (ie,
spasticity and muscle weakness);

e Are observed only during voluntary activation;

e Their structure and expression are highly context-
dependent (eg, influenced by gravity, body posture,
and task constraints); and

e Are not homogeneous across patients.

Therefore, muscle weakness, spasticity, and task/environ-
ment demand appear to be key contributors to the phenom-
enon where multiple muscles are activated together (e,
abnormal synergies), some voluntarily and others involun-
tarily. First, the damage to the cortex and to its descending
CST may lead to a lack of individuation of muscle control
and limited joint mobilization. Second, spasticity is associ-
ated with hyperexcitability of the stretch reflex circuits and
decreased inhibitory control, which often lowers the thresh-
old for involuntary motor unit firing of synergistic muscles,
promoting stereotyped multiple muscle activation. Third,
gravity imposes a constant load on the musculoskeletal sys-
tem, and the neural control of posture and movement com-
pensates for or exploits this load to maintain stability and
efficiency.’® The medial RST and VST are key descending
pathways to control posture and balance for gravity and
antigravity control. After stroke, their excitability is
increased, compensating to some extent for posture and bal-
ance but sacrificing individual muscle and joint control.
From this perspective, the expression of abnormal synergies
may not represent an isolated motor impairment, but rather
the result of other fundamental impairments and their inter-
action with environmental constraints.

In patients with spasticity, the lowered threshold of spi-
nal reflex circuits and increased coactivation of functionally
related muscles can result in stereotyped postures that
reflect maladaptive antigravity control during standing and
walking.*** These postures are not optimal but could repre-
sent a maladaptive strategy to ensure joint and postural sta-
bility in the presence of impaired selective motor control
and weakness.’! The medical literature demonstrates that
both neural and biomechanical factors interact with gravita-
tional forces to shape postural and movement patterns in
individuals with UMN syndromes, including those with
spasticity and abnormal synergies.’>** Here, we provide 2
case examples showing that nerve blocks aimed at reducing
spasticity in the upper extremity can lessen the expression
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Figure 2. Two clinical observations illustrating changes in abnormal synergy as a result of joint postures. (A) Decrease in involuntary
activation of elbow flexors after nerve block for spastic shoulder abductors (supraspinatus muscles). (B) Decrease in involuntary
activation of shoulder extensors after nerve block for spastic elbow flexors.

of abnormal synergies during standing and walking. In the
first case, the primary problem of this stroke survivor was a
spastic supraspinatus muscle, which causes abnormal
shoulder abduction during standing and walking. Shoulder
abduction is accompanied with the involuntary activation of
elbow flexors. Elbow flexion, instead of full extension, gen-
erates less torque to the shoulder joint. After effective
reduction of spasticity on the supraspinatus muscle follow-
ing the block of the suprascapular nerve, involuntary

abnormal elbow flexor activity was greatly decreased, and
the elbow joint was immediately in a more extended posi-
tion. As such, the arm generates less torque acting on the
shoulder joint (Figure 2A). In this case, no intervention tar-
geted the elbow flexors. Reduction in involuntary elbow
flexion (abnormal synergy) occurs as a result of a change in
shoulder joint posture after nerve block for the management
of the supraspinatus muscle spasticity. Similarly, in the sec-
ond case (Figure 2B), a stroke survivor with left spastic



Neurorehabilitation and Neural Repair 00(0)

hemiplegia had involuntary shoulder extension in the pres-
ence of elbow flexor spasticity and spastic elbow flexion.
After elbow flexor spasticity was reduced by nerve block to
the musculocutaneous nerve, the shoulder joint immedi-
ately returned to the neutral position without any interven-
tion. In this case, the shoulder extension was involuntary
and reactive to minimize the torque the arm may generate in
the frontal plane before the nerve block. In these 2 exam-
ples, involuntary activations of elbow flexors (Figure 2A)
and of shoulder extensors (Figure 2B; ie, abnormal syner-
gies) present to minimize mechanical consequences from
the interactions between spastic muscle activation, weak-
ness, and gravity. Similar cases are seen in the lower extrem-
ity as well.>*

Proposed Framework: Abnormal Synergies
as the Interplay of Primary Impairments and
Antigravity Control

Several studies have examined post-stroke motor impair-
ments—such as weakness, spasticity, and abnormal syner-
gies—typically treating them as separate clinical entities.
Contemporary research, however, increasingly recognizes
these features as interrelated components of a complex syn-
drome,>* though the precise nature of these interactions
and the degree to which their underlying mechanisms over-
lap remain incompletely understood. While these impair-
ments often coexist, they may behave differently under
varying conditions (eg, passive vs. voluntary movements).
Based on the existing literature and our clinical case exam-
ples, we propose a new theoretical framework suggesting
that post-stroke abnormal synergies are not isolated phe-
nomena, but rather could constitute the behavioral expres-
sion of primary impairments, including weakness and
spasticity during voluntary activation arising from their
interaction with environmental constraints, particularly
antigravity control mechanisms.

Clinically, the proposed framework would imply that the
management of weakness, spasticity, and abnormal syner-
gies should be integrated rather than addressed in isolation,
considering biomechanical constraints—such as gravity
and postural load—within assessment and treatment plan-
ning. Ultimately, understanding how these impairments
interact will allow clinicians to refine diagnostic accuracy,
tailor treatment plans, and promote more meaningful func-
tional gains. From a research perspective, this integrated
perspective could generate future hypotheses and offer new
methods of quantitative exploration of abnormal synergies
that would go beyond stating their presence or absence. In
addition, subsequent protocols should be carefully designed
to account for the interplay of impairments within interven-
tion strategies or assessment studies. Nevertheless, to trans-
late this integrated perspective into future research, it is first

necessary to identify the quantification methods established
in the literature and evaluate which could capture these
complex interactions. This naturally raises an important
question: what can be an appropriate method to quantify
abnormal synergies?

Quantification of Synergies After
Stroke

Synergies after stroke have been quantified using a variety
of approaches, which largely depend on how “synergies”
are defined. From a phenotypic perspective, abnormal syn-
ergies are stereotypical, multi-joint movement patterns;
thus, clinical and objective assessments have been proposed
to evaluate them (Figure 3A). Meanwhile, different theo-
retical frameworks offer alternative definitions of synergies
and suggest distinct, quantifiable methods for their investi-
gation (Figure 3B). Consequently, approaches to quantify
and investigate synergies after stroke vary according to the
underlying definition, reflecting the absence of a standard-
ized consensus.

Clinical and Objective Assessment Methods

As recommended by the American Heart Association/
American Stroke Association, the FMA is widely used in
stroke rehabilitation and is considered the gold standard to
assess generalized sensorimotor impairment after stroke, as
supported by systematic reviews and consensus in the reha-
bilitation literature.*'*® Following the description of how
voluntary movement returns post stroke by Twitchell’s and
Brunnstrom’s studies, the FMA was proposed to track the
recovery stages after stroke. Consequently, while the FMA
provides a broad measure of motor impairment, it has been
considered as an indirect indicator of abnormal synergies in
multiple studies.*'*% Indeed, the FMA-UE (section A) and
the FMA-LE (section E) include specific synergy-related
assessments (ie, volitional movement within synergies
[flexor and extensor synergies], volitional movement mix-
ing synergies, and volitional movement out of synergy).
Higher scores on the FMA often reflect less abnormal syn-
ergies and better voluntary motor control, making it a clini-
cal useful indirect assessment to characterize abnormal
synergies.

Meanwhile, abnormal synergies from a phenotypic per-
spective can be more objectively quantified by measuring
involuntary joint activity during voluntary activation of a
target joint, using tools like EMG, robotics, and motion cap-
ture systems. For example, one of the most common
approaches in the UE involves measuring involuntary
torque or EMG activity at the elbow, wrist, or fingers during
progressive shoulder abduction loading, often using robotic
or instrumented setups. These methods precisely measure
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specific motor commands”
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Figure 3. Different approaches to investigate synergies after stroke. (A) Clinical description of the pathophysiology expression of
abnormal synergies after stroke and the 2 most common abnormal multi-joint-coupling patterns (ie, flexor and extensor synergies).
(B) Two common theoretical frameworks based on motor control theory that aim to explain how coordinated movement is achieved
in healthy individuals and how it is negatively affected after neurological injury. These theoretical frameworks represent computational
constructs that can provide a deeper insight into the organization and neural control of movement and may reveal pathophysiological
mechanisms not accessible by standard clinical scales (eg, Fugl Meyer Assessment). However, they are not direct measures of
phenotypic abnormal synergies; therefore, they should not be treated as interchangeable measures of the same phenomenon.

Abbreviations: CNS, central nervous system; DoF, degree of freedom.

the extent of involuntary flexion at the elbow or wrist, fre-
quently expressed as a percentage of maximum voluntary
torque or EMG activity, to quantify synergy severity.!>%
Additional innovations, like the abnormal flexor synergy
index derived from 3D motion capture, have enhanced this
evaluation by correlating motion data with clinical scales
(eg, FMA-UE).®®

Research Approaches Based on Theoretical
Frameworks

Beyond clinical and classification-based assessments,
different theoretical motor control frameworks have been
employed to investigate synergies after stroke.
Understanding how the CNS controls the complex mus-
culoskeletal system, with its nearly infinite degrees of
freedom, has led to the development of different motor
control hypotheses.®'*> These frameworks aim to explain
how coordinated movement is achieved in healthy indi-
viduals and how it is negatively affected after neurologi-
cal injury, offering valuable insight into mechanisms of
motor impairment and recovery.®>** Among these, 2

common frameworks for investigating motor control after
neurological injury are the modular organization (ie, mus-
cle synergy) and the uncontrolled manifold (UCM)
hypotheses.36%:64:65

The Muscle Synergy Hypothesis

This hypothesis states the CNS controls movements by
recruiting coordinated groups of muscles (ie, muscle syn-
ergy patterns), which function as motor modules to simplify
control of the complex musculoskeletal system during dif-
ferent motor tasks.®*%® Muscle synergies are often investi-
gated using computational methods such as non-negative
matrix factorization or principal component analysis applied
to EMG data.®>’° Research on muscle synergies began with
the observation that the CNS might simplify motor control
by activating groups of muscles together as functional units,
rather than controlling each muscle independently. Early
work in neurophysiology and motor control identified these
coordinated patterns, termed “muscle synergies,” as motor
primitives that could be flexibly combined to produce a
wide repertoire of movement.®”!
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The muscle synergy concept (see definition in Figure
3B) has been supported by more than 2 decades of experi-
mental and computational studies in animals and humans,
showing that a small number of synergies could success-
fully account for most of the variability in muscle activation
during complex tasks.?®’>™ Muscle synergy consists of 2
components, which together characterize the modular orga-
nization of motor control®”*®7: (1) muscle synergy pat-
terns, defined as a fixed ratio of muscle coactivation across
multiple muscles required to perform voluntary move-
ments; and (2) their activation profiles that describe how
each of these patterns is recruited over time to produce
movement. Muscle synergy analysis offers a powerful
framework for understanding how stroke affects motor con-
trol. While healthy individuals and stroke survivors exhibit
low-dimensional patterns of muscle activation, stroke often
alters the structure, number, or activation of these synergies,
leading to impaired motor function.®>”> Some of the mus-
cle-synergy-based metrics have been correlated with stan-
dardized clinical scores (eg, the FMA), and with functional
outcomes.® Therefore, the muscle synergy hypothesis has
become a valuable tool for quantifying post-stroke motor
deficits, tracking recovery, predicting rehabilitation out-
comes, and developing novel interventions.*7®

The Uncontrolled Manifold (UCM) Hypothesis

The UCM hypothesis is another leading framework in
motor control, explaining how the CNS could orchestrate
movement. It proposes the CNS takes advantage of the
musculoskeletal system’s natural abundance to stabilize rel-
evant aspects of movement, while allowing variation in
other elements.”” This hypothesis reframes the “degrees of
freedom problem” by suggesting that instead of the CNS
reducing the degrees of freedom to achieve a “unique” solu-
tion, the CNS exploits the abundance of available elements
(eg, muscles, joints, or motor units) to create flexible, sta-
ble, and adaptive motor behaviors.®>””-”® Within this frame-
work, synergies are not merely patterns of muscle
co-activation but reflect a purposeful neural organization
that manages variability along dimensions that do not inter-
fere with motor performance (see definition of motor syner-
gies in Figure 3B).

These motor synergies can be quantified using the UCM
framework by partitioning the total variance of elemental
variables across repeated trials into two components: vari-
ance within the UCM (V{;,,), Which does not affect the per-
formance variable, and variance orthogonal to the UCM
(Vorp)> Which affects the performance variable, reflecting
instability.”” The synergy index is typically calculated as
(Voem— Vorp)/total variance. A higher value (strong syn-
ergy) indicates greater flexibility, meaning that multiple
movement patterns are available to achieve the same task.
This flexibility is beneficial for support adaptation to

changes due to external perturbation or intrinsic system
properties.® In healthy individuals, predominance of ¥V,
over V. demonstrates the CNS effectively organizes vari-
ability to stabilize task performance. This approach has
been validated across various motor tasks, including finger
force production, multi-joint coordination, and postural
control.”®

In stroke, the UCM framework explains altered syner-
gies after stroke as a loss of flexibility in motor coordina-
tion: the nervous system may fail to exploit the uncontrolled
manifold, resulting in stereotyped, task-constraining co-
activation patterns and diminished independent joint con-
trol. Variability from joint or muscle activity can be
separated into “good variability” (V.,), Which preserves
task performance, and “bad variability” (Vg;), which
destabilizes it. In healthy individuals, Vy,, typically
exceeds Vg, reflecting strong synergies and stable perfor-
mance. After stroke, this balance may shift, leading to lower
synergy indices and reduced ability to stabilize movement
outcomes. For instance, in bilateral isometric force control
tasks, stroke survivors show decreased V., and increased
Vorre Particularly at higher force levels, resulting in greater
force errors and poorer coordination between limbs.®!
Similarly, during upper limb reaching, they exhibit lower
synergy indices for both kinematic and kinetic coordination
compared with healthy individuals, indicating a reduced
capacity to use redundancy for successful movement.*®
Recently, the UCM has been suggested as a novel bio-
marker of movement quality in neurorehabilitation due to
its ability of describing movement in spatial and time
domains.®? Overall, the UCM framework demonstrates
stroke may compromise motor variability organization,
which can result in weaker synergies and a reduced ability
to exploit the motor system’s abundancy, potentially
decreasing movement stability; however, this disruption is
not consistently observed across all stroke survivors or
tasks, as some studies report unchanged synergy indices
post-stroke.®°

Both theories converge on the idea that altered synergies
following stroke reflect disrupted neural organization and
impaired motor control, with the muscle synergy hypothesis
emphasizing changes in the composition and activation of
muscle groups, and the uncontrolled manifold hypothesis
highlighting loss of adaptive variability and increased rigid-
ity in motor output. These frameworks are widely used to
interpret physiological and biomechanical data (eg, EMG,
kinetics, or kinematics) in stroke research and guide the
development of targeted interventions. Although theory-
based methods can provide a deeper insight into the organi-
zation and neural control of movement, the relationship
between theoretical frameworks (eg, muscle synergy or
UCM hypotheses) and phenotypical abnormal synergies
(eg, flexor and extensor synergies) and environmental con-
straints is not yet well understood.
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Concluding Remarks

In summary, understanding and accurately characterizing
post-stroke abnormal synergies is essential for research and
clinical practice. Here, we highlight four principal consider-
ations to guide future post-stroke abnormal synergy studies.
First, due to the lack of a consensus in the definition and
quantification of synergies after stroke, it is imperative to
clearly define them and how they are quantified in any syn-
ergy study. Second, we proposed that from a pathophysiol-
ogy perspective, abnormal synergies may represent the
observable manifestation of the interplay of primary motor
impairments (weakness and spasticity) and their interaction
with the environmental constraints, especially antigravity
control mechanisms, rather than an isolated motor impair-
ment. Naturally, the manifestation of this interplay might
vary across individuals depending on several factors (eg,
lesion characteristics, CST integrity, chronicity, level of
motor impairment, and the motor task under examination).
This model is intended to provide a unifying framework
that can guide the interpretation of existing findings, sup-
port the formulation of future research questions, and facili-
tate the development of targeted rehabilitation strategies
aimed at modulating abnormal synergies and related motor
impairments. Third, if the goal of a research study is to
investigate the phenotypic presentation of abnormal syner-
gies itself, or its relationship with other motor impairments
(eg, weakness, spasticity, and impaired dexterity, among
others), clinical assessments and simple objective measure-
ments are preferable, as they are grounded in the underlying
pathophysiology. On the other hand, although theoretical
motor-control frameworks (eg, motor module and UCM)
can provide a deeper insight into the organization and neu-
ral control of movement, potentially revealing pathophysi-
ological mechanisms not accessible through standard
clinical scales, they do not directly quantify phenotypic
abnormal synergies. Rather, they provide complementary
information such as coordination patterns, variability struc-
ture, task stabilization, and movement quality after stroke.
Therefore, these frameworks should not be treated as inter-
changeable with measures of phenotypic abnormal syner-
gies. Finally, if the goal is to develop novel interventions,
both simple objective metrics and theory-based methods
have shown the potential to promote the development of
customized rehabilitation strategies reducing motor impair-
ment by modulating synergy characteristics.>7¢

ORCID iDs

Manuel Portilla-Jiménez https://orcid.org/0009-0001-8840-
846X

Yuan Yang https://orcid.org/0000-0003-2442-3713

Sheng Li https://orcid.org/0000-0002-0551-7442

Author Contributions

Manuel Portilla-Jiménez: Conceptualization; Writing — original
draft; Writing — review & editing. Yuan Yang: Writing — review &
editing. Jinsook Roh: Writing — review & editing. W. Zev Rymer:
Conceptualization; Writing — review & editing. Sheng Li:
Conceptualization; Writing — review & editing.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

References

1. GBD 2021 Stroke Risk Factor Collaborators. Global, regional,
and national burden of stroke and its risk factors, 1990-2021:
a systematic analysis for the Global Burden of Disease Study
2021. Lancet Neurol. 2024;23(10):973-1003. doi:10.1016/
S1474-4422(24)00369-7

2. Azzollini V, Dalise S, Chisari C. How does stroke affect
skeletal muscle? State of the art and rehabilitation per-
spective. Front Neurol. 2021;12:797559. doi:10.3389/
fneur.2021.797559

3. Hong YNG, Ballekere AN, Fregly BJ, Roh J. Are muscle
synergies useful for stroke rehabilitation? Curr Opin Biomed
Eng. 2021;19:100315. doi:10.1016/j.cobme.2021.100315

4. McPherson LM, Dewald JPA. Abnormal synergies and asso-
ciated reactions post-hemiparetic stroke reflect muscle acti-
vation patterns of brainstem motor pathways. Front Neurol.
2022;13:934670. doi:10.3389/fneur.2022.934670

5. Wallard L, Boulet S, Cornu O, et al. Intersegmental kinemat-
ics coordination in unilateral peripheral and central origin:
effect on gait mechanism? Gait Posture. 2018;62:124-131.
doi:10.1016/j.gaitpost.2018.03.014

6. Kristensen OH, Stenager E, Dalgas U. Muscle strength
and poststroke hemiplegia: a systematic review of muscle
strength assessment and muscle strength impairment. Arch
Phys Med Rehabil. 2017;98(2):368-380. doi:10.1016/j.
apmr.2016.05.023

7. Sommerfeld DK, Gripenstedt U, Welmer AK. Spasticity
after stroke: an overview of prevalence, test instruments, and
treatments. Am J Phys Med Rehabil. 2012;91(9):814-820.
doi:10.1097/PHM.0b013e31825f13a3

8. Facciorusso S, Guanziroli E, Brambilla C, et al. Muscle syn-
ergies in upper limb stroke rehabilitation: a scoping review.
Eur J Phys Rehabil Med. 2024;60(5):767-792. doi:10.23736/
S1973-9087.24.08438-7

9. Li S, Chen YT, Francisco GE, Zhou P, Rymer WZ. A uni-
fying pathophysiological account for post-stroke spasticity
and disordered motor control. Front Neurol. 2019;10:468.
doi:10.3389/fneur.2019.00468


https://orcid.org/0009-0001-8840-846X
https://orcid.org/0009-0001-8840-846X
https://orcid.org/0000-0003-2442-3713
https://orcid.org/0000-0002-0551-7442

Neurorehabilitation and Neural Repair 00(0)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Li S, Francisco GE. New insights into the pathophysiology
of post-stroke spasticity. Front Hum Neurosci. 2015;9:192.
doi:10.3389/fnhum.2015.00192

LiS, Francisco GE, Rymer WZ. A new definition of poststroke
spasticity and the interference of spasticity with motor recov-
ery from acute to chronic stages. Neurorehabil Neural Repair.
2021;35(7):601-610. doi:10.1177/15459683211011214
McPherson JG, Stienen AH, Drogos JM, Dewald JP.
Modification of spastic stretch reflexes at the elbow by flex-
ion synergy expression in individuals with chronic hemipa-
retic stroke. Arch Phys Med Rehabil. 2018;99(3):491-500.
doi:10.1016/j.apmr.2017.06.019

Brunnstrom S. Motor testing procedures in hemiplegia: based
on sequential recovery stages. Phys Ther. 1966;46(4):357-
375. doi:10.1093/ptj/46.4.357

Twitchell TE. The restoration of motor function following
hemiplegia in man. Brain. 1951;74(4):443-480. doi:10.1093/
brain/74.4.443

McPherson LM, Dewald JPA. Differences between flexion
and extension synergy-driven coupling at the elbow, wrist,
and fingers of individuals with chronic hemiparetic stroke.
Clin  Neurophysiol. 2019;130(4):454-468. doi:10.1016/].
clinph.2019.01.010

Lin CJ, Huang HC, Tsai JY, et al. Heterogeneous recovery
trajectories and prognostic factors after ischemic stroke.
Cerebrovasc Dis. Published online January 22, 2026.
doi:10.1159/000550328

Huang CY, Lin GH, Huang YJ, et al. Improving the utility
of the Brunnstrom recovery stages in patients with stroke:
validation and quantification. Medicine. 2016;95(31):e4508.
doi:10.1097/MD.0000000000004508

Taga M, Hong YNG, Charalambous CC, et al. Corticospinal
and corticoreticulospinal projections have discrete but com-
plementary roles in chronic motor behaviors after stroke.
J  Neurophysiol. 2024;132(6):1917-1936.  doi:10.1152/
jn.00301.2024

Karbasforoushan H, Cohen-Adad J, Dewald JPA. Brainstem
and spinal cord MRI identifies altered sensorimotor pathways
post-stroke. Nat Commun. 2019;10(1):3524. doi:10.1038/
s41467-019-11244-3

McPherson JG, Chen A, Ellis MD, Yao J, Heckman CJ,
Dewald JPA. Progressive recruitment of contralesional cor-
tico-reticulospinal pathways drives motor impairment post
stroke. J Physiol. 2018;596(7):1211-1225. doi:10.1113/
JP274968

Mooney RA, Anaya MA, Stilling JM, Celnik PA. Heightened
reticulospinal excitability after severe corticospinal dam-
age in chronic stroke. Ann Neurol. 2025;97(1):163-174.
doi:10.1002/ana.27103

Zaaimi B, Edgley SA, Soteropoulos DS, Baker SN. Changes
in descending motor pathway connectivity after corticospinal
tract lesion in macaque monkey. Brain. 2012;135:2277-2289.
doi:10.1093/brain/aws115

Ellis MD, Drogos J, Carmona C, Keller T, Dewald JPA.
Neck rotation modulates flexion synergy torques, indicating
an ipsilateral reticulospinal source for impairment in stroke.
J  Neurophysiol. 2012;108(11):3096-3104. doi:10.1152/
jn.01030.2011

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Owen M, Ingo C, Dewald JPA. Upper extremity motor impair-
ments and microstructural changes in bulbospinal pathways
in chronic hemiparetic stroke. Front Neurol. 2017;8:257.
doi:10.3389/fneur.2017.00257

Yang Y, Sinha N, Tian R, Gurari N, Drogos JM, Dewald
JPA. Quantifying altered neural connectivity of the stretch
reflex in chronic hemiparetic stroke. /[EEE Trans Neural
Syst  Rehabil Eng. 2020;28(6):1436-1441. doi:10.1109/
TNSRE.2020.2986304

Urbin MA, Collinger JL, Wittenberg GF. Corticospinal
recruitment of spinal motor neurons in human stroke sur-
vivors. J Physiol. 2021;599(18):4357-4373. doi:10.1113/
JP281311

Williams MR. A pilot study into reaching performance after
severe to moderate stroke using upper arm support. PLoS ONE.
2018;13(7):¢0200787. doi:10.1371/journal.pone.0200787
Coscia M, Cheung VCK, Tropea P, et al. The effect of
arm weight support on upper limb muscle synergies dur-
ing reaching movements. J Neuroeng Rehabil. 2014;11:22.
doi:10.1186/1743-0003-11-22

Sangari S, Perez MA. Distinct corticospinal and reticu-
lospinal contributions to voluntary control of elbow
flexor and extensor muscles in humans with Tetraplegia.
J  Neurosci. 2020;40(46):8831-8841. doi:10.1523/
JNEUROSCI.1107-20.2020

Davidson AG, Buford JA. Motor outputs from the primate
reticular formation to shoulder muscles as revealed by stim-
ulus-triggered averaging. J Neurophysiol. 2004;92(1):83-95.
doi:10.1152/jn.00083.2003

Verduzco-Gutierrez M, Raghavan P, Pruente J, et al
AAPM&R consensus guidance on spasticity assessment and
management. PM&R. 2024;16(8):864-887. doi:10.1002/
pmrj.13211

Ellis MD, Schut I, Dewald JPA. Flexion synergy overshadows
flexor spasticity during reaching in chronic moderate to severe
hemiparetic stroke. Clin Neurophysiol. 2017;128(7):1308-
1314. doi:10.1016/j.clinph.2017.04.028

Sangari S, Perez MA. Imbalanced corticospinal and reticulo-
spinal contributions to spasticity in humans with spinal cord
injury. J Neurosci. 2019;39(40):7872-7881. doi:10.1523/
JNEUROSCI.1106-19.2019

Sinha N, Dewald JPA, Yang Y. Perturbation-induced electro-
myographic activity is predictive of flexion synergy expres-
sion and a sensitive measure of post-stroke motor impairment.
Annu Int Conf IEEE Eng Med Biol Soc. 2024;2024:1-4.
doi:10.1109/EMBC53108.2024.10781597

Chen B, Yang T, Liao Z, Sun F, Mei Z, Zhang W.
Pathophysiology and management strategies for post-stroke
spasticity: an update review. Int J Mol Sci. 2025;26(1):406.
doi:10.3390/ijms26010406

Hu X, Suresh NL, Chardon MK, Rymer WZ. Contributions
of motoneuron hyperexcitability to clinical spastic-
ity in hemispheric stroke survivors. Clin Neurophysiol.
2015;126(8):1599-1606. doi:10.1016/j.clinph.2014.11.005
Fujiwara T. The role of spinal reciprocal inhibition and intra-
cortical inhibition in functional recovery from stroke. Exp
Brain Res. 2020;238(7-8):1701-1705. doi:10.1007/s00221-
020-05849-0



Portilla-Jiménez et al

13

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Levin MF, Feldman AG. The role of stretch reflex threshold
regulation in normal and impaired motor control. Brain Res.
1994;657(1):23-30. doi:10.1016/0006-8993(94)90949-0
Levin MF, Piscitelli D, Khayat J. Tonic stretch reflex thresh-
old as a measure of disordered motor control and spastic-
ity: a critical review. Clin Neurophysiol. 2024;165:138-150.
doi:10.1016/j.clinph.2024.06.019

Piscitelli D, Khayat J, Feldman AG, Levin MF. Clinical rel-
evance of the tonic stretch reflex threshold and p as mea-
sures of upper limb spasticity and motor impairment after
stroke. Neurorehabil Neural Repair. 2025;39(5):386-399.
doi:10.1177/15459683251318689

Kim D, Ko SH, Han J, et al. Evidence of the existence of
multiple modules for the stroke-caused flexion synergy
from Fugl-Meyer assessment scores. J Neurophysiol.
2024;132(1):78-86. doi:10.1152/jn.00067.2024

Koh K, Oppizzi G, Baghi R, Kehs GJ, Zhang LQ. Loss of joint
individuation and abnormal synergy post stroke in upper limb
movements. Neurorehabil Neural Repair. 2025;39(9):715-
727. doi:10.1177/15459683251340914

Dipietro L, Krebs HI, Fasoli SE, et al. Changing motor syner-
gies in chronic stroke. J Neurophysiol. 2007;98(2):757-768.
doi:10.1152/jn.01295.2006

Balbinot G, Touvykine B, Zaftis J, etal. Enriched rehabilitation
reduces abnormal motor synergies and enhances motor plas-
ticity following severe stroke in rats. Stroke. 2023;54(8):2156-
2166. doi:10.1161/STROKEAHA.123.043053

Qin W, Yang M, Li F, Chen C, Zhen L, Tian S. Influence of
positional changes on spasticity of the upper extremity in post-
stroke hemiplegic patients. Neurosci Lett. 2019;712:134479.
doi:10.1016/j.neulet.2019.134479

Nandi T, Hortobagyi T, van Keeken HG, Salem GJ, Lamoth
CJC. Standing task difficulty related increase in agonist-
agonist and agonist-antagonist common inputs are driven by
corticospinal and subcortical inputs respectively. Sci Rep.
2019;9(1):2439. doi:10.1038/s41598-019-39197-z

Glass SM, Wildman L, Brummitt C, Ratchford K, Westbrook
GM, Aron A. Effects of global postural alignment on posture-
stabilizing synergy and intermuscular coherence in bipedal
standing. Exp Brain Res. 2022;240(3):841-851. doi:10.1007/
s00221-021-06291-6

Koh K, Oppizzi G, Kehs G, Zhang LQ. Abnormal coordina-
tion of upper extremity during target reaching in persons post
stroke. Sci Rep. 2023;13(1):12838. doi:10.1038/s41598-023-
39684-4

Takebayashi T, Takahashi K, Domen K, Hachisuka K. Impact
of initial flexor synergy pattern scores on improving upper
extremity function in stroke patients treated with adjunct
robotic rehabilitation: a randomized clinical trial. Top Stroke
Rehabil. 2020;27(7):516-524. doi:10.1080/10749357.2020.1
738660

Dietz V. Evidence for a load receptor contribution to the
control of posture and locomotion. Neurosci Biobehav Rev.
1998;22(4):495-499. doi:10.1016/s0149-7634(97)00035-3
Tasseel-Ponche S, Yelnik AP, Bonan IV. Motor strategies of
postural control after hemispheric stroke. Neurophysiol Clin.
2015;45(4-5):327-333. doi:10.1016/j.neucli.2015.09.003
Nonnekes J, Benda N, van Duijnhoven H, et al. Management
of gait impairments in chronic unilateral upper motor

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

neuron lesions: a review. JAMA Neurol. 2018;75(6):751-758.
doi:10.1001/jamaneurol.2017.5041

Shourijeh MS, Stampas A, Chang SH, Korupolu R,
Francisco GE. Advancements in understanding spasticity:
a neuromusculoskeletal modeling perspective. J Clin Med.
2025;14(22):8092. doi:10.3390/jcm14228092

Li S. Patterns and assessment of spastic hemiplegic gait.
Muscle Nerve. 2024;69(5):516-522. doi:10.1002/mus.28052
Li S. Spasticity, motor recovery, and neural plastic-
ity after stroke. Fromt Neurol. 2017;8:120. doi:10.3389/
fneur.2017.00120

de Blas-Zamorano P, Montagut-Martinez P, Pérez-
Cruzado D, Merchan-Baeza JA. Fugl-Meyer Assessment
for upper extremity in stroke: a pyschometric systematic
review. J Hand Ther. 2026;39(1):22-51. doi:10.1016/j.
jht.2025.04.004

Bowden MG, Clark DJ, Kautz SA. Evaluation of abnormal
synergy patterns poststroke: relationship of the Fugl-Meyer
assessment to hemiparetic locomotion. Neurorehabil Neural
Repair.2010;24(4):328-337.d0i:10.1177/1545968309343215
DiRocco SJ, Casas R, Culp SA, Lum PS. Flexor synergy
assessment and therapy for persons with stroke using the ULIX
low impedance robot. /[EEE Trans Neural Syst Rehabil Eng.
2025;33:1509-1518. doi:10.1109/TNSRE.2025.3562527
Miller LC, Dewald JPA. Involuntary paretic wrist/finger
flexion forces and EMG increase with shoulder abduction
load in individuals with chronic stroke. Clin Neurophysiol.
2012;123(6):1216-1225. doi:10.1016/j.clinph.2012.01.009
Ito D, Kawakami M, Hosoi Y, et al. Development of a quan-
titative assessment for abnormal flexor synergy index in
patients with stroke: a validity and responsiveness study. J
NeuroEngineering Rehabil. 2024;21(1):229. doi:10.1186/
$12984-024-01534-3

Bernstein N. The Co-ordination and Regulation of Movements.
Pergamon Press; 1967.

Morasso P. A vexing question in motor control: the degrees of
freedom problem. Front Bioeng Biotechnol. 2022;9:783501.
doi:10.3389/fbioe.2021.783501

Levin MF. Principles of motor recovery after neurologi-
cal injury based on a motor control theory. In: Laczko J,
Latash ML, eds. Progress in Motor Control: Theories and
Translations. Springer International Publishing; 2016:121-
140. doi:10.1007/978-3-319-47313-0_7

Latash ML. Understanding and synergy: a single con-
cept at different levels of analysis? Front Syst Neurosci.
2021;15:735406. doi:10.3389/fnsys.2021.735406
Portilla-Jiménez M, Hong YNG, Kukkar KK, Park HS, Li
S, Roh J. Generalizability of neuromuscular coordination
in the human upper extremity after stroke and its implica-
tions in neurorehabilitation. J NeuroEngineering Rehabil.
2025;22(1):213. doi:10.1186/s12984-025-01755-0

Cheung VCK, Seki K. Approaches to revealing the neural basis
of muscle synergies: a review and a critique. J Neurophysiol.
2021;125(5):1580-1597. doi:10.1152/jn.00625.2019

Pham K, Portilla-Jiménez M, Roh J. Generalizability of
muscle synergies in isometric force generation versus point-
to-point reaching in the human upper extremity workspace.
Front Hum Neurosci. 2023;17:1144860. doi:10.3389/
fnhum.2023.1144860



Neurorehabilitation and Neural Repair 00(0)

68.

69.

70.

71.

72.

73.

74.

75.

Roh J, Rymer WZ, Beer RF. Robustness of muscle synergies
underlying three-dimensional force generation at the hand in
healthy humans. J Neurophysiol. 2012;107(8):2123-2142.
doi:10.1152/jn.00173.2011

Tresch MC, Cheung VCK, d’Avella A. Matrix factorization
algorithms for the identification of muscle synergies: evalua-
tion on simulated and experimental data sets. J Neurophysiol.
2006;95(4):2199-2212. doi:10.1152/jn.00222.2005

Rabbi MF, Pizzolato C, Lloyd DG, Carty CP, Devaprakash D,
Diamond LE. Non-negative matrix factorisation is the most
appropriate method for extraction of muscle synergies in
walking and running. Sci Rep. 2020;10(1):8266. doi:10.1038/
541598-020-65257-w

Bizzi E, Cheung VC. The neural origin of muscle syner-
gies. Front Comput Neurosci. 2013;7:51. doi:10.3389/
fncom.2013.00051

Berger DJ, d’Avella A. Effective force control by muscle
synergies. Front Comput Neurosci. 2014;8:46. doi:10.3389/
fncom.2014.00046

d’Avella A, Portone A, Fernandez L, Lacquaniti F. Control
of fast-reaching movements by muscle synergy combina-
tions. J Neurosci. 2006;26(30):7791-7810. doi:10.1523/
JNEUROSCI.0830-06.2006

Monte A, Benamati A, Pavan A, d’Avella A, Bertucco M.
Muscle synergies for multidirectional isometric force gen-
eration during maintenance of upright standing posture. Exp
Brain Res. 2024;242(8):1881-1902. doi:10.1007/s00221-024-
06866-z

Cheung VCK, Turolla A, Agostini M, et al. Muscle syn-
ergy patterns as physiological markers of motor cortical

76.

77.

78.

79.

80.

81.

82.

damage. Proc Natl Acad Sci USA. 2012;109(36):14652-
14656. doi:10.1073/pnas.1212056109

Portilla-Jiménez M, Seo G, Houston M, et al. Muscle syn-
ergy-guided exercise through human-machine interaction
can improve neuromuscular coordination and decrease motor
impairment after stroke: a pilot study. In: Pons JL, Tornero J,
Akay M, eds. Converging Clinical and Engineering Research
on Neurorehabilitation V. Springer Nature Switzerland,
2025:362-366. doi:10.1007/978-3-031-77588-8 73

Latash ML. One more time about motor (and non-motor) syn-
ergies. Exp Brain Res.2021;239(10):2951-2967. doi:10.1007/
s00221-021-06188-4

Latash ML. Terra incognita of the uncontrolled manifold.
J Neurophysiol. 2024;132(6):1729-1743. doi:10.1152/jn.
00394.2024

Piscitelli D, Buttram A, Abernathy K, Canelon J, Knighten D,
Solnik S. Clinically relevant estimation of minimal number
of trials for the uncontrolled manifold analysis. J Biomech.
2024;171:112195. doi:10.1016/j.jbiomech.2024.112195

Vaz DV, Pinto VA, Junior RRS, Mattos DJS, Mitra S.
Coordination in adults with neurological impairment: a
systematic review of uncontrolled manifold studies. Gait
Posture. 2019;69:66-78. doi:10.1016/j.gaitpost.2019.01.003
Kang N, Cauraugh JH. Bilateral synergy as an index
of force coordination in chronic stroke. Exp Brain Res.
2017;235(5):1501-1509. doi:10.1007/300221-017-4904-9
Solnik S, Furmanek MP, Piscitelli D. Movement qual-
ity: a novel biomarker based on principles of neurosci-
ence. Neurorehabil Neural Repair. 2020;34(12):1067-1077.
doi:10.1177/1545968320969936



