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Abstract: The simple definition of tone as the resistance to passive stretch is physiologically a
complex interlaced network encompassing neural circuits in the brain, spinal cord, and muscle
spindle. Disorders of muscle tone can arise from dysfunction in these pathways and manifest as
hypertonia or hypotonia. The loss of supraspinal control mechanisms gives rise to hypertonia,
resulting in spasticity or rigidity. On the other hand, dystonia and paratonia also manifest as
abnormalities of muscle tone, but arise more due to the network dysfunction between the basal
ganglia and the thalamo-cerebello-cortical connections. In this review, we have discussed the normal
homeostatic mechanisms maintaining tone and the pathophysiology of spasticity and rigidity with its
anatomical correlates. Thereafter, we have also highlighted the phenomenon of network dysfunction,
cortical disinhibition, and neuroplastic alterations giving rise to dystonia and paratonia.
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1. Introduction

Muscle tone is a complex and dynamic state, resulting from hierarchical and reciprocal
anatomical connectivity. It is regulated by its input and output systems and has critical
interplay with power and task performance requirements. Tone is basically a construct of
motor control, upon which power is intrinsically balanced. This hierarchy of motor control
includes cortex (extensive processing capability with highest degree of freedom), basal
ganglia (learning and teaching of context dependent tasks with less degrees of freedom),
cerebellum (fine-tuning), brainstem reticular system (common pathway for ascending
and descending tracts), spinal cord (the main pathway for ascending and descending
tracts), and muscle spindle (final common pathway with least degree of freedom). In this
review, we have discussed the controversies regarding the definition of muscle tone and
its classification, followed by the mechanisms and pathways responsible for maintaining
tone. Spasticity and rigidity, the two types of hypertonia, have been elaborated in the
context of the dysfunction in the supraspinal pathways and the interaction between spinal
cord and muscle spindle. The other two disorders of altered tone, namely dystonia and
paratonia, are not exactly related to the physiological dysfunction of the tone pathways.
In the motor control system, spasticity and rigidity are predominantly an output system
problem, while dystonia is a system level processing problem. Dystonia and paratonia
have altered tone secondary to network disruption in the basal ganglia, the thalamocortical
circuits, and their connections. The mechanisms underlying these have been discussed
thereafter because they are important both clinically and pathophysiologically from a
movement disorder perspective.

2. Definition of Muscle Tone

Muscle tone is traditionally defined as ‘the tension in the relaxed muscle” or ‘the
resistance, felt by the examiner during passive stretching of a joint when the muscles are at
rest’ [1]. This definition of tone has some ambiguities such as, what does the ‘resistance
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to passive stretch” mean is not clear and ‘felt by the examiner” opens the door to subjec-
tive variation during clinical examination and interrater variability of the assessment [2].
Studies with electromyographic (EMG) assessment often equate muscle tone with baseline
EMG level in a relaxed state. However, apart from the active or contractile component
resulting from the activation of motor unit and detectable by EMG, muscle tone also has a
passive or viscoelastic component, independent of neural activity that can’t be detected by
EMG. The viscoelastic component in turn depends upon multiple factors like the sarcom-
eric actin-myosin cross-bridges, the viscosity, elasticity, and extensibility of the contractile
filaments, filamentous connection of the sarcomeric non-contractile proteins (e.g., desmin,
titin), osmotic pressure of the cells, and also on the surrounding connective tissues [3,4].

Mathematically, muscle tone can be interpreted as the change in resistance or force
per unit change in length (A force/A displacement of the tissue) [5]. In a relaxed state,
resistance to an external motion (Rtor) depends on inertia (Ryy), apparent stiffness (re-
sistance to stretch/Rgr) and damping (resistance to velocity/Rpa): Rror = Riy + Rpa
+ Rgr [6]. However, all these definitions have a common fallacy of assuming that the
person is in completely relaxed state, which is often impossible to achieve unless using
muscle relaxants.

In contrast to this general notion, Bernstein highlighted the fact that muscle tone may
actually reflect a state of preparedness to a movement and thus it may not be possible to
estimate muscle tone when the person is asked to relax and not to make any movement [7].
Bernstein, in his hierarchical model of movement construction (tonus, synergies, space, ac-
tion), postulated that muscle tone is an adaptive function of the neuromotor apparatus that
responds adequately to commands coming from upper levels of movement construction
by fine-tuning the excitability of the sensory and motor cells for the tasks of active postural
or movement control [6,7]. This definition makes muscle tone an active contributor to
movement and postural tasks. Similarly, Carpenter et al. have given a clinical definition
of tone as “the constant muscular activity that is necessary as a background to actual
movement in order to maintain the basic attitude of the body, particularly against the force
of gravity” [8]. Thus, tone can be a construct that is required for motor control such that
both static and dynamic tasks can be safely performed in the most thermodynamically
efficient way.

3. Classification of Muscle Tone

Muscle tone can be classified as ‘postural” and ‘phasic’ types. Postural tone is seen in
axial muscles where gravity is the most important inciting factor. It results from a steady
stretch on the muscles and tendons and manifests as prolonged muscle contraction. In
contrast, phasic tone is what is commonly assessed clinically in the extremities as a rapid
and short duration response. It results from the rapid stretching of a tendon and attached
muscle and more precisely, the muscle spindle [9]. Apart from this, muscle tone can be
classified into its active and passive components, as has already been described above.

4. The Anatomy Underlying the Regulation of Muscle Tone

Muscle tone is regulated by spinal and supraspinal mechanisms. While spinal con-
trol depends on the interaction between muscle spindle and spinal cord along with the
interneurons, supraspinal control is regulated by facilitatory and inhibitory long tracts
and cerebellum.

4.1. Spinal Control
4.1.1. Interaction between Muscle Spindle and Spinal Cord

Sensory feedback to spinal cord from the muscle, regarding its length and tension, is
necessary for regulation of muscle tone. Intrafusal fibers send information of muscle length
or rate of change of length, while Golgi tendon organs send information about tendon
tension or rate of change of tension [10]. Type la afferents detect the velocity of the change
in muscle length during a stretch (dynamic response). However, tonic activity of type Ia
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and II afferents detect steady-state length of the muscle (static response). Type Ib afferents
send information from Golgi tendon organs.

Muscle spindle generates tone by activating the stretch reflex. When a motor command
is sent to the alpha motor fibers (supplying extrafusal fibers), gamma fibers (supplying
intrafusal fibers) will also be excited (alpha—gamma co-activation), resulting in contraction
of both extrafusal and intrafusal fibers [8,10]. Stretch reflex can be of two types: (a) Dynamic
and (b) Static. Sudden rapid stretch of a muscle stimulates nuclear bag fibers (respond to
rate or velocity of the stretch) and Ia afferents (annulospiral endings) carry the dynamic
signal to spinal cord. Efferent signal from the cord (alpha motor neuron) comes via alpha
efferents to extrafusal fibers, resulting in sudden contraction of the muscle (dynamic stretch
reflex). This is the basis of clinical elicitation of the deep tendon reflexes. On the other hand,
sustained stretch of the muscle stimulates nuclear chain fibers and type II afferents (flower-
spray endings) carry the signal to cord. Efferent signal from the cord travels via alpha
efferents to extrafusal fibers. However, this time there will be asynchronous contraction of
the extrafusal muscle fibers (motor units not discharging all together) that will result in
mild sustained contraction of these fibers as long as it is stretched. This static stretch reflex
response is the physiological basis of maintaining muscle tone [8,10,11].

On the other hand, there is a threshold, when the stronger a muscle is stretched,
stronger is the reflex contraction. After crossing the threshold, contraction stops, and the
muscle relaxes. This is known as ‘inverse stretch reflex” and is mediated by the Golgi
tendon organ present in the fascicles of a tendon [11].

4.1.2. Interneurons

Interneurons are an integral part of the stretch reflex arc (Figure 1) and play a major
role in maintaining muscle tone. They are inhibited or excited by multiple descending fiber
systems. Multiple interneuronal pathways exist and their role in spasticity is discussed
later. Among them, recurrent inhibition by Renshaw cell, reciprocal Ia inhibition from
antagonist muscle, non-reciprocal Ib inhibition by Golgi tendon organ, and presynaptic
inhibition are most important for maintenance of muscle tone [10-14].

Inhibition from
Golgi tendon organ Reciprocal inhibition
from antagonist

Presynaptic
inhibition Recurrent inhibition by
Renshaw cell

_——————
-———

b
la
la

ol

Agonist Antagonist

Figure 1. Major interneurons in regulation of muscle tone.
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4.2. Supraspinal Control via Descending Long Tracts

In human beings, the supraspinal impact on muscle tone and stretch reflexes is
mainly modulated by the interplay (discussed later) of two inhibitory and two facilitatory
descending tracts [10] (Figure 2).
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Figure 2. Descending long tracts in regulation of stretch reflex circuitry and muscle tone in humans. Main tracts for tone
regulation have been highlighted in bold.

4.2.1. Inhibitory Tracts

a. Corticospinal tract/CST (from motor cortex)
b.  Corticoreticular (from premotor cortex) and dorsal reticulospinal tract/ dorsal RST
(from medullary reticular formation)

4.2.2. Facilitatory Tracts

a. Vestibulospinal tract/ VST (from lateral vestibular or Deiter’s nucleus)
b. Medial reticulospinal tract/medial RST (mainly from pontine reticular formation)

Among these tracts, muscle tone is mainly regulated by the inhibitory dorsal RST and
facilitatory medial RST.

4.3. Role of Cerebellum

Medial part of anterior lobe of cerebellum activates medullary reticular formation
from where dorsal RST arises. Hence, the area of cerebellum inhibits muscle tone indirectly
through inhibition of gamma motor neurons via dorsal RST. However, lateral part of
anterior lobe activates the pontine reticular formation. Therefore, it facilitates muscle tone
indirectly via medial RST by stimulating gamma motor neurons [15,16]. In humans, because
lateral part of anterior cerebellum is more developed, cerebellar lesions commonly produce
hypotonia. On the other hand, vestibulocerebellum is connected with the vestibular nucleus
that stimulates alpha motor neurons. Thus, the cerebellum is also an important regulatory
site for ‘alpha-gamma linkage’ [17].
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5. Spasticity

J. W. Lance in 1980 defined spasticity as “a motor disorder characterized by a velocity
dependent increase in tonic stretch reflexes (muscle tone) with exaggerated tendon jerks,
resulting from hyperexcitability of the stretch reflex, as one component of the upper motor
neuron syndrome” [18]. However, apart from velocity, spasticity also depends on length
of the muscle. Spasticity in the knee extensor (quadriceps) is more when the muscle is
short, but in upper limb flexors (e.g., biceps) and ankle extensors (gastrocnemius, soleus),
spasticity is more when the muscles are long. Lance’s definition also ignores the role of
sensory input (discussed later) in spasticity. In 2005, the Support Program for Assembly
of a Database for Spasticity Measurement (SPASM) project redefined spasticity as “dis-
ordered sensory-motor control, resulting from an upper motor neuron lesion, presenting
as intermittent or sustained involuntary activation of muscles” [19]. The definition in-
corporated the role of defective sensory input (not only motor) in spasticity. Recently in
2018, IAB-Interdisciplinary Working Group for Movement Disorders defined spasticity
in a broader sense as “involuntary muscle hyperactivity in the presence of central pare-
sis” [20]. In this definition, the ‘involuntary muscle hyperactivity” has been described as
a spectrum consisting of—(i) ‘Spasticity Sensu Strictu’ triggered by rapid passive joint
movements, (ii) ‘rigidity” triggered by slow passive joint movements, (iii) ‘dystonia” when
the involuntary muscle hyperactivity is spontaneous and (iv) ‘spasms’ triggered by sensory
or acoustic stimuli. The group has also proposed axis-based approach to spasticity—clinical
description (axis 1), etiology (axis 2), localization (axis 3) and additional central nervous
system deficits (axis 4) [20]. Severity of the muscle hyperactivity can be described by the
Modified Ashworth Scale, Tardieu Scale and Frequency of Spasms Score.

Spasticity can be classified as ‘phasic” and ‘tonic” based on the predominant involve-
ment of either the phasic (dynamic) or tonic (static) components of muscle stretch reflexes.
After spinal injury, ‘phasic’ spasticity with brisk stretch reflexes and clonus develops in
patients who are ambulatory. However, ‘tonic” spasticity develops in non-ambulatory
patients, demonstrated by passive stretch at ankle and vibratory tonic reflex testing [10,21].

In the following section, we will discuss spinal and supraspinal factors contributing to
spasticity including the role of sensory feedback as evidenced by recent studies, followed
by pathophysiology of clasp-knife phenomenon and clonus.

6. Factors Contributing to Spasticity
6.1. Spinal Influence

Spinal influence on spasticity can either be from increased excitation or decreased
inhibition. Enhanced fusimotor drive [22], denervation hypersensitivity [23], axonal sprout-
ing [24,25], hyperexcitability of alpha motor neurons [25], excitation of interneurons [25]
and increased cutaneous stretch reflexes [10] are responsible for increased excitatory in-
fluence on spasticity. Animal models have shown the role of membrane properties of
the motor neuron in spasticity. Voltage dependent persistent inward current (PIC) medi-
ated via Na* and Ca?* channels can cause prolonged depolarization (plateau potential),
modulated by the descending serotonergic and noradrenergic drive [10,25]. Descending
monoaminergic drive normally has an excitatory effect on alpha motor neurons at the
ventral horn via 5HT2 and NE«1 receptors, whereas it has inhibitory effect at dorsal horn
via 5HT1b/d and NEx2 receptors [25]. In the acute stage after spinal injury, due to loss
this descending monoaminergic influence, hypoexcitability of motor neurons occurs at
the ventral horn whereas disinhibition and excitation of sensory input at the dorsal horn.
However, spasticity doesn’t develop acutely despite interneuronal excitability until motor
neurons regain the excitability. In the chronic stage, denervation hypersensitivity of ventral
horn motor neurons occurs to the remaining monoaminergic input and PIC is activated
that in turn leads to development of spasticity.

Apart from excitatory mechanisms contributing to spasticity, the role of altered spinal
inhibitory circuitry is increasingly being appreciated in recent studies [10]. Disinhibition of
the alpha motor neuron in spasticity can occur from decreased presynaptic inhibition of
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Ia afferents [26], decreased disynaptic reciprocal Ia afferent inhibition from the antagonist
muscle group [27,28], decreased Ib afferent mediated inhibition by Golgi tendon organ [29],
and altered recurrent inhibition by Renshaw cells (doubtful role) [30].

6.2. Supraspinal Influence

In the normal scenario, human muscle tone is critically balanced by the inhibitory
drive of CST and dorsal RST and facilitatory drive (on extensor tone) by medial RST and to
some extent VST [10]. Among them, dorsal RST also inhibits flexor reflex afferents (FRA).
In the spinal cord, lateral funiculus contains the corticospinal tract (CST) and dorsal RST
while anterior funiculus contains VST and medial RST. Based on this, the effects of cortical
and spinal lesions on muscle tone can be summarized as follows.

6.2.1. Cortical Lesions

Isolated involvement of CST is insufficient to produce spasticity [31,32]. Cortical
lesions produce spasticity due to associated involvement of corticoreticular fibers, the
connection between premotor cortex and medullary reticular formation from where dorsal
RST originates. Hemiplegia with spasticity and antigravity posturing occurs because of
unopposed facilitatory action of medial RST, in the absence of inhibitory influence of
dorsal RST.

6.2.2. Spinal Cord Lesions

i. Incomplete/partial myelopathy involving lateral funiculus: If there is involvement
of CST only, it will result in weakness, hypotonia and loss of superficial reflexes.
If there is additional involvement of dorsal RST, spasticity and hyperreflexia will
develop due to unopposed activity of medial RST. Spasticity will be predominant in
antigravity muscles and will result in paraplegia in extension and extensor spasms.
Flexor spasms can occur if FRA are activated by pressure sores. On the other hand,
if there is involvement of dorsal RST only with sparing CST, there will be spasticity
without much weakness.

ii. Complete myelopathy with involvement of all four tracts: Spasticity will be less in
this case because of lack of facilitatory input from medial RST and VST. Disinhibition
of FRA will result in paraplegia in flexion and flexor spasms.

6.3. Role of Sensory Feedback

Recent studies have argued that co-activation of antagonist muscles, stiff posture
and stiff gait of spasticity may be the adaptations to stabilize the joint and posture in a
background of decreased muscle strength, whereas hyperexcitable reflexes play a minor or
no role [33,34]. Spastic movement disorders may result due to inadequate prediction of
the sensory consequences of movements [35,36]. Due to the absence of a firm prediction of
somatosensory feedback from the moving limb, the patient with UMN lesion will have
difficulty in optimizing the movement. Co-contraction of the muscles around the joint may
therefore be a strategy to minimize random movement and to stabilize the movement as far
possible [33]. Therefore, spastic movement disorder may rather be a compensation to the
weakness. The concept can be implemented in uncomplicated hereditary spastic paraplegia
(HSP), where large fiber proprioceptive sensory loss occurs along with corticospinal tract
(CST) involvement. As discussed previously, selective loss of CST is not sufficient to
produce significant spasticity more than weakness. Thus, defective sensory feedback
may also play a role in the clinical manifestation of marked spasticity out of proportion
to weakness in HSP. DeLuca et al. highlighted that, in HSP, axonal loss occurs in both
large (>3 um?) and small (<3 um?) diameter nerve fibers of motor (CST) and sensory
(posterior column) tracts, whereas in multiple sclerosis (MS) small diameter fibers are
preferentially affected [37]. Thus, the affection of large diameter nerve fibers may be
responsible for the predominance of spasticity seen in HSP, in comparison to MS where
weakness predominates.
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6.4. Non-Neural Factors

As discussed previously, changes in non-neural factors like tissue viscoelastic prop-
erties (e.g., elastic stiffness, viscous damping) can also contribute to the generation of
spasticity [38,39].

7. Pathophysiology of Clasp-Knife Phenomenon

While passively stretching a muscle, more resistance is felt in the initial part of stretch-
ing, but with continued stretching, a sudden release of resistance occurs, described as
‘clasp-knife phenomenon’. Because of length dependency of spasticity, initially while bend-
ing the knee (quadriceps is short) increased resistance is felt (spasticity is more). However,
with continued stretching (quadriceps is lengthening), after reaching a critical length, the re-
sistance suddenly decreases [40-42]. The excitation of slowly conducting, higher-threshold
inhibitory group III and IV muscle afferents (part of flexor reflex afferents/FRA) may also
be responsible for this phenomenon [43].

8. Pathophysiology of Clonus

Clonus is defined as the “regular, repetitive, rhythmic contractions of a muscle sub-
jected to sudden, maintained stretch” [11]. Clonus sustained for five or more beats is
considered as clinically abnormal. The pathological basis has been explained in the litera-
ture in multiple ways: (1) stretch reflex-inverse stretch reflex sequence, (2) disruption of
the Renshaw cell and type la inhibitory interneuron mediated inhibition of the antagonist
— repetitive sequential contraction of agonist and antagonist — clonus results, (3) hy-
peractivity of the muscle spindles — activation of all the motor neurons from the burst
of impulses coming from the spindle — consequent muscle contraction stops spindle
discharge — during maintenance of the sustained stretch, the muscle is again stretched as
soon as the muscle relaxes — spindles are again stimulated [11,44]. However, the exact
pathophysiology is still debated.

9. Rigidity

Rigidity, in contrast to spasticity, doesn’t depend on the velocity of movement. It
equally affects flexors and extensors and gives rise to uniform resistance to passive stretch-
ing in all directions known as ‘lead pipe’ phenomenon (Table 1). Hypertonicity in PD
was also noted to be regularly interrupted as a ‘cogwheel phenomenon’ at a 6-9 Hz fre-
quency, that is higher than the frequency of rest tremor (4-5 Hz) and postural tremor
(5-6 Hz) [45,46]. As per recent consensus, superimposed tremor, or “an underlying, not yet
visible, tremor” [47] results in intermittent increase in tone during the passive movement
of a joint and gives rise to ‘cog wheel rigidity in PD [48]. Thus, cog-wheeling can be
present even if there is no overt tremor [49]. Rigidity is one of the cardinal signs of PD. It is
present in both the phenotypes of PD (‘akinetic-rigid” and ‘tremor dominant’), while more
marked in the former phenotype. While appendicular rigidity is generally more than axial
rigidity in idiopathic Parkinson’s disease (IPD), marked axial rigidity indicates atypical
parkinsonism like progressive supranuclear palsy (PSP) [50].

Table 1. Difference between spasticity and rigidity.

Differentiating Points Spasticity Rigidity
Velocity dependency Yes No
Resistance to movement In one direction (flexion or extension) In both directions
Length dependency Yes No
Type of hypertonicity Clasp-knife Lead pipe or Cog-wheel

In the following section, we will discuss factors contributing to rigidity followed by
pathophysiology of activation maneuver (Froment’s maneuver).
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10. Factors Contributing to Rigidity
10.1. Exaggeration of Long-Latency Stretch Reflexes (LLSR)

Initial studies suggested that parkinsonian rigidity is likely of spinal reflex origin,
substantiated by the fact that the rigidity improved by dorsal cord resection [51]. Enhanced
response of the muscle receptors to passive stretch was thought to be the main culprit.
However, subsequent studies with microneurographic recordings found that the increased
muscle afferent discharge from enhanced fusimotor drive was not sufficient enough to
cause rigidity [52]. Monosynaptic segmental stretch reflexes didn’t differ significantly
between PD patients and healthy subjects in the studies utilizing electrophysiological
analysis [53,54]. Rather, Ia afferent mediated spinal reflexes like tendon jerks, H-reflex and
tonic vibration reflex were found to be mostly normal in PD patients [55,56]. So, the notion
gradually shifted to the exaggerated long-loop or long-latency stretch reflex (supraspinal
influence) on parkinsonian rigidity rather than spinally mediated reflexes. Berardelli et al.
noted co-relation between increase of LLSR with rigidity and suspected the role of group
I afferents in this regard [57]. Rothwell et al., although noted enhanced LLSR in PD,
couldn’t find any quantitative correlation of this with rigidity. They suggested that LLSR is
not solely responsible for parkinsonian rigidity and enhanced late polysynaptic reflexes
mediated by cutaneous afferents may also be important [53].

10.2. Enhanced Shortening Reaction (SR) and Stretch-Induced Inhibition (SII)

Exaggerated LLSR can explain hypertonia in PD but cannot explain the resistance to
passive stretch being uniform throughout the range of movement (‘lead pipe’ character)?
Anomalous reaction in the muscle that is shortening was initially noted by Westphal and
subsequently named ‘shortening reaction” (SR) by Sherrington [58]. Alteration in the
pathways for short-latency autogenic inhibition, mediated by altered excitability of Ia and
Ib spinal interneurons, may be responsible for the phenomenon of SR [59]. On the other
hand, a sudden decrease in resistance is seen while continuously stretching or lengthening
a muscle beyond a critical joint angle. The phenomenon is called a ‘lengthening reaction’
or stretch-induced inhibition (SII) [60]. The combined effect of SR and SII generate ‘lead
pipe’ effect while examining limb tone in PD [61].

10.3. Role of Brainstem

The role of non-dopaminergic system in PD is increasingly being highlighted in recent
studies. Recently, Linn-Evans et al. have noted increased and more symmetric rigidity in
upper limb of PD patients in wakefulness who have REM sleep without atonia (PD-RSWA+)
compared to with-atonia (PD-RSWA-) and controls [62]. The brainstem circuit responsible
for tone in REM sleep overlaps with the circuit maintaining motor neuron excitability and
postural control in wakefulness [63]. In PD, there is evidence of alpha-synuclein deposition
in the nuclei of both the circuits including sublaterodorsal nucleus (responsible for tone
regulation in REM sleep), nucleus reticularis gigantocellularis (NRGC), locus coeruleus,
caudal raphe and pedunculopontine nucleus (PPN) [64]. Caudal PPN gives cholinergic
excitatory inputs to NRGC from where dorsal or lateral reticulospinal tract (dorsal RST)
originates and activates Ib spinal interneurons that in turn inhibits alpha motor neuron
(Figure 3). PPN also receives inhibitory input from globus pallidus interna (GPi). In
PD, degeneration of PPN and NRGC decrease excitation of Ib spinal interneurons that
in turn disinhibit alpha motor neuron and can lead to rigidity [65]. Increased inhibitory
tone from GPi to PPN in PD can also lead to the same phenomenon. Heckman et al.
have also highlighted the role of noradrenergic and serotonergic influence from locus
coeruleus and caudal raphe respectively on motor neuron excitability by promoting firing
via persistent inward current (PIC) [66]. Affection of these pathways in PD may lead to
altered firing pattern of the motor neuron in response to incoming inputs and can contribute
to rigidity [62].
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Figure 3. Neuromodulatory inputs in pathophysiology of rigidity.

10.4. Non-Neural Factors

As discussed earlier, viscoelastic properties of muscle fiber and surrounding connec-
tive tissues may also contribute to parkinsonian rigidity. Watts et al. have noted that in PD
patients even with mild motor symptoms, upper limb stiffness was more than controls in
relaxed state, but without any EMG activity [67]. The study highlighted the role of passive
mechanical properties for the stiffness. Xia et al. have also noted the contribution from
both neural and non-neural factors for parkinsonian rigidity while neural contribution
dominates [68].

10.5. Network Hypothesis of Parkinsonian Rigidity

Baradaran et al. [69] explored the alteration in functional connectivity in brain net-
works in relation to parkinsonian rigidity. With progression of rigidity, they noted progres-
sive abnormality of premotor — pre-cuneus connection (disease related change), while
cerebellar — premotor connection approached normal values (compensatory mechanism).
Kann et al. [70] have postulated that significant loss of gray matter and aberrant func-
tional connectivity in fronto-parietal networks (critical for motor planning and execution)
in akinetic-rigid subtype of PD are responsible for more aggressive course of functional
decline, compared to tremor-dominant subtype.

11. Pathophysiological Basis of Activation Maneuver

An interesting but not yet clearly understood phenomenon seen in PD is the increase
of rigidity with muscle contraction (isometric/rhythmic) in contralateral limb. Possible
explanations described in the literature for this phenomenon are—(1) Enhanced LLSR via
transcortical pathway [71,72], (2) Altered spinal motoneuron excitability mediated by the
crossed sensory afferent feedback via b afferent input resulting in diminished shortening
reaction (SR) and increased sensitivity to passive stretch [73], (3) Facilitation of bilateral
descending reticulospinal projection [62] and (4) A ‘Jendrassik maneuver’ equivalent where
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muscle contraction in other body part facilitates the H-reflex and enhances stretch reflex
response [73].

12. Dystonia
12.1. Pathophysiology and Mechanisms

Dystonia is defined as ‘sustained or intermittent muscle contractions resulting in
abnormal, often repetitive, movements, postures, or both’ [74]. These movements are
typically patterned, may be tremulous or twisting and aggravated by voluntary action [75].
Dystonia can be focal, segmental, restricted to one half of the body (hemi dystonia), or
generalized. The heterogeneous presentation and the various aetiologies’ ranging from
genetic causes to neurodegenerative disorders point to multiple mechanisms that contribute
to the pathophysiology of dystonia. The hypothesis in discussing the mechanisms of
dystonia has largely centred around the basal ganglia-thalamo-cortical circuitry. However,
advanced imaging modalities and electrophysiological experiments have widened the
neuroanatomic correlates contributing to dystonia. The phenomena of sensory tricks and
mirror movements seen in dystonia point to abnormalities in sensory processing and
sensori-motor integration.

12.2. Anatomical Correlates of Dystonia

Basal ganglia and its abnormal connections have been implicated as the most im-
portant structure associated with dystonia. Secondary dystonias due to basal ganglionic
lesions are a telling example of this association for a long time [74,75]. Levodopa improving
dopa responsive dystonias (DRD) or deep brain stimulation of the internal segment of the
globus pallidus that improves some cases of dystonia are further pointers to the central
role of basal ganglia in the origin of dystonia [76-78]. Dystonia is not frequently found
in spinocerebellar ataxias (SCA), but rarely it is a presenting symptom where cerebellar
atrophy is the prominent feature with sparing of the basal ganglia. SCA-6 has a pure
cerebellar pathology and generally present as a pure cerebellar ataxia phenotype. How-
ever, dystonia can be seen in these patients and that cannot be explained by basal ganglia
dysfunction [76]. Draganski et.al., on voxel-based studies, showed increased grey matter
density in globus pallidus interna, motor cortex and cerebellar floculus [77]. Garraux et al.
demonstrated a significant increase in the grey matter volume in the hand representation
area of patients with focal hand dystonia using voxel-based morphometry studies. This
peri-rolandic increase was also seen in dorsolateral prefrontal cortex, inferior parietal areas
and cerebellum, but not in the lentiform nucleus [78]. Similar structural abnormalities in
writer’s cramp have been noted in primary sensorimotor cortex, cerebellum and pulvinar
nuclei of the thalamus [79].

Thus, it is quite clear that no single anatomical correlate is responsible for dystonia.
Rather, it is the abnormal network connections between the basal ganglia, cerebellum,
thalamus, and cortex that cause dystonia. In the following section, we will discuss the
neurophysiological alterations postulated in this circuitry that gives rise to dystonia.

12.3. Mechanisms of Dystonia

In the absence of animal models of dystonia, the understanding of the pathophysio-
logical mechanisms causing dystonia were brought to light with the advent of transcranial
magnetic stimulation (TMS) and repetitive transcranial magnetic stimulation (rTMS). The
TMS protocols developed as a research tool have highlighted the following physiological
dysfunctions in patients with dystonia.

12.3.1. Loss of Inhibition

Lack of surround inhibition, co-contraction of antagonistic muscles and overflow
of activity into the muscles not intended for the action are all due to the physiological
loss of inhibition [80,81]. Surround inhibition is a cortically driven phenomena where the
muscles around an active contracting muscles are actively inhibited to prevent overflow
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contraction [81,82]. Sohn et. al. described this phenomenon in healthy volunteers using
a single TMS pulse. On voluntarily flexing the index finger innervated by the median
nerve, the motor evoked potential (MEP) recorded on TMS from the ulnar innervated
abductor digiti minimi (ADM) was reduced [83]. The same author group demonstrated
that in seven patients with focal hand dystonia compared to controls, the MEP amplitudes
of ADM were enhanced by up to 270% during index finger flexion, thus, suggesting lack
of surround inhibition [84]. Similarly, enhanced cortical excitability on TMS delivered at
different stimulus intensities and with different levels of muscle facilitation was shown in
11 patients with task specific dystonia by Ikoma et.al., suggesting a higher number of excited
motor units [85]. Electrophysiologically, intracortical inhibition is assessed by measuring
the cortical silent period (CSP), the interruption of a voluntary electromyographic muscle
activity following a supra-threshold TMS pulse. Rona et. al., found that the CSP was
shorter in dystonia in ten patients with dystonia, more so in task specific dystonia than
generalized dystonia [86]. In dystonia, the monosynaptic and long-latency stretch reflexes
discussed earlier are prolonged with slower stretch and often evoke reflex activity in remote
muscles, suggesting overflow [87]. Breakdown of reciprocal inhibition is responsible for
the co-contraction of the opposing muscles, classically seen in dystonia. The spinal reflex
abnormalities in dystonia are speculated to be due to the dysfunctional descending inputs
from the higher centres [88].

12.3.2. Abnormal Sensory Function

Pain is a well-recognized symptom of dystonia and has been reported in cervical
dystonia in about 70% cases. In the absence of overt sensory abnormalities on clinical ex-
amination, these patients have sensory phenomena like photosensitivity in blepharospasm
or neck pain prior to cervical dystonia [89]. The most fascinating phenomena in dystonia is
the ‘geste antagoniste” or the sensory trick. It is a voluntary manoeuvre performed by the
patient to reduce the severity of the dystonia. The sensory trick alleviating the dystonia
misidentified the disorder as being psychogenic in origin [90]. However, it was subse-
quently shown that abnormal sensory function and disordered sensorimotor integration
is an important physiological alteration seen in dystonia. Hence, transcutaneous vibra-
tion to the muscle at a frequency of 50-120 Hz produces the tonic vibration reflex (TVR),
a polysynaptic spinal cord reflex involving the muscle spindle afferents and gamma motor
neurons. There is a reduced perception of TVR suggesting abnormal processing of the
muscle spindle 1a afferents in idiopathic focal dystonia, not only across the symptomatic
body parts but also in the unaffected regions [91]. There is a hypothesis that the sensory
trick works by decreasing the gamma drive to the spindles relative to the alpha motor
neuronal activity [92].

The grating orientation task (GOT) measures the acuity for spatial discrimination. It is
administered on the fingertips of both hands and identifies the smallest grating ridge width
for which the orientation can be accurately distinguished [93]. Numerous studies have
identified GOT abnormalities with increased spatial discrimination threshold in patients
with focal hand dystonia, blepharospasm and cervical dystonia [94-96]. The somatosensory
temporal discrimination threshold (STDT) measures the temporal processing of sensory
information and is the shortest interval at which two tactile stimuli delivered to the same
body part can be temporally separately recognized [93]. Bradley et al. examined the
STDT in thirty-five adult onset primary and forty-two unaffected first-degree relatives with
voxel-based morphometry (VBM) was done to assess putaminal volumes in relatives with
abnormal and normal TDTs. In thirty-two patients and twenty-two unaffected relatives,
STDT was abnormal. VBM in thirteen unaffected members with abnormal STDTs and
twenty unaffected members with normal STDTs showed bilateral increased grey matter
volume in the putamen in those with abnormal STDTs. Authors concluded that the STDT
reflects effective processing of the sensory stimuli by the putamen which is abnormal in
patients with dystonia [97]. Thus, sensory dysfunction in dystonia involves not only the
somatosensory processing but also peripheral sensory abnormalities as seen in GOT and
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TVR studies. Abnormalities in the processing of sensory information lead to a dysfunc-
tional connectivity between the subcortical structures (basal ganglia, thalamus, superior
colliculus) and primary somatosensory area (S1). The thalamus plays a pivotal role in
integrating the sensory inputs with the basal ganglia and cerebellar outputs while the basal
ganglia serve as a gatekeeper for sensory inputs. Abnormal sensorimotor integration thus
plays a major role in the pathogenesis of dystonia.

12.3.3. Abnormal Synaptic Plasticity

The abnormal sensory feedback and the loss of inhibition causes short and long-term
changes in the cortical-subcortical circuits. Byl et al., performed experiments on monkeys
to evaluate the role of repetitive strain injuries causing focal dystonia to highlight the neu-
roplasticity /learning origin of dystonia. They postulated that this degradation of sensory
feedback in repetitive strain injury was a result of neuronal plasticity and substantially
influenced the primary motor area giving rise to dystonia [98]. This phenomena of exces-
sive magnitude of plasticity responses and unspecific topography of the spread (abnormal
spread) has been demonstrated in human experiments as well and represents an important
underlying mechanism of dystonia [99]. The importance of long-term potentiation (LTP)
and long-term depression (LTD) in cortical plasticity are widely recognized and are believed
to alter receptive sensory fields and motor representations in the brain. TMS experiments
using paired associative stimulation (PAS), where low frequency median nerve stimulation
and TMS are paired, probes synaptic changes in motor cortex [100]. In a case-control
study on writer’s cramp patients, PAS was performed on the dominant hemisphere with
electrical stimulation of the median or ulnar nerve combined with TMS delivered to the
contralateral cortex 21.5 ms or 10 ms after the peripheral nerve stimulation. The motor
response was measured from the abductor pollicis brevis (APB) and adductor digiti minimi
(ADM) muscle. In control subjects, the motor potentials recorded after 21.5 ms increased
in amplitude if the afferent PAS-component came from a homologous peripheral region.
In patients with writers’ cramp however, either median or ulnar PAS at 21.5 ms increased
the APB and ADM motor unit potential amplitudes. The increase in cases was higher in
magnitude, started earlier, and was longer in duration. The authors concluded that that
patients exhibited abnormal dynamic responses to PAS protocols suggesting neuronal plas-
ticity of different polarities, consistent with LTP and LTD [101]. Similarly, PAS experiments
by Quartarone et al. showed that in patients with dystonia, there was a stronger and a long
lasting facilitatory increase in corticospinal excitability along with a loss of topographical
specificity of PAS with facilitation in both the median and ulnar innervated muscles [102].
This experiment further reiterates the fact that overflow phenomena or co-contraction can
be related to abnormalities of spatial properties of associative plasticity. Dystonia may
thus be caused by an abnormal excessive association between sensory inputs and motor
outputs. However, a recent study has highlighted that in contrast to primary dystonia,
reduced somatosensory inhibition and enhanced cortical plasticity may not be required for
the clinical expression of secondary dystonia [103].

12.4. Mirror Movements in Dystonia

Mirror movements represent an expression of motor overflow in dystonic patients. It
is defined as the appearance of abnormal posturing in the affected limb induced when the
contralateral unaffected limb is engaged in a specific task [104]. This helps differentiate
between true dystonic movements or any compensatory movements done involuntarily
to reduce the disability. Interhemispheric inhibition has been demonstrated on functional
neuroimaging and electrophysiological studies, and its loss has been implicated in mirror
movements. Merello et al. demonstrated on functional MRI that in a patient with writer’s
cramp and mirror movements, on writing with the affected hand, there was contralateral
and ipsilateral activation of the posterior parietal cortex and putamen and ipsilateral acti-
vation of the inferior frontal gyrus. However, on writing with the unaffected hand, greater
activation was seen ipsilaterally suggesting attenuation of the transcallosal inhibition and
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inhibitory intracortical circuits [105]. Beck et al. used TMS to show lack of interhemi-
spheric inhibition of the dystonic motor cortex during the premotor phase, not seen in
those without mirror movements [106].

12.5. Dystonia as a Network Disorder

The anatomical correlates and the mechanisms discussed above are in contradiction
to the earlier proposed notion of dystonia being a purely basal ganglia disorder. There is
an increased recognition of the cortical-subcortical circuits, namely pallidothalamocortical
and cerebello thalamocortical, in the pathophysiology of dystonia. This network model
(Figure 4) can well explain the misprocessing of sensory information along with excitability
of the inhibitory pathways at different levels of the neuroaxis that may result in abnormal
plasticity and overt dystonia.

PRIMARY MOTOR
AREA ﬁ

Unstable
sensorimotor

cortical plasticity PRIMARY
SOMATOSENSORY AREA

BASAL GANGLIA

Abnormal striatal
thalamo-cortical |

excitability

Dysfunctional
somatosensory processing

THALAMUS

Abnormalities of CEREBELLUM

cerebellar outflow

Figure 4. Network model of dystonia. White arrows: pallido-thalamo-cortical network, Black arrows: cerebello-thalamo-

cortico-cerebellar network.

The network hypothesis also explains the focal onset and gradual segmental or general-
ized spread of the abnormality [107]. The basal ganglia and its thalamocortical connections
through the direct and indirect pathway and the hyper direct pathway from the cortex to
the subthalamic nucleus has been well described previously [87,108]. The direct pathway
facilitates, while the indirect pathway inhibits movement. The hyperactivity of the direct
pathway was demonstrated by Simonyan et al. in focal dystonias. The availability of
the D1 receptors was significantly increased in putamen in patients with writer’s cramp
and laryngeal dystonia, and this, adds support to the abnormal striato-thalamo-cortical
excitability in dystonia [109]. Another example suggesting the network mechanism comes
from the success of deep brain stimulation (DBS) of the internal segment of globus pallidus
in dystonia. The DBS induced changes in the neuronal patterns inhibit the pathological
bursts and oscillations in the network, resulting in better sensorimotor processing and
symptomatic improvement [110]. The cerebellar connections in dystonia were studied by
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Argyelan et al. using magnetic diffusion tensor imaging and probabilistic tractography
in DYT1 and DYT 6 mutation carriers. They showed reduced integrity of cerebellothala-
mocortical fibre tracts both in manifesting and non-manifesting mutation carriers, with
greater deficits in the former group [111]. The authors concluded that the abnormalities of
the cerebellar outflow may lead to the lack of cortical inhibition in dystonia. Both basal
ganglia and cerebellum project to the SMA and pre-SMA, with a larger contribution of the
basal ganglia pallidal neurons, as shown by Akkal et al. using retrograde trans neuronal
transport of neurotropic virus in monkeys [112]. Thus, as per the network, it is not only the
anatomical dysfunction in basal ganglia or thalamus that causes dystonia, but a functional
disruption of the pathways discussed above that is important in the pathophysiology
of dystonia.

Thus, recent experimental evidence has shifted our notion from dystonia being a
psychiatric diagnosis to it being a disease characterized by alterations at different nodes
in the brain. Basal ganglia are central to dystonia but other regions throughout the motor
circuit contribute to its pathophysiology. The abnormalities in the networks, involving
basal ganglia, cerebellum, thalamus, and cortex, are affected by abnormal sensory input,
playing a key role in abnormal sensorimotor integration giving rise to dystonia.

13. Paratonia

Higher order motor disorders are the dysfunctional motor behaviours preceding vol-
untary execution of movement. These include disorders of disinhibition, motor intention,
alien limb syndromes and mirror movements [113]. In the context of movement disorders,
mirror movements have been discussed in the dystonia section. Alien limb phenomena
and motor intention disorders are cortical phenomena well described in parkinsonism but
beyond the scope of present discussion on disorders of tone. However, we would briefly
like to discuss here a disorder of disinhibition, paratonia, as botulinum toxin is known to
relieve the involuntary resistance seen in paratonia. Paratonia, first described by Friedlan-
der in 1828, and later by Dupre in 1910, is described as increased muscle tone in response to
passive movement, proportional to the strength of the stimulus applied. The degree of resis-
tance depends upon the speed of movement. It can be faciliatory in the early stages, where
the patient actively assists passive movements and becomes oppositional with advancing
pathology when the resistance increases with increasing movements [113,114]. Unlike
rigidity, paratonia is non-velocity dependent and the absence of a catch and the fact that
paratonia can be elicited in any direction of movement differentiates it from spasticity [115].

14. Pathophysiology of Paratonia

Beversdorf et al. demonstrated that facilitatory paratonia was a form of echopraxia
with the subjects mimicking examiner’s movements. They concluded that this is a form of
defective response inhibition secondary to frontal lobe dysfunction. Orbitofrontal damage
and frontal-subcortical dysfunction has been linked to defective response inhibition [116].
Goal directed movement is mediated by two circuits converging on the primary motor
cortex: the pre-supplementary motor area (Pre-SMA)-primary motor and the parieto-
premotor-primary motor area circuit. The former receives inputs from the prefrontal cortex
and basal ganglia and modulates internally driven voluntary motor movements. The latter
circuit is involved in object-oriented actions like grasping or following visual or verbal
cues. The two circuits are normally balanced allowing a smooth execution of goal directed
tasks. The pre-SMA normally inhibits the parieto-premotor circuit and this is disrupted in
frontal lobe dysfunction. The result is a disinhibited behaviour and the individual depends
on visual and tactile stimulation to drive motor movements with defective inhibition,
contributing to facilitatory paratonia [113,117]. A peripheral mechanism has also been
hypothesized contributing to the genesis of paratonia. The reciprocal inhibition at the spinal
level is affected by advancing age and this causes a co-contraction of agonist and antagonist,
perceived as increasing resistance to movement [114]. However, the electromyographic
assessment of patients with paratonia did not reveal co-contraction of the opposing group
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of muscles in paratonia. Drenth et al. proposed another peripheral biochemical change that
could contribute to increasing tissue resistance in patients with dementia and paratonia.
Advanced glycation end products (AGEs), measured through skin autofluorescence were
found to be significantly increased in patients with paratonia and had a direct relation to
the severity of paratonia. AGEs increase tissue stiffness by forming cross links in muscle
collagen, impair skeletal muscle function and may play a role in the pathogenesis of
paratonia [118]. Basic pathophysiological mechanisms responsible for spasticity, rigidity,
dystonia, and paratonia are highlighted in Table 2.

Table 2. Pathophysiological basis of spasticity, rigidity, dystonia and paratonia.

Abnormalities in Tone Basic Pathophysiology

1. Altered spinal excitatory and inhibitory circuitry
leading to increased excitation and decreased inhibition
2. Supraspinal influence predominantly involving
inhibitory drive from dorsal reticulospinal tract (dorsal
Spasticity RST) and facilitatory drive from medial reticulospinal
tract (medial RST)
Abnormal sensory feedback
4. Non-neural factors like viscoelastic properties of muscle
fiber and surrounding connective tissues

@

1. Exaggeration of long-latency stretch reflexes (LLSR)

2. Enhanced shortening reaction (SR) and stretch-induced
inhibition (SII)

3. Involvement of brainstem circuits involving

sublaterodorsal nucleus, nucleus reticularis
o gigantocellularis (NRGC), locus coeruleus, caudal raphe
Rigidity and pedunculopontine nucleus (PPN)

4. Alteration in functional connectivity in brain networks
involving frontoparietal connection,
premotor-pre-cuneus connection

5. Non-neural factors like viscoelastic properties of muscle
fiber and surrounding connective tissues

Lack of surround inhibition

Abnormal sensory-motor integration
Abnormal synaptic plasticity

Abnormalities in pallido-thalamo-cortical and
cerebello-thalamo-cortical network

Ll

Dystonia

1.  Defective response inhibition from orbitofrontal damage
) and frontal-subcortical dysfunction
Paratonia 2. Non-neural: Increase tissue stiffness from advanced
glycation end products (AGE) deposition

15. Conclusions

Tone is maintained by complex interplay of spinal and supraspinal mechanisms,
disruptions of which lead to spasticity and rigidity. Altered tone can, however, be seen
in dystonia and paratonia, disorders resulting due to network dysfunction, abnormal
sensorimotor integration, and disinhibition in the brain and spinal cord. In a clinical
scenario of hypertonia, differentiating these four disorders is of the utmost importance
from pathophysiological and therapeutic perspectives.

Author Contributions: Conceptualization, ].G. and M.].; writing—original draft preparation, J.G.,
D.K. and M.A.; writing—review and editing, M.].; supervision, M.J. All authors have read and agreed
to the published version of the manuscript.



Toxins 2021, 13, 282 16 of 20

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: In this section, you can acknowledge any support given which is not covered by
the author contribution or funding sections. This may include administrative and technical support,
or donations in kind (e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Campbell, WW.,; Barohn, R.J. Muscle Tone. In Dejong’s The Neurologic Examination, 7th ed.; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2019; pp. 467-474.

2. Shortland, A.P. Muscle tone is not a well-defined term. Dev. Med. Child Neurol. 2018, 60, 637. [CrossRef]

3.  Campbell, K.S; Lakie, M. A cross-bridge mechanism can explain the thixotropic short-range elastic component of relaxed frog
skeletal muscle. J. Physiol. 1998, 510, 941-962. [CrossRef]

4. Wang, K,; McCarter, R.; Wright, J.; Beverly, ].; Ramirez-Mitchell, R. Viscoelasticity of the sarcomere matrix of skeletal muscles. The
titin-myosin composite filament is a dual-stage molecular spring. Biophys. J. 1993, 64, 1161-1177. [CrossRef]

5. Simons, G.D.; Mense, S. Understanding and measurement of muscle tone as related to clinical muscle pain. Pain 1998, 75, 1-17.
[CrossRef]

6.  Latash, M.L.; Zatsiorsky, V.M. Muscle Tone. Biomech. Motor Control 2016, 2016, 85-98. [CrossRef]

7.  Profeta, V.L.; Turvey, M.T. Bernstein’s levels of movement construction: A contemporary perspective. Hum. Mov. Sci. 2018, 57,
111-133. [CrossRef]

8.  Carpenter, R.; Reddi, B. Neurophysiology: A Conceptual Approach; CRC Press: Boca Raton, FL, USA, 2012.

9.  Kenneth, F; Swaiman, J.P. Muscular Tone and Gait Disturbances. In Swaiman’s Pediatric Neurology, 6th ed.; Elsevier: Amsterdam,
The Netherlands, 2017.

10. Mukherjee, A.; Chakravarty, A. Spasticity Mechanisms—For the Clinician. Front. Neurol. 2010, 1, 149. [CrossRef]

11. Barrett, K.; Barman, S.; Boitano, S.; Brooks, H. Ganong’s Review of Medical Physiology, 25th ed.; McGraw-Hill: New York, NY,
USA, 2016.

12.  Hultborn, H.; Lindstrém, S.; Wigstrom, H. On the function of recurrent inhibition in the spinal cord. Exp. Brain Res. 1979, 37,
399-403. [CrossRef] [PubMed]

13.  Hultborn, H. Transmission in the Pathway of Reciprocal Ia Inhibition to Motoneurones and its Control during the Tonic Stretch
Reflex. Prog. Brain Res. 1976, 44, 235-255. [CrossRef] [PubMed]

14.  Rudomin, P; Schmidt, R.F. Presynaptic inhibition in the vertebrate spinal cord revisited. Exp. Brain Res. 1999, 129, 1-37. [CrossRef]
[PubMed]

15. Dow, R.S. Some Aspects of Cerebellar Physiology. J. Neurosurg. 1961, 18, 512-530. [CrossRef]

16. Gilman, S. The Mechanism of Cerebellar Hypotonia. Brain 1969, 92, 621-638. [CrossRef]

17.  Granit, R. The Functional Role of the Muscle Spindle’s Primary end Organs. Proc. R. Soc. Med. 1968, 61, 69-78. [CrossRef]
[PubMed]

18.  Lance, J. Spasticity: Disordered Motor Control. In Symposium Synopsis; Yearbook Medical Publishers: Chicago, IL, USA, 1980.

19. Burridge, J.; Wood, D.; Hermens, H.J.; Voerman, G.; Johnson, G.; Van Wijck, E; Platz, T.; Gregoric, M.; Hitchcock, R.; Pandyan, A.
Theoretical and methodological considerations in the measurement of spasticity. Disabil. Rehabil. 2005, 27, 69-80. [CrossRef]

20. Dressler, D.; Bhidayasiri, R.; Bohlega, S.; Chana, P.; Chien, H.F,; Chung, T.M.; Colosimo, C.; Ebke, M.; Fedoroff, K.; Frank, B.;
et al. Defining spasticity: A new approach considering current movement disorders terminology and botulinum toxin therapy.
J. Neurol. 2018, 265, 856-862. [CrossRef] [PubMed]

21. Burke, D.; Knowles, L.; Andrews, C.; Ashby, P. Spasticity, Decerebrate Rigidity and the Clasp-Knife Phenomenon: An Experimen-
tal Study in the Cat. Brain 1972, 95, 31-48. [CrossRef] [PubMed]

22. Eldred, E.; Granit, R.; Merton, P.A. Supraspinal control of the muscle spindles and its significance. J. Physiol. 1953, 122, 498-523.
[CrossRef] [PubMed]

23. Ditunno, J.E; Little, ].W.; Tessler, A.; Burns, A.S. Spinal shock revisited: A four-phase model. Spinal. Cord. 2004, 42, 383-395.
[CrossRef]

24. McCouch, G.P; Austin, G.M.; Liu, C.N.; Liu, C.Y;; Liu, C.N.; Liu, C.Y. Sprouting as a Cause of Spasticity. ]. Neurophysiol. 1958, 21,
205-216. [CrossRef]

25. Elbasiouny, S.M.; Moroz, D.; Bakr, M.M.; Mushahwar, VK. Management of Spasticity After Spinal Cord Injury: Current

Techniques and Future Directions. Neurorehabilit. Neural Repair. 2010, 24, 23-33. [CrossRef] [PubMed]


http://doi.org/10.1111/dmcn.13707
http://doi.org/10.1111/j.1469-7793.1998.941bj.x
http://doi.org/10.1016/S0006-3495(93)81482-6
http://doi.org/10.1016/S0304-3959(97)00102-4
http://doi.org/10.1016/b978-0-12-800384-8.00005-3
http://doi.org/10.1016/j.humov.2017.11.013
http://doi.org/10.3389/fneur.2010.00149
http://doi.org/10.1007/BF00237722
http://www.ncbi.nlm.nih.gov/pubmed/499395
http://doi.org/10.1016/s0079-6123(08)60736-0
http://www.ncbi.nlm.nih.gov/pubmed/188072
http://doi.org/10.1007/s002210050933
http://www.ncbi.nlm.nih.gov/pubmed/10550500
http://doi.org/10.3171/jns.1961.18.4.0512
http://doi.org/10.1093/brain/92.3.621
http://doi.org/10.1177/003591576806100123
http://www.ncbi.nlm.nih.gov/pubmed/4229845
http://doi.org/10.1080/09638280400014592
http://doi.org/10.1007/s00415-018-8759-1
http://www.ncbi.nlm.nih.gov/pubmed/29423615
http://doi.org/10.1093/brain/95.1.31
http://www.ncbi.nlm.nih.gov/pubmed/5023089
http://doi.org/10.1113/jphysiol.1953.sp005017
http://www.ncbi.nlm.nih.gov/pubmed/13118557
http://doi.org/10.1038/sj.sc.3101603
http://doi.org/10.1152/jn.1958.21.3.205
http://doi.org/10.1177/1545968309343213
http://www.ncbi.nlm.nih.gov/pubmed/19723923

Toxins 2021, 13, 282 17 of 20

26.

27.

28.

29.
30.

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.
49.

50.

51.

52.

53.

54.

55.
56.

Burke, D.; Ashby, P. Are spinal “presynaptic” inhibitory mechanisms suppressed in spasticity? J. Neurol. Sci. 1972, 15, 321-326.
[CrossRef]

Crone, C.; Nielsen, ]. Central control of disynaptic reciprocal inhibition in humans. Acta Physiol. Scand. 1994, 152, 351-363.
[CrossRef] [PubMed]

Crone, C.; Petersen, N.T.; Giménez-Roldén, S.; Lungholt, B.; Nyborg, K.; Nielsen, ].B. Reduced reciprocal inhibition is seen only in
spastic limbs in patients with neurolathyrism. Exp. Brain Res. 2007, 181, 193-197. [CrossRef] [PubMed]

Pierrot-Deseilligny, E.; Katz, R.; Morin, C. Evidence for Ib inhibition in human subjects. Brain Res. 1979, 166, 176-179. [CrossRef]
Shefner, ].M.; Berman, S.A.; Sarkarati, M.; Young, R.R. Recurrent inhibition is increased in patients with spinal cord injury.
Neurology 1992, 42, 2162. [CrossRef] [PubMed]

Bucy, P.C.; Keplinger, ].E.; Siqueira, E.B. Destruction of the “Pyramidal Tract” in Man. . Neurosurg. 1964, 21, 385-398. [CrossRef]
Sherman, S.J.; Koshland, G.F; Laguna, ].F. Hyper-reflexia without spasticity after unilateral infarct of the medullary pyramid.
J. Neurol. Sci. 2000, 175, 145-155. [CrossRef]

Nielsen, J.B.; Christensen, M.S.; Farmer, S.F.; Lorentzen, ]. Spastic movement disorder: Should we forget hyperexcitable stretch
reflexes and start talking about inappropriate prediction of sensory consequences of movement? Exp. Brain Res. 2020, 238,
1627-1636. [CrossRef]

Dietz, V.; Sinkjaer, T. Spastic movement disorder: Impaired reflex function and altered muscle mechanics. Lancet Neurol. 2007, 6,
725-733. [CrossRef]

Wolpert, D.M.; Flanagan, J.R. Computations underlying sensorimotor learning. Curr. Opin. Neurobiol. 2016, 37, 7-11. [CrossRef]
Shadmehr, R.; Smith, M. A.; Krakauer, ].W. Error Correction, Sensory Prediction, and Adaptation in Motor Control. Annu. Rev.
Neurosci. 2010, 33, 89-108. [CrossRef] [PubMed]

DeLuca, G.C.; Ebers, G.C.; Esiri, M.M. The extent of axonal loss in the long tracts in hereditary spastic paraplegia. Neuropathol.
Appl. Neurobiol. 2004, 30, 576-584. [CrossRef] [PubMed]

Groep, K.L.D.G.-V.D,; De Vlugt, E.; De Groot, ].H.; Van Der Heijden-Maessen, H.C.; Wielheesen, D.H.; Van Wijlen-Hempel, R.S.;
Arendzen, ].H.; Meskers, C.G. Differentiation between non-neural and neural contributors to ankle joint stiffness in cerebral palsy.
J. Neuroeng. Rehabil. 2013, 10, 1-8. [CrossRef]

Xu, D.; Wu, Y.; Gaebler-Spira, D.; Gao, F,; Clegg, N.J.; Delgado, M.R.; Zhang, L. Neural and non-neural contributions to ankle
spasticity in children with cerebral palsy. Dev. Med. Child Neurol. 2020, 62, 1040-1046. [CrossRef] [PubMed]

Burke, D.; Gillies, ].D.; Lance, ].W. The quadriceps stretch reflex in human spasticity. J. Neurol. Neurosurg. Psychiatry 1970, 33,
216-223. [CrossRef] [PubMed]

Tardieu, G.; Tardieu, C.; Colbeau-Justin, P.; Bret, M.D. Effects of muscle length on an increased stretch reflex in children with
cerebral palsy. J. Neurol. Neurosurg. Psychiatry 1982, 45, 348-352. [CrossRef] [PubMed]

Kamper, D.G.; Schmit, B.D.; Rymer, W.Z. Effect of Muscle Biomechanics on the Quantification of Spasticity. Ann. Biomed. Eng.
2001, 29, 1122-1134. [CrossRef]

Rymer, W.Z.; Houk, ].C.; Crago, P.E. Mechanisms of the clasp-knife reflex studied in an animal model. Exp. Brain Res. 1979, 37,
93-113. [CrossRef]

Bhimani, R.; Anderson, L. Clinical Understanding of Spasticity: Implications for Practice. Rehabilitation Res. Pr. 2014, 2014, 1-10.
[CrossRef]

Ghiglione, P; Mutani, R.; Chio, A. Cogwheel Rigidity. Arch. Neurol. 2005, 62, 828-830. [CrossRef]

Findley, L.].; Gresty, M.A.; Halmagyi, G.M. Tremor, the cogwheel phenomenon and clonus in Parkinson’s disease. ]. Neurol.
Neurosurg. Psychiatry 1981, 44, 534-546. [CrossRef]

Fahn, S.; Jankovic, H.M. Parkinsonism: Clinical features and differential diagnosis. In Principles and Practice of Movement Disorders;
Elsevier: Amsterdam, The Netherlands, 2011; pp. 66-92.

Fearon, C.; Doherty, L.; Lynch, T. How Do I Examine Rigidity and Spasticity? Mov. Disord. Clin. Pr. 2015, 2, 204. [CrossRef]
Donaldson, I.; Marsden, C.D.; Scheinder, B.K. Parkinson’s disease. In Marsden’s Book of Movement Disorders; Oxford University
Press: Oxford, UK, 2012; pp. 159-370.

Bhidayasiri, R.; Sringean, J.; Reich, S.G.; Colosimo, C. Red flags phenotyping: A systematic review on clinical features in atypical
parkinsonian disorders. Park. Relat. Disord. 2019, 59, 82-92. [CrossRef] [PubMed]

Foerster, O. Zur analyse und pathophysiologie der stridren bewegungsstérungen. Z. Gesamte Neurol. Psychiatr. 1921, 73, 1-169.
[CrossRef]

Burke, D.; Hagbarth, K.E.; Wallin, B.G. Reflex mechanisms in Parkinsonian rigidity. Scand. ]. Rehabil. Med. 1977, 9, 15-23.
[PubMed]

Rothwell, ]J.C.; Obeso, J.A.; Traub, M.M.; Marsden, C.D. The behaviour of the long-latency stretch reflex in patients with
Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 1983, 46, 35-44. [CrossRef]

Bergui, M.; Lopiano, L.; Paglia, G.; Quattrocolo, G.; Scarzella, L.; Bergamasco, B. Stretch reflex of quadriceps femoris and its
relation to rigidity in Parkinson’s disease. Acta Neurol. Scand. 1992, 86, 226-229. [CrossRef] [PubMed]

Dietrichson, P. Tonic Ankle Reflex in Parkinsonian Rigidity and in Spasticity. Acta Neurol. Scand. 1971, 47, 163-182. [CrossRef]
Burke, D.; Andrews, C.J.; Lance, ].W. Tonic vibration reflex in spasticity, Parkinson’s disease, and normal subjects. J. Neurol.
Neurosurg. Psychiatry 1972, 35, 477-486. [CrossRef]


http://doi.org/10.1016/0022-510X(72)90073-1
http://doi.org/10.1111/j.1748-1716.1994.tb09817.x
http://www.ncbi.nlm.nih.gov/pubmed/7701936
http://doi.org/10.1007/s00221-007-0993-1
http://www.ncbi.nlm.nih.gov/pubmed/17571255
http://doi.org/10.1016/0006-8993(79)90660-7
http://doi.org/10.1212/WNL.42.11.2162
http://www.ncbi.nlm.nih.gov/pubmed/1436529
http://doi.org/10.3171/jns.1964.21.5.0385
http://doi.org/10.1016/S0022-510X(00)00299-9
http://doi.org/10.1007/s00221-020-05792-0
http://doi.org/10.1016/S1474-4422(07)70193-X
http://doi.org/10.1016/j.conb.2015.12.003
http://doi.org/10.1146/annurev-neuro-060909-153135
http://www.ncbi.nlm.nih.gov/pubmed/20367317
http://doi.org/10.1111/j.1365-2990.2004.00587.x
http://www.ncbi.nlm.nih.gov/pubmed/15540998
http://doi.org/10.1186/1743-0003-10-81
http://doi.org/10.1111/dmcn.14506
http://www.ncbi.nlm.nih.gov/pubmed/32147834
http://doi.org/10.1136/jnnp.33.2.216
http://www.ncbi.nlm.nih.gov/pubmed/4245691
http://doi.org/10.1136/jnnp.45.4.348
http://www.ncbi.nlm.nih.gov/pubmed/7077344
http://doi.org/10.1114/1.1424918
http://doi.org/10.1007/BF01474257
http://doi.org/10.1155/2014/279175
http://doi.org/10.1001/archneur.62.5.828
http://doi.org/10.1136/jnnp.44.6.534
http://doi.org/10.1002/mdc3.12147
http://doi.org/10.1016/j.parkreldis.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30409560
http://doi.org/10.1007/BF02895293
http://www.ncbi.nlm.nih.gov/pubmed/897608
http://doi.org/10.1136/jnnp.46.1.35
http://doi.org/10.1111/j.1600-0404.1992.tb05075.x
http://www.ncbi.nlm.nih.gov/pubmed/1414237
http://doi.org/10.1111/j.1600-0404.1971.tb07474.x
http://doi.org/10.1136/jnnp.35.4.477

Toxins 2021, 13, 282 18 of 20

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.
82.

83.
84.
85.

Berardelli, A.; Sabra, A.F; Hallett, M. Physiological mechanisms of rigidity in Parkinson’s disease. ]. Neurol. Neurosurg. Psychiatry
1983, 46, 45-53. [CrossRef]

Sherrington, C.S. On Plastic Tonus and Proprioceptive Reflexes. Q. J. Exp. Physiol. 1909, 2, 109-156. [CrossRef]

Delwaide, PJ.; Pepin, J.L.; De Noordhout, A.M. Short-latency autogenic inhibition in patients with parkinsonian rigidity. Ann.
Neurol. 1991, 30, 83-89. [CrossRef]

Xia, R. Physiological and Biomechanical Analyses of Rigidity in Parkinson’s Disease. In Etiology and Pathophysiology of Parkinson’s
Disease; InTech: Vienna, Austria, 2011. [CrossRef]

Xia, R.; Powell, D.; Rymer, W.Z.; Hanson, N.; Fang, X.; Threlkeld, A.J. Differentiation between the contributions of shortening
reaction and stretch-induced inhibition to rigidity in Parkinson’s disease. Exp. Brain Res. 2011, 209, 609-618. [CrossRef]
Linn-Evans, MLE.; Petrucci, M.N.; Huffmaster, S.L.A.; Chung, ] W.; Tuite, PJ.; Howell, M.].; Videnovic, A.; MacKinnon, C.D.
REM sleep without atonia is associated with increased rigidity in patients with mild to moderate Parkinson’s disease. Clin.
Neurophysiol. 2020, 131, 2008-2016. [CrossRef] [PubMed]

Boeve, B.E; Silber, M.H.; Saper, C.B.; Ferman, T.J.; Dickson, D.W.; Parisi, ].E.; Benarroch, E.E.; Ahlskog, ].E.; Smith, G.E.; Caselli,
R.C.; et al. Pathophysiology of REM sleep behaviour disorder and relevance to neurodegenerative disease. Brain 2007, 130,
2770-2788. [CrossRef]

Braak, H.; Bohl, J.R.; Miiller, C.M.; Riib, U.; De Vos, R.A.; Del Tredici, K. Stanley Fahn Lecture 2005: The staging procedure
for the inclusion body pathology associated with sporadic Parkinson’s disease reconsidered. Mov. Disord. 2006, 21, 2042-2051.
[CrossRef]

Delwaide, P.J. Parkinsonian rigidity. Funct. Neurol. 2001, 16, 147-156. [PubMed]

Heckman, C.; Mottram, C.; Quinlan, K.; Theiss, R.; Schuster, ]. Motoneuron excitability: The importance of neuromodulatory
inputs. Clin. Neurophysiol. 2009, 120, 2040-2054. [CrossRef] [PubMed]

Watts, R.L.; Wiegner, A.W.; Young, R.R. Elastic properties of muscles measured at the elbow in man: II. Patients with parkinsonian
rigidity. J. Neurol. Neurosurg. Psychiatry 1986, 49, 1177-1181. [CrossRef] [PubMed]

Xia, R.; Radovic, M.; Threlkeld, A.J.; Mao, Z.-H. System Identification and Modeling Approach to Characterizing Rigidity
in Parkinson’s Disease: Neural and Non-Neural Contributions. In Proceedings of the 2010 4th International Conference on
Bioinformatics and Biomedical Engineering, Chengdu, China, 18-20 June 2010; pp. 1-4.

Ebaradaran, N.; Etan, S.N.; Eliu, A ; Eashoori, A.; Palmer, S.J.; Ewang, Z.].; Oishi, M.M.K.; McKeown, M.]. Parkinson’s Disease
Rigidity: Relation to Brain Connectivity and Motor Performance. Front. Neurol. 2013, 4, 67. [CrossRef]

Kann, S.J.; Chang, C.; Manza, P.; Leung, H.-C. Akinetic rigid symptoms are associated with decline in a cortical motor network in
Parkinson’s disease. NPJ Park. Dis. 2020, 6, 1-8. [CrossRef] [PubMed]

Carson, R.; Riek, S.; Mackey, D.C.; Meichenbaum, D.P.; Willms, K.; Forner, M.; Byblow, W.D. Excitability changes in human
forearm corticospinal projections and spinal reflex pathways during rhythmic voluntary movement of the opposite limb. . Physiol.
2004, 560, 929-940. [CrossRef]

Hortobagyi, T.; Taylor, J.L.; Petersen, N.T.; Russell, G.; Gandevia, 5.C. Changes in Segmental and Motor Cortical Output with
Contralateral Muscle Contractions and Altered Sensory Inputs in Humans. J. Neurophysiol. 2003, 90, 2451-2459. [CrossRef]
Powell, D.; Hanson, N.; Threlkeld, A.J.; Fang, X.; Xia, R. Enhancement of parkinsonian rigidity with contralateral hand activation.
Clin. Neurophysiol. 2011, 122, 1595-1601. [CrossRef] [PubMed]

Sharma, N. Neuropathology of Dystonia. Tremor Other Hyperkinetic Mov. 2019, 9, 569. [CrossRef]

Ribot, B.; Aupy, J.; Vidailhet, M.; Mazere, J.; Pisani, A.; Bezard, E.; Guehl, D.; Burbaud, P. Dystonia and dopamine: From
phenomenology to pathophysiology. Prog. Neurobiol. 2019, 182, 101678. [CrossRef]

Kaji, R.; Bhatia, K.; Graybiel, A.M. Pathogenesis of dystonia: Is it of cerebellar or basal ganglia origin? J. Neurol. Neurosurg.
Psychiatry 2017, 89, 488-492. [CrossRef]

Draganski, B.; Thun-Hohenstein, C.; Bogdahn, U.; Winkler, J.; May, A. “Motor circuit” gray matter changes in idiopathic cervical
dystonia. Neurology 2003, 61, 1228-1231. [CrossRef]

Bauer, A.; Hanakawa, T.; Wu, T.; Kansaku, K.; Hallett, M. Changes in brain anatomy in focal hand dystonia. Ann. Neurol. 2004, 55,
736-739. [CrossRef]

Delmaire, C.; Vidailhet, M.; Elbaz, A.; Bourdain, E; Bleton, J.P.; Sangla, S.; Meunier, S.; Terrier, A.; Lehericy, S. Structural
abnormalities in the cerebellum and sensorimotor circuit in writer’s cramp. Neurology 2007, 69, 376-380. [CrossRef]

Fasano, A.; Morgante, F. Dystonia: A Clinician’s Guide to Diagnosis, Pathophysiology & Treatment; Future Medicine Ltd.: London,
UK, 2014.

Hallett, M. Dystonia: Abnormal movements result from loss of inhibition. Adv. Neurol. 2004, 94, 1-9.

Lozeron, P; Poujois, A.; Richard, A.; Masmoudi, S.; Meppiel, E.; Woimant, F.; Kubis, N. Contribution of TMS and rTMS in the
Understanding of the Pathophysiology and in the Treatment of Dystonia. Front. Neural Circ. 2016, 10, 90. [CrossRef]

Sohn, Y.H.; Hallett, M. Surround inhibition in human motor system. Exp. Brain Res. 2004, 158, 397-404. [CrossRef] [PubMed]
Sohn, Y.H.; Hallett, M. Disturbed surround inhibition in focal hand dystonia. Ann. Neurol. 2004, 56, 595-599. [CrossRef]

Ikoma, K.; Samii, A.; Mercuri, B.; Wassermann, E.M.; Hallett, M. Abnormal cortical motor excitability in dystonia. Neurology 1996,
46,1371. [CrossRef] [PubMed]


http://doi.org/10.1136/jnnp.46.1.45
http://doi.org/10.1113/expphysiol.1909.sp000032
http://doi.org/10.1002/ana.410300115
http://doi.org/10.5772/17849
http://doi.org/10.1007/s00221-011-2594-2
http://doi.org/10.1016/j.clinph.2020.04.017
http://www.ncbi.nlm.nih.gov/pubmed/32451296
http://doi.org/10.1093/brain/awm056
http://doi.org/10.1002/mds.21065
http://www.ncbi.nlm.nih.gov/pubmed/11495420
http://doi.org/10.1016/j.clinph.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19783207
http://doi.org/10.1136/jnnp.49.10.1177
http://www.ncbi.nlm.nih.gov/pubmed/3783179
http://doi.org/10.3389/fneur.2013.00067
http://doi.org/10.1038/s41531-020-00120-3
http://www.ncbi.nlm.nih.gov/pubmed/32885038
http://doi.org/10.1113/jphysiol.2004.069088
http://doi.org/10.1152/jn.01001.2002
http://doi.org/10.1016/j.clinph.2011.01.010
http://www.ncbi.nlm.nih.gov/pubmed/21330199
http://doi.org/10.5334/tohm.514
http://doi.org/10.1016/j.pneurobio.2019.101678
http://doi.org/10.1136/jnnp-2017-316250
http://doi.org/10.1212/01.WNL.0000094240.93745.83
http://doi.org/10.1002/ana.20113
http://doi.org/10.1212/01.wnl.0000266591.49624.1a
http://doi.org/10.3389/fncir.2016.00090
http://doi.org/10.1007/s00221-004-1909-y
http://www.ncbi.nlm.nih.gov/pubmed/15146307
http://doi.org/10.1002/ana.20270
http://doi.org/10.1212/WNL.46.5.1371
http://www.ncbi.nlm.nih.gov/pubmed/8628484

Toxins 2021, 13, 282 19 of 20

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.
105.
106.
107.
108.
109.

110.
111.

112.

113.
114.

115.

116.

Rona, S.; Berardelli, A.; Vacca, L.; Inghilleri, M.; Manfredi, M. Alterations of motor cortical inhibition in patients with dystonia.
Mov. Disord. 1998, 13, 118-124. [CrossRef] [PubMed]

Mink, J.W. The Basal Ganglia: Focused Selection and Inhibition of Competing Motor Programs. Prog. Neurobiol. 1996, 50, 381-425.
[CrossRef]

Berardelli, A.; Rothwell, J.C.; Hallett, M.; Thompson, P.D.; Manfredi, M.; Marsden, C.D. The pathophysiology of primary dystonia.
Brain 1998, 121, 1195-1212. [CrossRef]

Patel, N.; Jankovic, J.; Hallett, M. Sensory aspects of movement disorders. Lancet Neurol. 2014, 13, 100-112. [CrossRef]

Poisson, A.; Krack, P.; Thobois, S.; Loiraud, C.; Serra, G.; Vial, C.; Broussolle, E. History of the ‘geste antagoniste” sign in cervical
dystonia. J. Neurol. 2012, 259, 1580-1584. [CrossRef]

Yoneda, Y.; Rome, S.; Sagar, H.J.; Griinewald, R.A. Abnormal perception of the tonic vibration reflex in idiopathic focal dystonia.
Eur. J. Neurol. 2000, 7, 529-533. [CrossRef] [PubMed]

Tinazzi, M.; Rosso, T.; Fiaschi, A. Role of the somatosensory system in primary dystonia. Mov. Disord. 2003, 18, 605-622.
[CrossRef]

Conte, A.; DeFazio, G.; Hallett, M.; Fabbrini, G.; Berardelli, A. The role of sensory information in the pathophysiology of focal
dystonias. Nat. Rev. Neurol. 2019, 15, 224-233. [CrossRef] [PubMed]

Bara-Jimenez, W.; Shelton, P.; Hallett, M. Spatial discrimination is abnormal in focal hand dystonia. Neurology 2000, 55, 1869-1873.
[CrossRef] [PubMed]

Molloy, EM.; Zeuner, K.E.; Dambrosia, ].M.; Carr, T.D.; Hallett, M. Abnormalities of spatial discrimination in focal and generalized
dystonia. Brain 2003, 126, 2175-2182. [CrossRef] [PubMed]

Walsh, R.; O'Dwyer, J.P; Sheikh, I.H.; O'Riordan, S.; Lynch, T.; Hutchinson, M. Sporadic adult onset dystonia: Sensory
abnormalities as an endophenotype in unaffected relatives. ]. Neurol. Neurosurg. Psychiatry 2007, 78, 980-983. [CrossRef]
[PubMed]

Bradley, D.; Whelan, R.; Walsh, R.; Reilly, R.B.; Hutchinson, S.; Molloy, F. Temporal Discrimination Threshold: VBM evidence for
an endophenotype in adult onset primary torsion dystonia. Brain 2009, 132, 2327-2335. [CrossRef] [PubMed]

Byl, N.N.; Merzenich, M.M.; Jenkins, W.M. A primate genesis model of focal dystonia and repetitive strain injury. Neurology 1996,
47,508-520. [CrossRef]

Sadnicka, A.; Kassavetis, P; Pareés, I.; Meppelink, A.M.; Butler, K.; Edwards, M. Task-specific dystonia: Pathophysiology and
management. |. Neurol. Neurosurg. Psychiatry 2016, 87, 968-974. [CrossRef]

Stefan, K.; Kunesch, E.; Benecke, R.; Cohen, L.G.; Classen, ]. Mechanisms of enhancement of human motor cortex excitability
induced by interventional paired associative stimulation. J. Physiol. 2002, 543, 699-708. [CrossRef]

Weise, D.; Schramm, A.; Stefan, K.; Wolters, A.; Reiners, K.; Naumann, M.; Classen, J. The two sides of associative plasticity in
writer’s cramp. Brain 2006, 129, 2709-2721. [CrossRef] [PubMed]

Quartarone, A.; Morgante, F.; Sant’Angelo, A.; Rizzo, V.; Bagnato, S.; Terranova, C.; Siebner, H.; Berardelli, A.; Girlanda, P.
Abnormal plasticity of sensorimotor circuits extends beyond the affected body part in focal dystonia. J. Neurol. Neurosurg.
Psychiatry 2008, 79, 985-990. [CrossRef]

Latorre, A.; Cocco, A.; Bhatia, K.P; Erro, R.; Antelmi, E.; Conte, A.; Rothwell, J.C.; Rocchi, L. Defective Somatosensory Inhibition
and Plasticity Are Not Required to Develop Dystonia. Mov. Disord. 2020, 2020, 1-8. [CrossRef]

Cox, B.C.; Cincotta, M.; Espay, A.J. Mirror movements in movement disorders: A review. Tremor Other Hyperkinet Mov. 2012, 2,
tre-02-59-398-1. [CrossRef]

Merello, M.; Carpintiero, S.; Cammarota, A.; Meli, F.; Leiguarda, R. Bilateral mirror writing movements (mirror dystonia) in a
patient with writer’s cramp: Functional correlates. Mov. Disord. 2006, 21, 683-689. [CrossRef] [PubMed]

Beck, S.; Shamim, E.A.; Richardson, S.P.; Schubert, M.; Hallett, M. Inter-hemispheric inhibition is impaired in mirror dystonia.
Eur. J. Neurosci. 2009, 29, 1634-1640. [CrossRef]

Quartarone, A.; Hallett, M. Emerging concepts in the physiological basis of dystonia. Mov. Disord. 2013, 28, 958-967. [CrossRef]
DeLong, M.R. Primate models of movement disorders of basal ganglia origin. Trends Neurosci. 1990, 13, 281-285. [CrossRef]
Simonyan, K.; Cho, H.; Sichani, A.H.; Rubien-Thomas, E.; Hallett, M. The direct basal ganglia pathway is hyperfunctional in focal
dystonia. Brain 2017, 140, 3179-3190. [CrossRef]

Hu, W.; Stead, M. Deep brain stimulation for dystonia. Transl. Neurodegener. 2014, 3, 2. [CrossRef]

Argyelan, M.; Carbon, M.; Niethammer, M.; Ulug, A.M.; Voss, H.U.; Bressman, S.B.; Dhawan, V.; Eidelberg, D. Cerebellothalamo-
cortical Connectivity Regulates Penetrance in Dystonia. J. Neurosci. 2009, 29, 9740-9747. [CrossRef]

Akkal, D.; Dum, R.P; Strick, P.L. Supplementary Motor Area and Presupplementary Motor Area: Targets of Basal Ganglia and
Cerebellar Output. J. Neurosci. 2007, 27, 10659-10673. [CrossRef]

Kojovi¢, M.; Bhatia, K.P. Bringing order to higher order motor disorders. J. Neurol. 2018, 266, 797-805. [CrossRef]

Drenth, H.; Zuidema, S.; Bautmans, I.; Marinelli, L.; Kleiner, G.; Hobbelen, H. Paratonia in Dementia: A Systematic Review.
J. Alzheimers Dis. 2020, 78, 1615-1637. [CrossRef] [PubMed]

Marinelli, L.; Mori, L.; Pardini, M.; Beversdorf, D.; Cocito, L.; Curra, A.; Fattapposta, F.; Ghilardi, M.F.; Abbruzzese, G.; Trompetto,
C. Electromyographic assessment of paratonia. Exp. Brain Res. 2016, 235, 949-956. [CrossRef] [PubMed]

Beversdorf, D.Q.; Heilman, K.M. Facilitory paratonia and frontal lobe functioning. Neurology 1998, 51, 968-971. [CrossRef]
[PubMed]


http://doi.org/10.1002/mds.870130123
http://www.ncbi.nlm.nih.gov/pubmed/9452336
http://doi.org/10.1016/S0301-0082(96)00042-1
http://doi.org/10.1093/brain/121.7.1195
http://doi.org/10.1016/S1474-4422(13)70213-8
http://doi.org/10.1007/s00415-011-6380-7
http://doi.org/10.1046/j.1468-1331.2000.t01-1-00102.x
http://www.ncbi.nlm.nih.gov/pubmed/11054138
http://doi.org/10.1002/mds.10398
http://doi.org/10.1038/s41582-019-0137-9
http://www.ncbi.nlm.nih.gov/pubmed/30700825
http://doi.org/10.1212/WNL.55.12.1869
http://www.ncbi.nlm.nih.gov/pubmed/11134387
http://doi.org/10.1093/brain/awg219
http://www.ncbi.nlm.nih.gov/pubmed/12821512
http://doi.org/10.1136/jnnp.2006.105585
http://www.ncbi.nlm.nih.gov/pubmed/17702779
http://doi.org/10.1093/brain/awp156
http://www.ncbi.nlm.nih.gov/pubmed/19525326
http://doi.org/10.1212/WNL.47.2.508
http://doi.org/10.1136/jnnp-2015-311298
http://doi.org/10.1113/jphysiol.2002.023317
http://doi.org/10.1093/brain/awl221
http://www.ncbi.nlm.nih.gov/pubmed/16921180
http://doi.org/10.1136/jnnp.2007.121632
http://doi.org/10.1002/mds.28427
http://doi.org/10.5334/tohm.113
http://doi.org/10.1002/mds.20736
http://www.ncbi.nlm.nih.gov/pubmed/16342284
http://doi.org/10.1111/j.1460-9568.2009.06710.x
http://doi.org/10.1002/mds.25532
http://doi.org/10.1016/0166-2236(90)90110-V
http://doi.org/10.1093/brain/awx263
http://doi.org/10.1186/2047-9158-3-2
http://doi.org/10.1523/JNEUROSCI.2300-09.2009
http://doi.org/10.1523/JNEUROSCI.3134-07.2007
http://doi.org/10.1007/s00415-018-8974-9
http://doi.org/10.3233/JAD-200691
http://www.ncbi.nlm.nih.gov/pubmed/33185600
http://doi.org/10.1007/s00221-016-4854-7
http://www.ncbi.nlm.nih.gov/pubmed/27999892
http://doi.org/10.1212/WNL.51.4.968
http://www.ncbi.nlm.nih.gov/pubmed/9781514

Toxins 2021, 13, 282 20 of 20

117. Lhermitte, F. Human autonomy and the frontal lobes. Part II: Patient behavior in complex and social situations: The environmental
dependency syndrome? Ann. Neurol. 1986, 19, 335-343. [CrossRef] [PubMed]

118. Drenth, H.; Zuidema, S.; Bautmans, I.; Hobbelen, H. The role of inflammaging and advanced glycation end products on paratonia
in patients with dementia. Exp. Gerontol. 2020, 142, 111125. [CrossRef]


http://doi.org/10.1002/ana.410190405
http://www.ncbi.nlm.nih.gov/pubmed/3707085
http://doi.org/10.1016/j.exger.2020.111125

	Introduction 
	Definition of Muscle Tone 
	Classification of Muscle Tone 
	The Anatomy Underlying the Regulation of Muscle Tone 
	Spinal Control 
	Interaction between Muscle Spindle and Spinal Cord 
	Interneurons 

	Supraspinal Control via Descending Long Tracts 
	Inhibitory Tracts 
	Facilitatory Tracts 

	Role of Cerebellum 

	Spasticity 
	Factors Contributing to Spasticity 
	Spinal Influence 
	Supraspinal Influence 
	Cortical Lesions 
	Spinal Cord Lesions 

	Role of Sensory Feedback 
	Non-Neural Factors 

	Pathophysiology of Clasp-Knife Phenomenon 
	Pathophysiology of Clonus 
	Rigidity 
	Factors Contributing to Rigidity 
	Exaggeration of Long-Latency Stretch Reflexes (LLSR) 
	Enhanced Shortening Reaction (SR) and Stretch-Induced Inhibition (SII) 
	Role of Brainstem 
	Non-Neural Factors 
	Network Hypothesis of Parkinsonian Rigidity 

	Pathophysiological Basis of Activation Maneuver 
	Dystonia 
	Pathophysiology and Mechanisms 
	Anatomical Correlates of Dystonia 
	Mechanisms of Dystonia 
	Loss of Inhibition 
	Abnormal Sensory Function 
	Abnormal Synaptic Plasticity 

	Mirror Movements in Dystonia 
	Dystonia as a Network Disorder 

	Paratonia 
	Pathophysiology of Paratonia 
	Conclusions 
	References

