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Abstract

Movement disorders, which include disorders such as Parkinson’s disease, dystonia, Tourette’s
syndrome, restless legs syndrome, and akathisia, have traditionally been considered to be disorders
of impaired motor control resulting predominantly from dysfunction of the basal ganglia. This
notion has been revised largely because of increasing recognition of associated behavioural,
psychiatric, autonomic, and other non-motor symptoms. The sensory aspects of movement
disorders include intrinsic sensory abnormalities and the effects of external sensory input on the
underlying motor abnormality. The basal ganglia, cerebellum, thalamus, and their connections,
coupled with altered sensory input, seem to play a key part in abnormal sensorimotor integration.
However, more investigation into the phenomenology and physiological basis of sensory
abnormalities, and about the role of the basal ganglia, cerebellum, and related structures in
somatosensory processing, and its effect on motor control, is needed.

Introduction

The term movement disorders has often been used synonymously with motor disorders, but
sensory aspects are increasingly recognised to be important components of nearly all
movement disorders (panel). Movement disorders have traditionally been regarded as
disorders of impaired motor control resulting predominantly from dysfunction of the basal
ganglia, but this notion has been revised, largely because of increasing recognition of
associated behavioural, psychiatric, autonomic, and other non-motor symptoms.1—4
Furthermore, the high frequency of sensory symptoms and sensory abnormalities suggests
that the sensory system is involved in the pathophysiology and pathogenesis of various
movement disorders.
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Panel
Sensory aspects of movement disorders
Parkinson’s disease

Pain, akathisia, olfactory loss, visual impairment, vestibular dysfunction, proprioceptive
and kinaesthetic dysfunction, and sensory cueing

Dystonias

Pain, photosensitivity, alleviating manoeuvres, kinaesthetic dysfunction, abnormal
temporal and spatial discrimination

Peripherally induced dystonia, tremor, other movement disorders, and complex
regional pain syndrome

Pain, paraesthesias

Tics and Tourette’s syndrome

Premonitory urge phenomena, enhanced sensory perception, alleviating manoeuvres
Restless legs syndrome

Urge phenomena, reduction of urge with bright lights

Akathisia

Urge phenomena, reduction with passive mation (perception of movement)
Stereotypies

Urge phenomena

Tardive pain

Painful mouth and vagina syndrome, and phantom dyskinesias

Leg stereotypy disorder

Urge phenomena

Paroxysmal kinesigenic and non-kinesigenic dyskinesias

Numbness, paraesthesias, crawling sensations in legs

Epileptic automatism

Self-stimulatory behaviour

Self-stimulatory behaviours associated with normal development, or metabolic,
genetic, and autistic disorders, and other neurological disorders (Lesch-Nyhan,
neuroacanthocytosis, etc)

Self-stimulatory (masturbatory) behaviour

Painful limb (painful legs and moving toes and painful arms and moving fingers)

Pain and discomfort presumably due to peripheral nerve damage
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Huntington’s disease

Abnormal nociception and visual perception

In addition to intrinsic sensory symptoms, the importance of peripheral sensory feedback in
the execution and planning of voluntary movement is well recognised.>® This process is
exemplified by the use of various manoeuvres, such as sensory cueing in patients with
Parkinson’s disease to help them to overcome freezing, or alleviating manoeuvres (also
referred to as sensory tricks or so-called geste antagoniste) used by patients with dystonia to
transiently correct the abnormal posture or movement. These and other examples suggest
that many movement disorders are modulated by internal and external sensory signals and
that abnormal sensorimotor integration might alter normal motor control.”-8 Additionally,
many studies have provided evidence for non-elemental sensory loss—abnormalities that are
undetectable with standard sensory testing—in various movement disorders.”:9-10

In this Review we provide examples of movement disorders for which, on the basis of
clinical or experimental findings, there is evidence of abnormal sensorimotor integration.
We then review the role of the basal ganglia and cerebellar circuitry in sensory processing,
and its effect on motor control.

Parkinson’s disease

Parkinson’s disease is a prototypical disorder of the basal ganglia circuitry that is primarily
characterised by degeneration of the substantia nigra pars compacta, resulting in striatal
dopamine deficiency, but other central and peripheral dopaminergic and non-dopaminergic
systems are also involved, which account for the broad range of motor and non-motor
symptoms. The cardinal features of Parkinson’s disease include rest tremor, rigidity,
bradykinesia, and gait and balance dysfunction.!! In addition to these and other motor
manifestations, there is increasing recognition of non-motor abnormalities that affect nearly
all patients at various stages of Parkinson’s disease, even long before the onset of motor
symptoms.12 Of the most prominent and most troublesome non-motor symptoms of
Parkinson’s disease are various sensory disturbances, including pain,13-16 urge such as
akathisia, impairments in sensory perception such as olfactory loss,1” and visual changes.?18
One of the earliest manifestations of Parkinson’s disease, which often precedes motor
symptoms by several years, is shoulder pain.1419-21 |n one study of 25 patients with
Parkinson’s disease and 25 controls, patients with Parkinson’s disease were 21 times more
likely to have shoulder pain than were those without the disease.20 Pain is increasingly
recognised as a major cause of reduced health-related quality of life.?2

Parkinson’s disease-related pain has many causes, including musculoskeletal, dystonic,
radicular, neuropathical, and central pain.1416 Many studies support central mechanisms of
pain. For example, lower pain threshold, particularly for heat, in patients with Parkinson’s
disease can be normalised with levodopa therapy?3-26 and with subthalamic nucleus or
pallidal stimulation,2” which provides evidence for abnormal central (particularly basal
ganglia) sensory processing in Parkinson’s disease. Results of behavioural and lesioning
studies in animals have shown that the substantia nigra, caudate, and globus pallidus play an
important part in localisation, integration, and behavioural response to nociceptive
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stimuli.14.16.28.98 Fyrthermore, the presence of endorphins, endocannabinoids, and various
neuropeptides within the basal ganglia, which are known to be involved in the modulation of
pain, provides further support for the role of this structure in central pain processing in
Parkinson’s disease.16:30

Haptic perception, defined as the ability to distinguish the shape, orientation, and texture of
an object by active touch of a surface and manipulation of an object in space, is also
impaired in patients with Parkinson’s disease. For example, an increased threshold for
ascertaining convex curvature has been shown in Parkinson’s disease, providing additional
evidence for defective proprioceptive processing in the disease.3! Although a reduction in
haptic perception is a well recognised age-related condition, patients with Parkinson’s
disease have a decreased sensitivity and acuity beyond the expected findings in older (mean
age 63-3 years) healthy individuals.32

Several studies have shown abnormalities in sensory perception and proprioceptive
integration mainly with the use of kinaesthetic sense, the conscious perception of limb
position and motion in space.33-3% Poor recognition of limb displacement has been noted
during testing of passive motion in patients with Parkinson’s disease.36:37 Other kinaesthetic
abnormalities include impaired detection of applied force and weight required for single-
joint displacement.38 Additionally, altered kinaesthetic sense of joint displacement has been
implicated in the abnormal scaling of movement.3%40 This abnormality might improve with
dopamine replacement but not with deep-brain stimulation.*! Finally, impaired
discriminative sensory function in Parkinson’s disease, indicated by increased somaesthetic
temporal discrimination threshold, has been correlated with striatal dopamine deficiency on
positron emission tomography (PET).10 Whether dopaminergic therapy augments
kinaesthetic perception is unclear,%243 but it does seem to improve discriminative sensory
function.10

Impairments in gait and balance, some of the most disabling symptoms in Parkinson’s
disease,* are multifactorial in origin and partly arise from impaired multimodal integration
of sensory feedback from vestibular, visual, and proprioceptive sensory systems. Impaired
vestibular responses,*® reduced internal representation of their bodies, and impaired
proprioception3 clearly contribute to the impairments in gait and balance in patients with
this disease.*6

Patients with Parkinson’s disease rely on visual input, such as the perception of forward
motion, for the generation and maintenance of coordinated movements,4”48 and freezing of
gait can occur when visual input is disrupted.4920 Impairments in balance®! and foot
displacement in walking tasks are most notable when visual cues are blocked and patients
are relying only on proprioceptive feedback.52 The well known occurrence of sensory
cueing through auditory, visual, or tactile inputs to overcome akinesia or motor freezing also
emphasises the role of multimodal integration of sensory input in Parkinson’s disease.53-56
Tricks or manoeuvres such as kicking a cane, bouncing a ball while walking, or stepping
over a laser-generated line can be used to overcome gait freezing (also known as gait
akinesia or motor blocks).>” Additionally, the curious occurrence of kinesia paradoxica,
manifested by the sudden ability to overcome akinesia with a surge of emotional energy,
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often precipitated by a sensory stimulus, shows that the motor programmes in patients with
Parkinson’s disease might be intact, but that the patients have difficulty using or accessing
the programmes.1! Because initiation and execution of movement in Parkinson’s disease
becomes more dependent on external cueing as the disease progresses, the increasingly
defective use of proprioceptive input could have a role in the pathophysiology of
Parkinson’s disease-related freezing, which also worsens with disease progression.8:9:58-60
Impaired kinaesthetic processing might explain why patients with Parkinson’s disease rely
heavily on visual input as a compensatory process to generate and maintain automatic
patterned movements necessary for gait.81-65 Impairment in automatic movements in
Parkinson’s disease has been attributed to loss of neurons in the centromedian thalamus that
project to the sensorimotor regions of the striatum86.67 and hyperactivation of the
cerebellum.58 The cerebellum might be recruited in an attempt to compensate for the
primary motor dysfunction in Parkinson’s disease, as suggested by increased cerebellar
activation on functional MRI with visually cued finger taps in patients with Parkinson’s
disease in the so-called off state compared with in healthy controls.58-70 Further
investigation into the role of the cerebellum’s contribution to sensorimotor integration in
Parkinson’s disease is needed.’!

Dystonia encompasses a broad range of patterned movements—either focal, segmental, or
generalised—produced by involuntary muscle contractions and causing twisting, squeezing,
and other abnormal postures that are often initiated or worsened by voluntary action and
associated with overflow activation into adjacent or even contralateral muscle groups (so-
called mirror dystonia).”2-"4 The neuroanatomical basis of dystonia is unclear, but the basal
ganglia have been implicated in its pathophysiology through observations of dystonia
secondary to basal ganglia lesions”®76 and its presence in known basal ganglia disorders
such as Parkinson’s disease’’ and Huntington’s disease.’® Structural lesions in the thalamus,
parietal lobe, brainstem, and cerebellum can also cause secondary dystonia. The absence of
observable neurodegeneration in primary dystonias suggests an underlying neuronal
dysfunction of connectivity, plasticity, and synaptic regulation involving the basal ganglia
circuitry.”®

Pain, partly connected to the muscle spasm, is a well recognised symptom of dystonia. In
two large series of patients with cervical dystonia, the frequency of pain was 68% and
75%.80.81 Many cases of dystonia, however, show no overt signs of sensory abnormalities
on clinical examination, but sensory symptoms might exist—eg, patients with
blepharospasm, a form of focal dystonia, frequently complain of photosensitivity and other
ocular discomforts, and neck pain often precedes or is associated with cervical dystonia.# In
addition to pain, most patients with dystonia have noted that a certain voluntary movement
or some alteration in sensory input temporarily improves the dystonic posture or
movement,82 particularly early in the disease course.83 This well recognised phenomenon
has traditionally been referred to as a geste antagoniste or a sensory trick. Because it does
not always involve a sensory input and is real rather than fake, as implied by the word
“trick”, we propose that a more appropriate term for this phenomenon is alleviating
manoeuvre. This manoeuvre could be motor or sensory in nature. Most patients who use
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alleviating manoeuvres obtain partial or complete improvement of their dystonic posture or
movement. A study showed that a complete resolution of dystonia with alleviating
manoeuvres is associated with better visuotactile discrimination and shorter duration of
dystonic symptoms compared with patients with less effective alleviating manoeuvres.84
Examples of alleviating manoeuvres include a light touch to certain areas of the face, chin,
or neck that allows a patient with cervical dystonia to bring the head into a primary (hormal)
position; or pulling on the upper eyelid or an eyebrow, wearing tinted lenses, talking, or
singing that enables a patient with blepharospasm to keep the eyes open (figure 1). The
presence of these and other alleviating manoeuvres initially led to the misconception that
cervical and other dystonias were of psychological origin; however, their presence is now a
key diagnostic feature.8 Patients with generalised dystonia also use a variety of alleviating
manoeuvres, such as placing their hands in their pockets, behind their neck or back, or on
their hip; dancing or walking backwards; and placing objects on their head (figure 1B).
Whereas many patients report that doing a particular task, such as playing a musical
instrument86 or a particular sport, such a golf,87 triggers their dystonia (eg, task-specific
dystonia), some experience paradoxical improvement of dystonia—eg, while playing a
piano—which previously has been interpreted as a form of sensory trick.88

The mechanisms by which alleviating manoeuvres improve dystonia are not well
understood, but results of several physiological and functional MRI studies have shown that
a light touch in a specific area of the body (typically in relation to the location of dystonia)
can attenuate muscle activity8%%0 in association with reduced activation of the
supplementary motor area and primary sensorimotor cortex.82:83-92 The physiological and
functional imaging findings are difficult to interpret because less cortical activation would
be expected with less muscle contraction. With use of electromyography in patients with
cervical dystonia, Schramm, Reiners, and Naumann®2 proposed a two-phase model in which
abnormal head posture is first normalised by counter-pressure or volitional antagonistic
muscle activity, and then the position is stabilised by changed sensory input. Although
sensory mechanisms have been implicated in these manoeuvres, altered sensory input might
not be needed at least for the first phase because electro-myography recruitment is altered
even before the hand makes contact with the face.%3 Further studies are needed to better
understand the role of sensorimotor interaction in the mechanism of alleviating manoeuvres.

Photosensitivity in blepharospasm is an important, but poorly understood, sensory aspect of
this focal dystonia. Patients with blepharospasm not only complain of pain associated with
light sensitivity, but also often report worsening of eye spasms when exposed to bright
lights, for which they often have to wear dark glasses, even when indoors. A distinct set of
photoreceptors named the intrinsically photosensitive retinal ganglion cells have been
identified and implicated in blepharospasm.94 These cells, present in the retina and iris, use
the photopigment melanopsin, rather than rhodopsin, to detect light in a non-image-forming
manner and have direct connections to the thalamic nuclei connected to somatic sensation
and pain. These thalamic nuclei also receive convergent input from the trigeminal afferents,
which might also provide an explanation for photophobia associated with migraine.?* Not
all patients with blepharospasm have photosensitivity; however, those who have these
symptoms have increased activity in the thalamus and dorsal midbrain with PET imaging.9°
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The association between photosensitivity in blepharospasm and, more generally, pain and
dystonia needs to be further clarified.

Various sensory abnormalities have been identified in patients with primary focal dystonia.
Recording of contact heat-evoked potentials in response to heat stimulation of the volar
forearm and the dorsum of the hand at a temperature of 51°C in patients with focal hand
dystonia showed lower N2—-P2 amplitudes in the somatosensory cortex from the dystonic
arm than in the unaffected side and healthy controls.?6 Additionally, on quantitative sensory
testing, increased thresholds of thermal detection and mechanical pain, and decreased
mechanical pain sensitivity on the affected limb, suggest a loss of sensory function of the
dystonic hand. This study indicates the potential contribution of the small-fibre A-8-system,
which underlies transmission of the thermal stimuli to the pathophysiology of dystonia.
Other studies also used somatosensory-evoked potentials and transcranial magnetic
stimulation to show impaired cortical somatosensory processing, abnormal sensorimotor
integration, and maladaptive cortical plasticity in patients with dystonia.?”=99 Patients with
focal dystonia also have decreased kinaesthetic perception to passive joint movement,100
abnormal proprioceptive vibration-induced illusion of movements,101-104 and impaired
integration of proprioceptive input with evidence of abnormal egocentric spatial
representation.195.106 Fyrther more, abnormal spatial discrimination, simultaneous two-point
cutaneous stimuli, and impaired temporal discrimination (two stimuli at the same place
separated in time), have been recorded in patients with dystonia.107-112 Abnormalities in
temporal cutaneous discrimination have been noted not only in the affected limb but also in
the unaffected limb of patients with unilateral focal dystonia, and in patients with
blepharospasm and cervical dystonia and their unaffected relatives, which suggests a
common underlying genetic endophenotype.110.113-115 The presence of these non-elemental
sensory abnormalities, coupled with evidence of impaired sensory and motor processing and
loss of so-called surround inhibition, provide strong support for the idea that dystonia is not
only a motor but also a sensory disorder.”-116-118

Although in this Review we have focused on primary dystonia, dystonic movements can
also occur in other basal ganglia disorders.”4119 The involvement and mechanism of
sensory abnormalities in the secondary dystonias are probably heterogeneous, partly defined
by the underlying pathogenic abnormality.

The most effective treatment of focal dystonia is local injection of botulinum neurotoxin,
targeting the affected muscles.120:121 Botulinum neurotoxin not only relaxes the abnormally
contracting muscle but also alters peripheral input by weakening the intrafusal muscle fibres,
leading to reduced spindle afferent activity.122 Reduction of peripheral sensory input by
cooling the affected limb to treat writer’s cramp has been noted to transiently improve this
focal dystonia.123 Administration of local anaesthetic improved dystonic movements in
medically refractory writer’s cramp.124 Sensory training through use of Braille reading in
patients with focal hand dystonia transiently reduced the dystonic movement and improved
writing.125126 These findings not only provide additional support for the importance of the
sensory system in the pathophysiology of dystonia, but also suggest new therapeutic
strategies.
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Peripherally induced dystonia and complex regional pain

Although the topic of peripherally induced movement disorders is controversial, several
examples of involuntary movements—such as hemifacial spasm and amputation stump
movements—are clearly related to altered peripheral input.12” Furthermore, focal injury
preceding the development of dystonia has been well documented, although the cause—effect
association is not understood.127-129 Experiments in primates and human beings have shown
that digit amputation or other types of peripheral injury cause the cortical representations of
adjacent digits to expand topographically and to occupy most or all of the cortical territories
formerly representing the amputated digit.130-132 Thus, central reorganisation in response to
altered peripheral input could be the mechanism that underlies peripherally induced
movement disorders.127:133 Furthermore, sensorimotor training that includes several
methods, such as imagery or mirror treatment, the use of prostheses, and other training
procedures, have been used to improve dystonia and other disorders of sensorimotor
integration,125.134.135

Another syndrome associated with dystonia is complex regional pain syndrome (CRPS), a
severe, persistent pain syndrome that develops soon after an injury or immobilisation (eg,
casting or splinting) and is associated with vasomotor, sudomotor, trophic changes, and
mood and psychological disturbances.129.136-140 The pathophysiology of CRPS-related
dystonia is largely unknown, although immunological mechanisms are increasingly
implicated.1#1 One hypothesis for CRPS-related dystonia is that noxious stimuli interfere
with joint and muscle proprioception of the affected body part, which disrupts neighbouring
and distal muscle activation during voluntary and reflex movements.142 In a systematic
study of the patterns of dystonia in 85 patients with CRPS, the observed flexion of distal
joints was attributed to aberration in the normal feedback from the Golgi tendon organs in
the regulation of force, ultimately leading to the abnormal fixed flexion.142 This mechanism
is, however, highly speculative and more studies are needed to clarify the mechanism of
abnormal movements and postures associated with CRPS. Because only a small group of
patients develop dystonia in the setting of CRPS, some genetic predisposition might exist in
patients who do develop this form of peripherally induced dystonia.14? The presence of
affective disorders and of psychogenic features in these patients has led some researchers to
propose that dystonia in the setting of peripheral injury is largely of psychogenic
origin37.143 or a form of body integrity identity disorder.144 More data are needed to better
understand the CRPS dystonia syndrome.

Urge sensations in movement disorders

Urge phenomenon

Although an urge preceding a movement might not necessarily represent a sensory event
because it is often associated with underlying obsessive-compulsive disorder,14> some
evidence exists that the urge phenomenon might occur secondary to abnormalities in
sensorimotor integration.146:147 Thus, the movement that follows and temporarily relieves
an urge might not be truly involuntary but rather unvoluntary, occurring in response to an
inner feeling.148
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Tics and Tourette’s syndrome

Tics—defined as abrupt, brief, involuntary movements or vocalisations—are the clinical
hallmark of Tourette’s syndrome.4° Tics manifest as repetitive contractions of an isolated
muscle group (focal tics) occurring out of a normal background, or as complex tics
involving a wide variety of muscle jerks in different muscle groups in a stereotypical and
patterned sequence.®0 In addition to motor tics, people with Tourette’s syndrome also
produce sounds, such as sniffing, grunting, or throat clearing (simple phonic tics), or
utterances with semantic meaning (complex phonic tics), including shouting of obscenities
or profanities (coprolalia). A distinguishing feature of tics that separates them from other
hyperkinetic movements is the presence of a premonitory urge, described as an unpleasant
sensation often preceding the motor tic in a crescendo manner until the tic is executed.
Although some children have difficulty describing and articulating these abnormal
sensations, most adults with Tourette’s syndrome can provide an adequate description to
allow categorisation of the premonitory phenomena as either regional, localised to the area
of the tic, or generalised, manifested by a non-specific inner tension, urge, or discomfort, not
necessarily anatomically connected to the tic.151 The Premonitory Urge for Tics Scale
(PUTYS), originally validated in children, also has good psychometric properties in adults
with Tourette’s syndrome.152 The sensations might be vague and poorly localised feelings
such as an urge, anxiety, or a need to do something, whereas other sensations are regional,
localised to a specific area, sometimes referred to as sensory or compulsive tics (figure
2).153-156 Although the premonitory sensation is involuntary, the movement is typically
perceived by the patient as a voluntary action to relieve the preceding, underlying
discomfort.152.157 Additional support for the voluntary nature of tics includes the ability to
transiently suppress tics at the expense of worsening internal discomfort.150 By contrast with
the localised premonitory urge, such as a sensation of dry throat preceding throat clearing or
a tension in the neck preceding neck extension (so-called whiplash) tics, there are rare
instances when the patient perceives sensations in other objects or people that are relieved
when the patient touches or scratches them—defined as extracorporeal phantom tics.158
Patients with Tourette’s syndrome have described increased sensitivity to faint external
stimuli, such as clothing tags and textures, and light and sound, which often evolves into a
disabling, compulsive need to adjust or remove the clothing.159 Similar to dystonia, some
patients have used alleviating manoeuvres to control tics,260 and habit-reversal techniques
have been incorporated into behavioural modification of tics.261 In a study of 19 patients
with Tourette’s syndrome and 19 age-matched healthy volunteers, 80% of patients had
heightened subjective sensitivity to external stimuli to all five senses except taste.162
However, sensory thresholds and psychophysical response curves for the subjective intensity
of stimuli were normal. The investigators concluded that the results indicate that patients’
perceived sensitivity derives from altered central processing rather than enhanced peripheral
detection.

Another unique observation regarding premonitory sensations is that botulinum neurotoxin
injections targeting the area of premonitory sensation improve not only the intensity and
frequency of tics but also the premonitory sensation, thus removing the need to perform the
tic,157:163,164 or even essentially eliminating coprolalia.165 Although evidence for the effects
of botulinum neurotoxin on peripheral nociceptive transmission and reduction of central
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sensitisation is growing,68 future research needs to address the potential mechanism of
botulinum neurotoxin to relieve premonitory sensory urge.

The reduction in tic frequency and severity with centrally acting dopamine receptor
blockers, dopamine depleters such as tetrabenazine, 167 and pallidal or thalamic deep brain
stimulation68 provides strong evidence that tics are centrally generated. A post-mortem
study of brains of patients with Tourette’s syndrome showed reduction in the number of
cholinergic interneurons in the associative and sensorimotor regions of the striatum.169 In
Tourette’s syndrome, a breakdown in the gating mechanisms for sensory inputs and reduced
efficiency of synaptic inhibition have been implicated in the urge phenomenon and release
of tics.170-172 Apnormal gating of sensory stimuli and increased sensory feedback in
Tourette’s syndrome have been shown through self-paced finger-movement tasks,173 and by
decreased inhibition of the blink reflex.174.175 Furthermore, an increased dependence on
visual pathways to complete tasks supports the role of the sensory system in the
pathophysiology of Tourette’s syndrome.176

Restless legs syndrome

Restless legs syndrome is characterised by an ill-defined unpleasant crawling sensation in
the legs, predominantly in the evening when the patient is attempting to fall asleep.1’7 In
one study the most frequent spontaneous descriptors were “urge to move” (24%), “irritating
(17%), and “painful” (17%).178 The most frequent prompted descriptors were “restless”
(88%), “uncomfortable” (78%), and “need to stretch” (76%).178 Deep muscular pain mainly
localised to both legs has been described in up to 86% of patients, although these sensations
can occasionally be localised to other regions of the body (figure 3).17° The sensory
symptoms can also often be relieved by rubbing the area or by immersion in hot water. A
key diagnostic feature of these unpleasant sensations is that they are partially or totally
relieved by movements such as walking or stretching for as long as the activity continues, 180
which suggests that restless legs syndrome, like tics, can be thought of as a disorder of
sensation relieved by movement.

The pathophysiology of the sensory urge in restless legs syndrome is largely unknown.
Although symptoms similar to those of restless legs syndrome can be present in patients
with sensory neuropathies,181:182 the presence of similar symptoms in other basal ganglia
disorders such as Parkinson’s disease, evidence of reduced endogenous dopamine with
increased dopamine D2 receptor availability on PET imaging,183 and partial alleviation of
symptoms with globus pallidus internus deep brain stimulation46 implies that the basal
ganglia have a role in modulation of this sensorimotor condition.® The potential role of
melatonin is suggested by the finding of reduced urge phenomenon in patients with restless
legs syndrome when exposed to bright lights.184 Alteration of pain perception with chronic
dopaminergic therapy with evidence of low ferritin and iron concentrations in the substantia
nigra further suggests basal ganglia involvement through disruption of the basal ganglia,
descending spinal dopaminergic pathways, or both.185-189 Although the association between
iron abnormalities and restless legs syndrome has not yet been fully elucidated, a deficit of
iron transport into the CNS has been suggested as the fundamental metabolic abnormality in
the syndrome.1%0 Only a few studies have formally addressed sensorimotor integration in
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restless legs syndrome.188.191 Reduced short-latency afferent inhibition, a marker for
sensorimotor integration, has been shown with transcranial magnetic stimulation in patients
with the syndrome, and this abnormality normalised with dopaminergic therapy.188 Future
neurophysiological studies should be directed to improve our understanding of the urge
phenomenon and its pathophysiological mechanisms.

Akathisia refers to an abnormal state of excessive restlessness or an urge or need to move
about. These symptoms are relieved during movement. By contrast with many other
movement disorders that might be primary or idiopathic, akathisia is almost always seen as a
result of particular drugs, such as selective serotonin reuptake inhibitors,192 dopamine-
receptor blockers, or dopamine depleters such as tetrabenazine, 167193 although it might also
be encountered in patients with Parkinson’s disease, even those not taking medication.194
Although the pathophysiology of akathisia is largely unknown, the exacerbation of
symptoms in low-dopamine states, as seen in Parkinson’s disease, and the association with
the use of dopamine-receptor blockers or dopamine depleters suggests that this disorder is a
symptom of abnormal dopamine transmission. Improvement with zolpidem, which binds to
the GABA-benzodiazepine receptor complex, suggests that the GABAergic system could
also be involved in akathisia.1% A unique aspect of this sensorimotor disorder is the
amelioration of the sensory symptoms with passive motion (eg, as a passenger in a moving
car), which suggests that passive sensory input (eg, a perception of movement via visual and
vestibular input) rather than voluntary movement alleviates the sensory discomfort
associated with akathisia.1?6 Future studies should be directed at assessment of whether
sensory impairments and abnormalities exist in sensorimotor integration.

Stereotypies

Stereotypies are defined as coordinated, patterned, repetitive movements or sounds that are
typically involuntary although are mainly recognised to be in response to or induced by an
inner sensory urge, stimulus, or unwanted feeling.1%7 Stereotypies have many causes,
including autistic and psychiatric disorders, but tardive dyskinesia is probably the most
common cause of adult-onset stereotypy.1%8 This group of iatrogenic hyperkinetic
movement disorders, caused by dopamine-receptor blocking agents, is typically manifested
by oro-buccal-lingual stereotypy, but various movement disorders can be encountered in
patients with tardive dyskinesia, including akathisia, dystonia, tics, tremor, and chorea. In
addition to movement disorders (including involuntary vocalisations), patients with tardive
dyskinesia can have various sensory symptoms, such as an urge to move (as in akathisia),
paraesthesias, and pain, particularly involving the oral and genital areas.148 Another
example of a sensory aspect of tardive dyskinesia is phantom dyskinesia, which was first
reported in a 58-year-old woman who had persistent post-amputation stump chorea and the
perception of involuntary movement in the phantom left arm.199

Another example of abnormal sensorimotor integration is a syndrome that we have named

‘leg stereotypy disorder’. Although not previously well described in published literature, this
syndrome is often observed in people who, while seated in meetings, exhibit stereotypical 1-
2 Hz rhythmical flexion—extension movements of the hips with toes resting on the floor. The
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movement might last for a few seconds, minutes, or hours, and goes away when standing or
walking. People can stop easily, at will. Many individuals with this syndrome describe the
intense need to move their legs in response to an inner tension or state of anxiety, which is
transiently relieved by the movement. Although frequently familial, this syndrome is
different from restless legs syndrome in that it is not diurnal in pattern and is not associated
with unpleasant sensations. Further clinical, physiological, and pharmacological
characterisation of this disorder is needed.

The basal ganglia, cerebellum, and sensory processing

The somatosensory system is a complex network of neurons, synapses, and receptors,
through which we perceive and navigate our environment. Cajal2% provided a detailed
description of the somatosensory network in animals, including frogs, cats, and mice, and in
human beings, in Histology of the nervous system of man and vertebrates. According to
Cajal, this elaborate somatosensory system is made up of six mechanoreceptors—Meissner
corpuscle, Pacinian corpuscle, Golgi tendon organ, Merkel discs, Ruffini organs, and muscle
spindles.201.202 These sensory receptors and neurons with cell bodies in the dorsal root
ganglion mediate sensory input, including pain, to the spinal cord and brain through the
spinothalamic, spinoreticular, spinohypothalamic, and spinocerebellar tracts.201:202 The
afferent sensory system interacts via direct and indirect projections with the brainstem,
cerebellum, subcortical, and cortical structures. Sensory information eventually affects the
motor system and the choice and pattern of movement. Thus, sensory information has two
roles: first to inform consciousness about the state of the world (exteroceptive) and the state
of the body (interoceptive), and second to guide the driving of the motor system.
Abnormalities in this sensorimotor integration underlie many hypokinetic and hyperkinetic
movement disorders.8

Although the basal ganglia do not directly receive sensory information, processing of
indirect information by the basal ganglia has a distinct effect on movement. Various models
of the basal ganglia suggest two major roles for it in the generation and maintenance of
movements: co-activation of agonist—antagonist muscles to maintain equilibrium and
balance; and sequential activation of agonist and then antagonist muscles for implementation
of fast movements.203 Additionally, and perhaps most importantly, the basal ganglia enable
specific movements and selectively inhibit competing motor programmes that could
interfere with the intended voluntary movement.116 Several neuro physiological studies
provide support for the emerging idea that the basal ganglia serve as a gate-keeper for
sensory inputs at various levels along the CNS, and that abnormal sensorimotor integration
is a key feature in the pathogenesis of many movement disorders.8:%:156 The role of the basal
ganglia extends beyond motor control to the recognition of anatomically distinct loops that
have reciprocal connections with the frontal, limbic, and sensory systems affecting
cognitive, emotional, and sensorimotor processing. Abnormal sensorimotor processing could
lead not only to sensory symptoms but also to sensory and motor abnormalities. Increasing
evidence suggests that proprioceptive sensory input plays a crucial part in the generation and
coordination of movements. The motor circuit comprised of the substantia nigra,
subthalamic nucleus, globus pallidus, and putamen is the most studied basal ganglia loop,
which is mediated mainly via the direct, indirect, and hyperdirect pathways, the first two of
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which are affected by specific dopamine receptors. Reinforcement of automatic movements
through sensory-evoked phasic release of dopamine is hypothesised to be crucial to the
maintenance of automatic movements.2%4 In fact, the dopamine D2 receptors have been
implicated in the regulation of affective and motivational aspects of sensory
processing.183:205 The progressive loss of dopamine signalling in Parkinson’s disease results
in reduced capacity to generate normal automatic movements, whereas goal-directed motor
actions remain intact, as seen with external cueing.® Alternatively, aberrantly increased
dopaminergic transmission might result in increased repetitive and stereotyped movements
such as those associated with urge phenomena.56 Abnormalities in striatal dopaminergic
anatomy have also been shown in animal models of Tourette’s syndrome2%6—rodent and
primate models of Tourette’s syndrome have shown that tics are associated with phasic
changes of neuronal activity throughout the cortico-basal ganglia circuitry, and that tics, and
their sensory components, are linked to abnormalities in the sensorimotor network, mostly in
the prefrontal dorsolateral cortex and sensorimotor parts of the basal ganglia.207.208

The cerebellum receives considerable sensory information directly and it seems to play an
important part in the guidance of movement, particularly online corrections for
coordination.”? The cortico-cerebellar circuit, mainly involved in the coordination of
movement, connects the frontal lobe, pontine nuclei, cerebellar cortex, deep cerebellar
nuclei, red nucleus, ventrolateral thalamic nucleus, and motor cortex. Novel imaging
techniques such as functional MRI and diffusion tractography imaging have drawn attention
not only to the basal ganglia but also to the cerebellum and its projections in the
pathophysiology of Parkinson’s disease, essential tremor, and dystonia.298-211 Results of
transcranial magnetic stimulation studies show abnormal cerebellar functioning, including
reduced effect on cortical plasticity in primary dystonia,212:213 and viral tracing techniques
have shown reciprocal connections between the basal ganglia and the sensorimotor cortex
and associative and limbic regions of the cerebellum (figure 4).214215 Thus, the cortical-
basal ganglia-cerebellar connections have important implications for motor, cognitive,
affective, and sensory aspects of movement disorders.

Search strategy and selection criteria

The disorders that we have discussed in this Review were selected as the most illustrative
examples of sensory abnormalities encountered in or contributing to movement disorders.
We identified references through searches of PubMed with the search terms “sensory”,

“sensorimotor integration”, “basal ganglia”, “cerebellum”, “movement disorders”,
“Parkinson’s disease”, “dystonia”, “complex regional pain”, “Tourette’s syndrome”,
“tics”, “akathisia”, “stereotypies”, and “restless legs syndrome”. We included articles
published between January, 2010, and May, 2013. Articles were also identified by
searches of the reference lists of the articles identified by this search, and of our own
files. We used additional searches to elaborate on specific topics at the authors’
discretion. We reviewed only papers published in English. The final reference list was

generated on the basis of originality and relevance to the scope of this Review.
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Conclusions

Increasing numbers of movement disorders have been recognised to exhibit sensory
symptoms or abnormalities that might be integral to the pathophysiology of the abnormal
movements or postures. The basal ganglia, cerebellum, thalamus, and their connections,
coupled with altered sensory input, seem to play a key part in abnormal sensorimotor
integration in various movement disorders. Additional clinical, neurophysiological, and
imaging studies are needed to better understand the mechanisms of sensory abnormalities in
patients with movement disorders.
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Figure 1. Alleviating manoeuvres
(A) The patient has near-complete resolution of her right torticollis by lightly touching the

right side of her face. (B) The patient’s anterocollis improves when attempting to balance a
heavy book on her head. (C) The blepharospasm in this patient is alleviated by lightly
touching his eyebrow and by wearing yellow tinted goggles.
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Figure 2. Characteristics of urge phenomena in Tourette’s syndrome
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These charts represent the localisation and descriptive quality of the sensory urge in a survey

of 50 patients. Data from Kwak and colleagues.>’
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Figure 3. Topography of sensations in restless legs syndrome
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The frequency and distribution of sensory symptoms associated with restless legs syndrome.

Figure reproduced from Karroum and colleagues,1’® by permission of the Society for

Neuroscience.
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Figure 4. Subcortical and cortical pathways for motor control
This diagram of the basal ganglia and cerebellum shows pathways involved in sensorimotor

integration. The blue pathway is that described by Bostan and Strick.21® D1 and
D2=dopamine receptors. GPe=globus pallidus pars externa. GPi=globus pallidus pars
interna. SNr=substantia nigra pars reticularis. STN=subthalamic nucleus. PC-ML=posterior

column-medial lemiscus
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