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Abstract

Essential tremor (ET) is a common movement disorder affecting millions of people. Studies of ET
patients and perturbations in animal models have provided a foundation for the neural networks
involved in its pathophysiology. However, ET encompasses a wide variability of phenotypic
expression, and this may be the consequence of dysfunction in distinct subcircuits in the brain.
The cerebello-thalamo-cortical circuit is a common substrate for the multiple subtypes of action
tremor. Within the cerebellum, three sets of cerebellar cortex-deep cerebellar nuclei connections
are important for tremor. The lateral hemispheres and dentate nuclei may be involved in intention,
postural and isometric tremor. The intermediate zone and interposed nuclei could be involved

in intention tremor. The vermis and fastigial nuclei could be involved in head and proximal

upper extremity tremor. Studying distinct cerebellar circuitry will provide important framework for
understanding the clinical heterogeneity of ET.
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Introduction

Essential tremor (ET) is one of the most common movement disorders and can be highly
disabling. ET is typically characterized by action tremor of the upper extremities; however,
the spectrum of phenotypes can be variable among individuals [1-4]. For example, tremor
may be focal, with some individuals only having tremor in single digits while others can
have tremor at the wrist or elbow [2]. Voice and head tremor also occur in a subset of
~10-15% and ~35% of ET patients, respectively [5-8]. Tremor can also be segmental,
occurring in contiguous body parts [9-12]. Therefore, tremor can happen in different,
spatially restricted parts of the body in different patients. In addition, the maneuvers that
induce tremor are highly individualized in ET patients.
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Action tremor is a broad term that encompasses different tremor subtypes. Some patients
have tremor while performing voluntary movements, termed kinetic tremor, whereas others
have tremor during extension of the arms fixed in place called postural tremor [2, 7, 13,
14]. Kinetic tremor can also take the form of task-specific manifestations, which involve
skilled movements like writing, typing, and playing an instrument [15-17]. A subgroup of
ET patients (~40-45%) have prominent tremor when reaching closer to a target, a unique
type of tremor called intention tremor [7, 8, 13, 14]. These different types of tremor can
co-occur in a single ET patient. It has been difficult to elucidate detailed pathophysiology
of ET, in part, because of the heterogeneity of tremor expression. Research has not been
focusing on separating ET patients with distinct tremor phenotypes to further investigate the
pathophysiology.

Despite these challenges and diverse clinical presentations, our understanding of ET
pathogenesis in recent decades has gained significant momentum in identifying the
cerebellum as having a central role [18-21]. In addition, there has been significant progress
in our basic neuroscience knowledge of how the cerebellum contributes to movements, and
this knowledge can be applied to studying how the dysfunctional cerebellum creates distinct
types of action tremor. In this article, we will review evidence from basic and clinical
science fields to understand the pathophysiology of tremor subtypes and to point to future
directions of research on ET heterogeneity.

Distinctive Tremor Subtypes in ET

Clinical diagnosis of ET is based on neurological examination, demonstrating action tremor
in the bilateral upper extremities [12]. Since action tremor includes both postural tremor and
kinetic tremor, these tremor subtypes are examined in separate neurological tests. Postural
tremor is assessed with patients holding their arms outstretched in front of the body [2, 22].
Tremor during this positional hold can occur at more proximal sites like the shoulder or
elbow, or more distally in the wrist or fingers and can be present in one or multiple joints [2,
23, 24]. Kinetic tremor is assessed by a finger-nose-finger maneuver, spiral drawing tasks,
handwriting, and pouring water from one cup to another [4]. If tremor occurs mainly in the
hands when close to reaching the target during these tasks, this type of tremor is categorized
as intention tremor. The dot approximation and finger-nose-finger tests are particularly
helpful to assess intention tremor [25]. If tremor only occurs in one of these tasks but not
the other, this type of tremor is labeled as task-specific tremor. In addition to hand tremor,
head tremor is assessed by observing patients with different head positions and looking in
different directions, which can induce subtle head tremor [25]. Voice tremor is assessed by
listening to patients producing monotone sounds or in unscripted, voluntary speech [25].

A small number of ET patients may also have face, leg, or standing tremor, which should
also be assessed in the neurological examination. Finally, isometric tremor is another form
of action tremor induced by contraction of a muscle against an unmoving object. Clinical
tests for isometric tremor include squeezing the finger of the practitioner [15, 22]. Each ET
patient can have any one or a combination of these types of tremor (Fig. 1). The Essential
Tremor Rating Assessment Scale performance subscale (TETRAS-PS) is a clinical rating
scale for assessing all abovementioned ET tremor subtypes (except for isometric tremor),
and TETRAS-PS has been widely used by recent clinical trials of ET [26, 27].
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The diagnosis of ET depends on the aforementioned assessment of action tremor and
additional criteria of 1) at least 3-year duration and with or without head, voice, and lower
limb tremor, and 2) the absence of other neurological signs, such as dystonia, ataxia, or
parkinsonism [12]. However, there could be some “soft sign” features suggesting dystonia,
ataxia, or parkinsonism in some ET patients, and this group is categorized by some experts
using a controversial name: ET plus [12, 28] (Fig. 1), which is outside of the scope of this
review.

It is important to keep in mind that none of the abovementioned action tremor subtypes

are specific to ET, and a complete clinical context should be considered. For instance,

about one third of Parkinson’s disease patients have action tremor, including postural tremor
[29], while the predominant tremor in Parkinson’s disease is rest tremor [9, 30-34]. On

the other hand, rest tremor occurs in approximately 10% of ET patients, particularly those
with severe action tremor [7, 8]. Some neurologists classify these patients with both ET

and Parkinson’s disease [35], particularly when bradykinesia and rigidity are also present.
Similarly, isometric tremor can be observed in some ET patients [23, 36—38], but isometric
tremor is often associated with enhanced physiological tremor [39].

It is likely that these different tremor subtypes in ET have distinct neural substrates.
Diagnosis of patients to differentiate underlying causes of tremor typically includes an
assessment of whether the tremor exhibits high or low frequency and amplitude, as different
subtypes of tremor manifest in specific frequency and amplitude ranges [6, 19]. A recent
study found Parkinson’s disease patients who have both rest and postural tremor often
exhibit different tremor frequencies in these two subtypes of tremor [40]. ET patients who
have both postural and kinetic tremor often have slightly different tremor frequencies in
these two subtypes of action tremor [41]. Single neuron recordings in the thalamus of

ET patients have shown different discharge frequencies in addition to differences in the
proportion of sensory-responsive versus nonsensory-responsive cells that are active during
kinetic and postural tremor [24], suggesting postural and Kinetic tremor originate from
different brain areas, or they are coming from the same origin with distinctive regulatory
mechanisms involved. Detailed kinematic measurements will help us to have a higher
resolution of tremor subtype characterization than clinical assessment, which will be a
critical piece for understanding the heterogeneity of tremor disorders.

Cerebello-thalamo-cortical Loop in ET

Regardless of the heterogeneous expression of action tremor in ET, ample research studies
conclude that the cerebello-thalamo-cortical loop is the key substrate involved in different
tremor subtypes. These neuroimaging studies were conducted while ET patients performed
different tremor-inducing tasks, such as posturing, writing, and force gripping.

The original study employing functional magnetic resonance imaging (fMRI) of ET patients
showed increased activation of cerebellar cortical hemispheres, dentate nuclei, red nuclei,
thalamus, and primary motor cortex during postural tremor [42]. Subsequent studies
recording fMRI and electromyographic (EMG) activity simultaneously during postural and
kinetic tremor confirmed increased activation in motor cortex, cerebellum, thalamus, and
pons [43, 44]. Other fMRI studies corroborate the involvement of the cerebello-thalamo-
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cortical loop in distinctive subtypes of action tremor in ET: postural tremor [37, 45-47],
isometric tremor (forced grip) [37, 38], and kinetic tremor while writing [48] or performing
finger tapping [49]. These studies demonstrated that fMRI could detect abnormalities in the
cerebello-thalamo-cortical loop in ET patients having distinct tremor subtypes.

Furthermore, positron emission tomography (PET) studies of ET patients during postural
tremor detected an increase in blood flow in the cerebellum, red nuclei, and thalamus
[50-54] and in the cerebellum during a writing task [52]. These data also suggest the
involvement of the cerebellum and its downstream target brain regions in action tremor.
Motor cortex, however, did not appear to be clearly involved in these PET studies.

Perhaps the strongest evidence that the cerebello-thalamo-cortical loop is involved in

ET comes from lesion evidence. Some ET patients have long-standing tremor and later
developed discrete lesions either by small stroke or discrete hemorrhage, which surprisingly
dampen tremor. These lesions are postulated to disrupt the brain circuits of tremor. The
localization of these lesions are found to be in the cerebellum [55-57], thalamus [58—

60], and pontine nuclei [57, 61]. For the cerebellum, specifically, two patients showed

a hematoma involving all the deep cerebellar nuclei and alleviation of postural [55] and
isometric tremor [57], while another patient showed a lesion largely of the dentate and
superior cerebellar peduncle with cessation of postural tremor [56]. The part of the thalamus
involved in the upper extremity-related brain circuit of tremor is the ventral intermediate
nucleus (VIM), which receives dense projections from forelimb-related neurons in the deep
cerebellar nuclei (DCN) of the cerebellum [62, 63]. Using a novel imaging technique,
lesion-based mapping, investigators further confirmed the role of the cerebello-thalamo-
cortical loop in ET [64]. Of note, none of these studies separate distinct tremor subtypes.

It is likely that most subtypes of action tremor in ET are dampened in the lesions of the
cerebello-thalamo-cortical loop.

Originally, thalamotomies were performed in ET patients and were very effective in
reducing tremor [37, 65, 66]. More recently, magnetic resonance-guided focused ultrasound
lesioning of VIM [67-70] has been approved by the Food and Drug Administration (FDA)
as a novel therapy for ET. While no specific subtype of action tremor in ET has been
described as being reduced with focused ultrasound lesioning of VIM, such a procedure
improved many domains of activity of daily living, such as eating, drinking, writing, and
working [68], suggesting at least kinetic tremor can be effectively dampened.

In addition to lesion-based studies supporting the role of cerebello-thalamo-cortical loop in
ET, deep brain stimulation (DBS) in VIM can also robustly dampen postural and kinetic
tremor in ET [71-79]. During the surgery for DBS implantation, intra-operative, single
neuron activity recordings in ET patients showed that thalamic neurons exhibited distinct
bursting activity and an inter-burst frequency that matches action tremor frequency [23,
80-82]. Therefore, VIM DBS may exert tremor suppressing effects by altering such unique
neuronal activity in the thalamus.

The last stop of the cerebello-thalamo-cortical loop is the motor cortex, which is responsible
for motor command execution. Therefore, lesions in the motor cortex are likely to cause
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widespread weakness, rather than merely tremor suppression in ET. The evidence of

motor cortex involvement in ET comes from stimulation studies. Transcortical magnetic
stimulation over motor cortex in ET patients can suppress postural tremor, observed by
EMG recording [83] or by clinical observation [83-85]. A PET imaging study demonstrated
VIM DBS can increase the activation of motor cortex along with tremor suppression

[74], suggesting that VIM DBS can alter the patterns of activity underlying tremor that
pass-through motor cortex.

The major hub in the cerebello-thalamo-cortical loop is the cerebellum. In the last two
decades, cerebellar pathology has been studied in detail in the post-mortem brain of ET
patients, and an array of circuit re-organization has been found [20]. Specifically, these
pathological changes occur in or around Purkinje cells (PCs), the principal neurons in the
cerebellar cortex. In the ET cerebellar cortex, the degenerative changes in PCs are evident,
including PC loss [86, 87], PC axonal swelling (i.e., torpedoes) [86, 88], PC axon collateral
formation [89], and PC dendritic spine loss [90]. These findings indicate that PCs may be
the key neuronal type affected in ET. In addition to PC alterations, inhibitory input to PCs
from basket cells, which form dense connections with the PC axon initial segment to control
PC output, show morphological changes. In ET, basket cell axons around the PC axon initial
segment become dense [91] and elongated [92], which may affect PC to DCN transmission
fidelity. The PC-innervating excitatory synaptic organization in ET is also abnormal, in that
climbing fiber synapses are distally extended to the parallel fiber synaptic territory near the
pial surface [93-97] and climbing fibers abnormally extend laterally over multiple PCs [98].
These findings suggest abnormal climbing fiber to PC synaptic transmission in ET.

Aside from neuronal abnormalities, astrocytic alterations were also recently studied in ET
because a genomewide association study suggested SLCZAZ, which encodes excitatory
amino acid transporter type 2 (EAAT2), is associated with ET [99]. EAAT?2 is a transporter
expressed by astrocytes to uptake excessive glutamate from excitatory synaptic transmission
to prevent hyper-excitability. Consistently, studies have found a selective reduction in the
levels of EAAT2, but not EAATL, in the postmortem ET cerebellar cortex [17, 100],
suggesting that hyper-excitability may contribute to PC degenerative changes in ET.
Moreover, Bergmann glia, the main type of astrocyte in cerebellar cortex, shows gliosis

in a subset of ET cases [101]. This may cause improper clearance of glutamate, which
leads to neurotoxic effects of PCs, relieving the DCN of inhibitory tone and enhancing
output that contributes to tremor. However, in a larger case-control study, no alterations of
glial fibrillary acidic protein levels or distributions have been found [102]. More detailed
morphological analysis of astrocytic processes are required to further explore the role of
astrocytes in ET.

Many pathological features of ET fall within the neurodegenerative changes in the
cerebellum. In a large study comparing ET with other prototypical cerebellar degenerative
disorders, such as spinocerebellar ataxias and multiple system atrophy cerebellar type (i.e.,
ataxic disorders), ET has a milder degree of cerebellar degenerative changes compared

to ataxic disorders [101]. Interestingly, distal and lateral extension of climbing fibers into
parallel fiber synaptic territory appears to be one of the more specific findings in ET [98,
101]. This suggests that dendritic integration and synchrony are altered, which may cause
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mistimed cerebellar output and contribute to tremor generation. Pan et al. established a
mouse model with ET-like distal and lateral extension of climbing fibers and this mouse
model develops ET-like tremor, demonstrating the importance of climbing fiber and PC
synaptic connections in tremor [103].

Other evidence that the cerebellum is a key player in ET comes from a direct physiological
recording of the cerebellum using cerebellar electroencephalogram (EEG), which showed
oscillatory activity at the tremor frequency and the strength of cerebellar oscillatory activity
correlated with tremor severity [103]. This cerebellar oscillatory activity appears to occur
in both familial and sporadic ET patients [104]. Finally, transcranial alternating stimulation
applied to the cerebellum of ET patients can effectively dampen tremor [105]. Collectively,
these studies demonstrate a crucial role of the cerebellum within the cerebello-thalamo-
cortical loop in ET (Fig. 2).

Cerebellar Organization and Function Relating to Action Tremor

To gain a deeper sense of the theoretical framework of how different types of action

tremors are generated by the cerebellum, we will next review the organization of the
cerebellum to provide context. The cerebellum consists of the cerebellar cortex and the
DCN. The cerebellar cortex receives input from much of the forebrain, midbrain, and
hindbrain primarily via pontine mossy fibers [106-110], while spinal cord and a subset of
forebrain, midbrain, and hindbrain inputs are conveyed by the inferior olive via climbing
fibers [111-117]. PCs integrate many inputs, including excitatory inputs from these two
distinctive pathways, and provide the sole output to DCN neurons [118]. DCN neurons
provide output to brainstem, midbrain, and thalamus, ultimately influencing movements
and/or cognition [63, 110, 118, 119]. The anatomical organization of cerebellar cortex

has a highly regular structure, such that the arrangement and connections of neurons

is consistent across different lobules of the cerebellum [120]. This arrangement implies
similar computations across different areas of cerebellar cortex. Despite similar anatomical
organization of the cerebellar neurons across different lobules, the cerebellum is known to be
divided into three parasagittal divisions because of the different connectivity of each DCN
with the rest of the brain [62, 110]. These three divisions of the cerebellar cortex are the
vermis, intermediate zone, and lateral hemisphere [121-123]. Compared to the larger surface
area of cerebellar cortex, the DCN are compact structures with a PC to DCN convergence
ratio of ~40:1 [124]. Each parasagittal division of cerebellar cortex projects to specific DCN.
PCs in the vermis project to fastigial neurons, PCs in the intermediate zone (also referred to
as the paravermis) project to interposed neurons, and PCs in the lateral hemisphere project
to dentate neurons [62, 123, 125, 126]. Therefore, there are three distinct pairs of cerebellar
cortex to DCN connections: 1) lateral hemispheres and dentate nuclei, 2) intermediate zone
and interposed nuclei 3) vermis and fastigial nuclei (Fig. 3). Note that in humans, interposed
nuclei is further divided into globose and emboliform nucleus, which are likely analogous

to the anterior and posterior interposed nuclei in animals. In the remaining part of the

article, we will discuss evidence of each subdivision of the cerebellum and their implications
in subtypes of action tremor based on animal model evidence, most notably non-human
primates.
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The three pairs of cerebellar cortex-DCN connections have distinct expansion during
evolution, which reflects on the size of the DCN. Specifically, interposed nuclei evolved
after fastigial nuclei, and dentate nuclei were the most recent evolutionary expansion

[127]. In primates, the dentate nucleus appears to have expanded in conjunction with

the expansion of frontal cortex [127-130], and frontal cortex and dentate nuclei are di-
synaptically and functionally connected [62, 110, 131, 132]. In addition to the parasagittal
compartmentalization of the cerebellum, there is a somatotopic organization in the form of
multiple, opposite-facing homunculi [122, 133, 134], further dividing the cerebellum into a
set of modules, each designed to control the respective motor plant from which they receive
sensory input from [112, 135]. In the following sections, we will dive into each of the
cortex-DCN divisions and their implications for subtypes of action tremor.

Lateral Hemispheres and Dentate Nuclei

Dysfunction in the lateral hemispheres and corresponding dentate nuclei appear to promote
kinetic tremor, postural tremor, and isometric tremor. Inactivation or lesions of the dentate
nuclei in non-human primates caused tremor near movement termination in self-initiated,
goal-directed tasks involving forelimb movements [1, 136-141], which shares similarity

to intention tremor in ET patients [4, 13, 14]. Importantly, removing sensory feedback
through peripheral deafferentation from lesion of the dorsolateral funiculus did not affect
the intention tremor [136]. This suggests tremor does not originate in the spinal circuitry
that regulates the stretch reflex, since sensory feedback is needed to produce oscillatory
activity outside the central nervous system, in the spinal-mediated stretch reflex [19]. In
addition to intention tremor, lesions specific to the dentate nucleus or to the parvocellular
portion of the red nucleus, which only receives dentate nucleus projections [142, 143], can
cause postural tremor of the hands in non-human primates [144]. These studies collectively
demonstrated that dysfunction of dentate nuclei is sufficient to induce intention and postural
tremor. However, the details of how these two different subtypes of action tremor can come
from the dentate nucleus remains to be further explored.

Human evidence implicating lateral hemispheres of cerebellar cortex and dentate nuclei
in postural tremor comes from imaging studies. PET studies demonstrated activation of
the cerebellar lateral hemispheres during postural tremor in ET patients [50, 54]. In fMRI
studies, ET patients, when having postural tremor, showed involvement of lobules IV-V1,
Crus I, and VII1, representing the lateral hemisphere [45, 46].

Other studies showed that patients with cerebellar-specific strokes in the superior cerebellar
artery territory, affecting the lateral hemispheres and dentate nuclei, developed tremor during
grip force tasks, suggesting a link between lateral hemispheres and dentate nuclei with
isometric tremor [145-149]. Lastly, lesions specific to the dentate nuclei in non-human
primates can produce dysmetria and tremor of the arms and hands [150], which could
account for some cases of action tremor that are comorbid with ataxia. All these lesion
studies suggest that the dysfunction of lateral hemispheres and dentate nuclei can create
kinetic, postural, and isometric tremor (Fig. 3).

The dentate nucleus has dense connectivity with association cerebral cortex; thus, it is
postulated to be involved in generating motor plans [62, 110, 126, 128, 132, 151]. Action
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tremor could be a result of erroneous programming of voluntary movements coming

from dysfunctional connectivity of lateral hemisphere-dentate nucleus-association cortex
[152, 153]. Loss of proper dentate nucleus function can force the brain to utilize an
alternative strategy, switching from a preprogrammed, continuous movement to a more
sensory feedback-dependent strategy where the interposed and/or fastigial nucleus could
impose a set of stepwise movements, as has been noted in non-human primates with lesions/
inactivation of the dentate nuclei [136, 137, 144]. Therefore, this adaptive strategy switching
from dentate nuclei to other DCN can create tremor-like movements in non-human primates.
Whether this adaptive strategy model is relevant to action tremor in ET patients still needs
to be carefully considered. First, this particular model could only explain kinetic tremor

and does not fully explain intention tremor, which has very characteristic tremor only

near the target. Second, this model does not explain postural tremor or isometric tremor
because these two subtypes of tremor come from specific postures of the hands, rather than
movements. Third, pathological examination of postmortem ET brains did not reveal any
loss of dentate neurons [154]. Fourth, prototypical diseases of dentate nucleus degeneration
are Friedreich’s ataxia and spinocerebellar ataxia type 3 [101] and these diseases are not
prominently associated with Kinetic, postural, or isometric tremor.

Intermediate Zones and Interposed Nuclei

Several lines of evidence point to the forelimb-related neurons of the interposed nucleus
being involved in reach-to-grasp movements [155-162]. More specifically, interposed nuclei
appear to regulate proper deceleration commands in the upper limbs of cats and mice [163,
164]. This is consistent with abnormalities in the amplitude of deceleration during intention
tremor, particularly during grasping, of ET patients [13]. Therefore, the dysfunction in the
intermediate zone of cerebellar cortex and interposed nuclei may contribute to intention
tremor involving reaching and grasping.

The connectivity of interposed nucleus is also particularly appealing to be a candidate

for generating intention and/or other Kkinetic tremor, since the interposed nucleus receives
feedback from forelimb muscle spindles in non-human primates [165]. In addition, the
interposed nuclei also have a unique physiological attribute that could be relevant in tremor.
Interposed neurons have bursts of neuronal firing that lags discharge coming from muscle
spindle afferents by a few dozen milliseconds, which lags EMG bursts by about 12 ms
[165]. In this loop, movements will send feedback signals from muscle spindles back

to interposed neurons that will trigger activity to decelerate and stabilize the movement,
thus acting as “brake.” Therefore, dysfunction of such a system can possibly set up
oscillatory muscle activity (i.e., tremor). These basic science observations coincide with
clinical studies that ET patients with intention tremor have abnormal EMG burst timing

in forearm muscles and changes in deceleration amplitude during movement of a joystick,
which indicates dysfunction in the “braking” component of muscle activation [14, 153,
165-168]. Consistently, studies have shown the development of intention tremor in the
distal upper extremities following inactivation or lesioning of the interposed nuclei in the
non-human primates [141, 169-172]. However, not all studies replicate such a finding [173].
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Taken altogether, interposed nuclei and the associated intermediate zones of the cerebellar
cortex are involved in stabilizing the upper extremities during reaching and grasping that
could be an appealing candidate for producing intention tremor.

Vermis and Fastigial Nuclei

Dysfunction in the vermis and fastigial nuclei is likely responsible for action tremor of the
head and trunk and may contribute to postural tremor of the upper extremities. The vermis
receives input from the spinal cord and primary, somatosensory, and supplementary motor
cortices via the pons that include sensory representations of predominantly proximal and
some distal body parts [110, 174-177]. Neural recordings in animals, including cats, mice,
and monkeys, have found the firing patterns of PCs in the vermis correlate with activity

of the proximal body including the head, neck, limbs, trunk, and eyes [174, 178-182].
Vermis and fastigial nuclei are primarily involved in coordinating and stabilizing proximal
musculature supporting posture, gait, and eye movements [161, 169, 170].

Lesions of the vermis or fastigial nuclei in non-human primates were found to produce
“fine tremors” of the head and trunk upon trying to maintain an upright posture [150, 183,
184]. Human patients with selective loss of PCs in the vermis also exhibit whole-body
postural tremor [184-186]. Moreover, lesions of the fastigial nucleus in cats produced a
coarse tremor of the head and body, which was evoked by action of eating or sudden
movement [187]. These studies of vermal or fastigial lesions may have more implications in
understanding Holmes tremor, which is usually larger amplitude and lower frequency than
ET and can involve the proximal truncal muscles.

Evidence for a role of the vermis in postural tremor of the upper extremities comes from

ET patient imaging studies. Cerebellar vermis lobules IV-VI showed differences in activity
compared to controls with fMRI during postural tremor in ET patients [46, 49]. Increases in
blood flow in the vermis in ET patients during the same postural task was noted in a PET
imaging study [54]. In a pathological study of ET, PC axonal pathology in the vermis is
associated with neck, voice, and jaw tremor [88]. It seems that dysfunction in the vermis and
fastigial pathway is involved in action tremor of proximal musculature and postural tremor
of more distal musculature.

Further Research Considerations

While these studies over many decades have shed great insight into how the different

areas of the cerebellum could generate diverse subtypes of action tremor, several major
limitations need to be considered. First, only non-human primates exhibit distinct action
tremor phenotypes mimicking human conditions, such as intention tremor, isometric tremor,
or postural tremor. Behavioral assays of tremor in rodents or other animals are limited

in their ability to mimic human action tremor [103, 188]. In addition, the techniques
implemented to study non-human primates so far are mostly lesion-based or descriptive
approaches. Lesion-based approaches cannot adequately model neuronal connectivity re-
organization, which is likely to play an important role in ET. In addition, further exploration
of cell-type specificity and the physiological correlates in animal models within the three
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sets of cerebellar cortex-DCN will be important to understand subtypes of action tremor in
ET.

Second, the timing of tremor development in most of these studies is not well defined.

In lesion-based studies, tremor may not develop immediately following the lesion [189].
Tremor can develop after local circuit re-organization and/or compensatory plastic changes.
In other words, it is possible that tremor is due to the abnormal re-organization of the
cerebellar circuit, rather than merely loss of normal function in a particular area. This point
is further corroborated by observations in patients who suffer from traumatic head injury and
later develop tremor after weeks, months, or even years following brain injury, suggesting
plastic changes and circuit re-organization may play a role [190, 191].

Third, the extent to which multiple modules of the cerebellum are transmitting distinct
activity that contributes to action tremor needs further study. Evidence in non-human
primates and humans suggests that a somatotopic representation of the entire body exists
in each of the three DCN and corresponding cerebellar cortex [63, 134, 169, 192-195].
However, the representations of each part of the body do not appear to be equal across
the different parasagittal divisions. For instance, electrophysiological recordings during a
forelimb-related task in non-human primates found large populations of neurons related
to the movements in dentate and interposed nuclei, but to a much lesser extent in

fastigial nuclei [169]. Similarly, stimulation of fastigial nuclei elicits proximal, but not
upper extremity movements, whereas interposed and dentate nuclei act the opposite [196,
197]. Furthermore, inactivation of the dentate and interposed nuclei does not have much
influence on proximal body posture [198], whereas disruption of fastigial nuclei appears to
significantly alter posture [199, 200]. To add to the complexity, the projection patterns of
dentate and interposed nuclei to the thalamus interdigitate and are similar in density [63,
201-203], suggesting a possible overlapping function. Recordings from both dentate and
interposed nuclei suggest they are both involved and control different aspects of the same
kinds of forelimb movements [197].

Conclusion

In summary, it seems the phenotypic expression of action tremor has specific neural
correlates, where a cerebellar module or small set of modules may exhibit distinct patterns
of activity. Future studies testing the idea that the somatotopic representations are not

equal across the parasagittal divisions of the cerebellum will be useful in localizing where
subtypes of action tremor are occurring and will help guide transcranial stimulation therapy
to target one or multiple specific regions of the cerebellum in individual ET patients with
distinct subtypes of action tremor.
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Subtle associated features of ET

Parkinsonism Ataxia Dystonia

Heterogeneity of essential tremor. ET patients can exhibit action tremor (blue) in different
parts of the body (leftmost images) with different severities (grayscale; lighter gray is mild
and black is severe) and in different contexts (indicated by solid coloring; kinetic, postural,
or isometric). In some ET cases (ET plus), patients may also express subtle features of

parkinsonism, ataxia, or dystonia
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Fig. 2.

Pa%hways involved in action tremor. Purkinje cells send output to the deep cerebellar

nuclei (DCN). The DCN, in turn, project to the red nucleus (RN; pink) and collateralize

to innervate the ventral intermediate nucleus of the thalamus (VIM), recruiting ensembles
of motor cortex neurons (MC; orange), forming the cerebello-thalamo-cortical loop (black,
thickened projections). There are two different types of motor cortex projection neurons: one
set projects to the pontine nuclei (PN; brown) and RN, which projects to the spinal cord, and
another set that projects to the spinal cord with collaterals fed back to the thalamus. The PN
project as mossy fibers onto granule cells, which form parallel fibers that innervate Purkinje
cells (PC; beige). The inferior olive (10; turquoise) sends climbing fiber axons to innervate
PCs. Not all connections are shown
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Intention tremor

Postural tremor

Isometric tremor

Head, neck, and trunk action tremor

Fig. 3.

Cgrebellar organization and functional relation to action tremor. Purkinje cells in vermis
project to fastigial nuclei (blue) and are likely involved in action tremor of the head, trunk
and postural tremor. Purkinje cells in the intermediate zone project to interposed nuclei
(green) and are likely involved in intention tremor. The lateral hemispheres connect with
dentate nuclei (orange) and appear to be involved in kinetic, isometric, and postural tremor
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