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Abstract Essential tremor (ET) is the most common patho-
logical tremor disorder in the world, and post-mortem evi-
dence has shown that the cerebellum is the most consistent
area of pathology in ET. In the last few years, advanced neu-
roimaging has tried to confirm this evidence. The aim of the
present review is to discuss to what extent the evidence pro-
vided by this field of study may be generalised. We performed
a systematic literature search combining the terms ET with the
following keywords: MRI, VBM, MRS, DTI, fMRI, PET and
SPECT. We summarised and discussed each study and placed
the results in the context of existing knowledge regarding the
cerebellar involvement in ET. A total of 51 neuroimaging
studies met our search criteria, roughly divided into 19 struc-
tural and 32 functional studies. Despite clinical and methodo-
logical differences, both functional and structural imaging
studies showed similar findings but without defining a clear
topography of neurodegeneration. Indeed, the vast majority of
studies found functional and structural abnormalities in sever-
al parts of the anterior and posterior cerebellar lobules, but it
remains to be established to what degree these neural changes
contribute to clinical symptoms of ET. Currently, advanced
neuroimaging has confirmed the involvement of the cerebel-
lum in pathophysiological processes of ET, although a high
variability in results persists. For this reason, the translation of
this knowledge into daily clinical practice is again partially
limited, although new advanced multivariate neuroimaging
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approaches (machine-learning) are proving interesting chang-
es of perspective.

Keywords Essential tremor - Cerebellum -
Voxel-based-morphometry - Diffusion tensor imaging -
Functional magnetic resonance imaging - Fractional
anisotropy - Magnetic resonance imaging - Positron emission
tomography - Machine learning

Introduction

In the last 10 years, advanced neuroimaging has provided
strong insight into the pathophysiology of several neurologi-
cal disorders, while concerning essential tremor (ET) there is
still conflicting evidence, despite being one of the most prev-
alent movement disorders. Indeed, up to 5 % of individuals
above the age of 65 years are coping with ET [1]. Part of this
variability is dependent upon clinical knowledge about this
disorder [2]. Clinical diagnosis has been developed over the
years, yet the exact clinical definition of ET is still being
debated. For instance, current clinical diagnosis based on the
consensus statement of the Movement Disorder Society typi-
cally has an estimated error margin of 37 % for false positives
[2]. Moreover, ET was, until recently, viewed as a purely mo-
tor disorder, but a plethora of epidemiological and neurophys-
iological studies published in the last 10 years have definitive-
ly demonstrated that ET is linked to additional cognitive def-
icits [3].

For this reason, the first consequence of this clinical vari-
ability in the expression of the disease is that the pathophysi-
ology of ET is only partially understood. However, in recent
years, as a result of systematic post-mortem examinations, our
knowledge of the pathophysiology of this disease has grown
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substantially. What has been clearly demonstrated [4] is that
identifiable structural changes (i.e. Purkinje cell loss, Lewy
bodies) have been observed in the brains of ET patients and
that these changes are not uniform and seem to follow several
patterns, specifically localising into the cerebellum itself. The
hypothesis that ET could depend upon cerebellar dysfunctions
has initially derived from a series of clinical observations and
electrophysiological experiments [5], and then supported by
evidences from our group, which demonstrated in vivo, for the
first time, the presence of cerebellar neurodegeneration [6].

Overall, in the last 20 years, a number of structural and
functional neuroimaging studies have accumulated. Our aim
is to review these studies from a neuroimaging perspective,
trying to create a topographical cerebellar map of neural
changes described in these studies and to determine whether
results of imaging studies are congruent with recent post-
mortem studies.

Structural Neuroimaging

Overall, 19 magnetic resonance imaging (MRI) studies are
grouped under the umbrella of structural imaging (MRI)
(see Fig. 1; Tables 1 and 2). The most employed neuroimaging
morphological metrics were related to changes in (a) volume
or (b) diffusivity of water. The voxel-based morphometry
(VBM) and the manual/automated volumetry belong to the
first category. VBM is a morphological approach that per-
forms a voxel-wise statistical analysis of the brain volume
related to the grey matter (GM) and white matter (WM) tis-
sues; however, these are relative measures and not absolute
volumes. Alternatively, manual/automatic volumetry are
quantitative measurements of the entire volume of distinct
brain regions defined a priori (region-of-interest (ROI) analy-
sis). The second group of techniques is mainly characterised
by diffusion imaging. Diffusion-weighted imaging (DWI) and
the diffusion tensor imaging (DTT; a more recent development
of DWI) provide quantitative parameters that reflect micro-
scopic aspects of the tissue damage (demyelination, microtu-
bule breakdown, axonal loss). In tissues such as brain GM,
where the measured apparent diffusivity of water is largely
independent of the orientation of the tissue (i.e. isotropic), it
is usually sufficient to characterise the diffusion characteristics
with a single apparent diffusion coefficient (ADC). Otherwise,
in anisotropic media, such as WM, where the measured diffu-
sivity is known to depend upon the orientation of the tissue,
other metrics are generally employed in order to characterise
the orientation-dependent water mobility in these tissues. In
particular, fractional anisotropy (FA) is a summary measure of
microstructural integrity, highly sensitive to microstructural
changes, but less specific to the type of change. Mean diffu-
sivity (MD) is an inverse measure of the membrane density
(independent of tissue directionality), very similar for both
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Fig. 1 Spatial location of the structural and functional brain P
abnormalities in essential tremor (E7) patients relative to healthy
controls (HC). Evidence for grey/white matters abnormalities in ET
patients relative to controls in voxel-based morphometry (VBM; red
circle) and diffusion imaging techniques (DT7; green triangle) studies.
Moreover, functional pathological changes as defined by magnetic
resonance spectroscopy (MRS; sky blue cross), functional magnetic
resonance imaging (fMRI; blue rumble) positron emission tomography
or single-photon emission computed tomography (PET-SPECT: yellow,
circle). From this topographical analysis were excluded studies using
global a priori ROIs (e.g. the entire cerebellum [9]) or those that did not
report local maxima of significant difference at a cluster level. The
location of neuroimaging results was projected onto Schmahmann’s
MRI human atlas [75]

GM and WM. MD is sensitive to cellularity, edema and ne-
crosis. Radial diffusivity (RD) increases in WM with de- or
dys-myelination and changes in the axonal diameters or den-
sity may also influence RD. Finally, the axial diffusivity (AD)
tends to be variable in WM changes and pathology. In axonal
injury AD decreases, while the AD of WM tracts increase with
brain maturation.

Structural abnormalities of both GM/WM in the cerebellum
of ET patients are the most prevalent findings in all structural
neuroimaging studies [6—17], although other brain regions have
been shown to be implicated in ET in varying degrees (e.g.
fronto-temporal cortex) [9—19]. Historically, the first structural
MRI study investigating the presence of GM changes in ET did
not describe cerebellar abnormalities. In fact, using VBM,
Daniels et al. [20] did not find volumetric loss in their ET cohort
when compared with age-gender-matched controls even consid-
ering uncorrected statistical threshold. In contrast, when ET
patients were grouped according to the tremor type (ET patients
with intentional and postural tremor in comparison to those
having postural tremor alone), only ET patients with both inten-
tional and postural tremor exhibited an unexpected expansion of
GM bilaterally in the superior temporal gyrus with respect to
controls. Similarly, the first diffusion imaging study in ET [21]
found no cerebellar abnormalities in ET patients.

After this preliminary evidence, our group, by using three
distinct volumetric approaches (VBM, automated and manual
volumetry) described, for the first time, the presence of cere-
bellar abnormalities in a sample of 50 patients with ET [6, 7].
However, the damage of the cerebellum was only detected in
patients with tremor of the hands and head but not in those
who presented hand tremor alone. More specifically, we found
volumetric abnormalities in the vermis and lobule IV of the
cerebellum of ET patients with both hand and head tremor and
only a non-significant trend for a global cerebellar volume
loss in those patients with hand tremors in isolation. Our find-
ings can be explained by the somatotopic organisation of the
cerebellum in which the head and neck are represented in the
midline portion of the anterior lobe (mainly vermis and lobule
IV-V), whereas the hands and legs are located in the
paravermis and the cerebellar hemispheres [22]. This



Cerebellum (2016) 15:263-275 265

VilB

A Springer GRC




266

Cerebellum (2016) 15:263-275

Table 1

Structural neuroimaging

Reference

Sample

Neuroimaging method

Main finding

Daniels et al. [20]

Martinelli et al. [21]
Shin et al. [9]

Quattrone et al. [6]
Cerasa et al. [7]
Benito-Léon et al. [10]
Nicoletti et al. [8]

Jia et al. [18]
Bagepally et al. [11]

Klein et al. [12]

Saini et al. [13]

Buijink et al. [14]

Lin et al. [15]

Prodoehl et al. [16]

Novellino et al. [25]

Bhalsing et al. [17]

Bhalsing et al. [19]

Nicoletti et al. [24]
Cerasa et al. [9]

27 ET (14 ET postural tremor; 13
ET-intentional tremor); 27 HC

10 ET; 10 HC
10 ET; 8 HC

50 ET (30 arm tremor; 20

head tremor); 32 HC

46 ET (27 arm tremor; 19 head
tremor); 28 HC

19 ET (30 arm tremor, 20 head
tremor); 20 HC

25 familial ET (FET); 15 PD;
15 HC

15 ET; 15 HC
20 ET; 17 HC

14 ET; 20 HC

20 ET; 17 HC

7 FCMTE; 8 ET; 5 HC

10 ET; 10 PD; 13 HC

15 PD; 14 MSA; 12 PSP; 14 ET;
17 HC

24 ET; 25 HC

25 ET (17 CI-8 NCI); 25 HC

55 ET (33 CI—22 NCI); 55 HC

32 ET (18 ET+R; 14 ET-R); 12 HC

12 dystonic tremor; 14 ET; 23 HC

VBM

DWI (ADC)
DTI (FA)

VBM

Automated subcortical
segmentation

VBM

DTI (FA/MD)

DTI (FA/ADC)

VBM

DTI (FA/ADC) TBSS;
VBM

DTI (FA/MD-RD) TBSS

DTI

DTI (FA): Accuracy in
disease classification

Voxel-based analysis

T2*-relaxometry
VBM

DTI-TBSS

VBM
VBM +cortical thickness

ET<HC: no significant GM loss; ET-intentional <HC: GM increase
in the temporal and occipital cortex

ET<HC: no significant differences in ADC values

ET<HC: reduced FA in pons, cerebellum, midbrain, orbitofrontal
cortex, lateral frontal cortex, parietal cortex and temporal cortex

ET<HC: no significant GM loss; ET head<HC: GM loss in the
cerebellar vermis

ET<HC: no significant GM loss; ET head<HC: GM volumetric
atrophy of the entire cerebellum

ET<HC: GM/WM losses in the bilateral cerebellum, right frontal
lobe, left medulla, parietal lobes, right insula and right limbic lobe

FET<PD<HC: reduced FA of dentate nucleus and superior
cerebellar peduncle; FET<PD<HC: increased MD of
superior cerebellar peduncle

ET<HC: increased ADC of red nucleus

ET<HC: GM loss in bilateral cerebellum, vermis, biltateral frontal
and occipital lobes

DTI-TBSS: ET<HC: increased MD of inferior cerebellar peduncle
bilaterally, left parietal WM; reduced FA in the right inferior
cerebellar peduncle. VBM: ET<HC: no significant GM or
WM losses

ET<HC: increased MD and RD in right frontoparietal WM;
increased RD in cerebral hemispheres, thalamus, brainstem and
cerebellar hemisphere WM

FCMTE<ET<HC: significant decreased FA in the cerebellum;
ET<HC: no significant differences in cerebellar FA values

ET<HC: significant GM loss in the posterior cerebellar lobule,
nucleus caudate body, thalamus and superior parietal lobule.
ET>HC: increased GM volume in middle temporal gyrus
and precentral gyrus

PD<ET: FA values extracted from the caudate nucleus and
substantia nigra allowed to distinguish PD from ET with a
sensitivity=92 % and specificity=87 %

ET>HC: increased Iron concentration in the bilateral globus
pallidus, substantia nigra and in right dentate nucleus

ETCI<HC: GM loss in cerebellum (anterior and posterior lobes)
and right medial frontal gyrus; ETCISETNC: bilateral medial
frontal gyrus, anterior cingulate and insula

ETCI<HC: increased MD in the right cingulum and left precuneus;
increased RD in the right medial frontal WM and left cingulum;
increased AD in the right cingulum and left medial frontal WM
ETNCI<HC and ETCI<ETNCI: no significant differences in
DTI values

ET<HC and ET+R<ET—R: no significant GM or WM losses

Dystonic tremor>HC: increase volume and thickness of the
sensorimotor cortex ET<HC: GM loss of the cerebellar cortex
not surviving correction for multiple comparison

DTI provides estimation of GM/WM tissue composition by using two distinct measures: MD and FA. Increased water in brain areas (where neuronal/
axonal loss occurs) corresponds to increased ADC values. TBSS is a technique for analysing group effects in diffusion-based imaging voxel by voxel in

the entire brain

VBM voxel-based morphometry, GM grey matter, WM white matter. VBM provides a probabilistic intensity value of GM/WM volume/density voxel by
voxel. DT diffusion tensor imaging, MD mean diffusivity, F4 fractional anisotropy, DWI diffusion-weighted imaging, 4ADC apparent diffusion coeffi-
cient, 7BSS tract-based spatial statistics, £7 essential tremor, CI cognitive impairment, NCI no cognitive impairment, R resting tremor, PD Parkinson’s
disease, MSA multiple system atrophy (MSA), PSP progressive supranuclear palsy, HC healthy controls, FCMTE familial cortical myoclonic tremor

with epilepsy

preliminary hypothesis has been subsequently confirmed by a
post-mortem study, in which Louis et al. [23] described the
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presence of axonal torpedoes in the cerebellar vermis of ET
patients who presented tremors of the neck, voice and jaw.
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Table 2 Magnetic resonance spectroscopy (MRS)

Reference Sample Neuroimaging method

Main finding

Louis et al. [23] 16 ET; 11 HC ROI

ET<HC: reduced NAA/Cr in the cerebellum. Correlation between NAA/Cr and

dominant arm tremor severity

Pagan et al. [27]
Kendi et al. [28]

10ET; 10HC  ROI
14 ET; 9 HC ROI

ET<HC: reduced NAA/Cho and NAA/Cr in the bilateral lateral cerebellum
ET>HC: small increase in the NAA/Cr and Cho/Cr ratios

ET essential tremor, +/~R ET with/without resting tremor, PD Parkinson’s disease, HC healthy controls, ROI region of interest analysis, NA4 N-

acetylaspartate, CR creatine, Cho choline

Four subsequent VBM studies demonstrated the presence
of cerebellar neural loss in ET patients, although more wide-
spread neurodegenerative processes extending to other corti-
cal and subcortical regions were reported [10, 11, 15, 17]. In
particular, WM and GM changes have been reported in almost
all brain, including the midbrain, the occipital, temporal and
parieto-prefrontal regions.

Taken together, these VBM findings (only two of nine studies
did not report significant changes [20, 24]) revealing the pres-
ence of neurodegenerative processes in the cerebellum of ET
patients, can be observed when DTI studies are reviewed.
Indeed, a part from the first DTI study published in the 2007,
discussed above [21], where authors did not find WM change in
the cerebellum, the vast majority of other studies carried out in
ET patients found microstructural changes in the cerebellar WM.
Shin et al. [9] were the first authors to report reduced FA in ET
patients. They studied ten ET patients and found a widespread
neuronal WM degeneration in the cerebellum, brainstem and
cerebral hemispheres. Three subsequent DTI studies [8, 12, 13]
confirmed the involvement of the cerebellum and in particular of
the cerebellar peduncles, thalamus and dentate nucleus, although
another study [18] also reported GM degeneration within the red
nucleus. On the contrary, one recent study (where a very small
sample size was investigated) did not find differences in the
cerebellum between ET patients and HC [14], although a signif-
icant alteration of the superior cerebellar peduncle was detected
in ET patients who underwent thalamotomy.

Using a multivariate classification approach, DTI measures
were also used to distinguish between patients with different
movement disorders such as Parkinson’s disease (PD), atypical
Parkinsonism and ET [16]. The authors demonstrated that
when DTI measures of the basal ganglia and cerebellum was
employed, it was possible to accurately classify patients diag-
nosed with PD, from those with atypical Parkinsonism, and ET.

In conclusion, the neurodegenerative hypothesis of cere-
bellar cortex in ET patients has been demonstrated either by
in vivo structural imaging studies or by post-mortem study
[23]. However, neurodegenerative processes may also be ex-
plained by the presence of iron accumulation as already dem-
onstrated in Alzheimer’s disease and Parkinson’s disease.
Indeed, using quantitative T2*-relaxometry sequence, which
is able to determine brain iron concentration in the brain, our

group [25] described, for the first time, abnormal iron concen-
tration in the dentate nucleus of 24 ET patients compared with
controls (Table 1).

Magnetic Resonance Spectroscopy

The presence of neural injury and loss in the cerebellum of ET
has also been confirmed by magnetic resonance spectroscopy
(MRS) studies (Table 2). MRS measures in vivo level of vari-
ous cellular metabolites such as N-acetylaspartate (NAA), cre-
atine (Cr) or choline (Cho). NAA is known to be a marker of
neuronal integrity, and thus a reduction in NAA is suggestive of
neuronal damage and/or neuronal dysfunction and/or neuronal
loss. To date, only two MRS studies [26, 27] have provided
evidence of cerebellar involvement defined by means of NAA
reduction (Table 2). Furthermore, Louis et al. [26] showed an
inverse association between cerebellar-cortical NAA/Cr ratio
and the dominant arm tremor severity. However, these promis-
ing findings have not been replicated in a third study [28] where
authors focused exclusively on metabolic abnormalities of the
thalamus, without providing additional evidence on the cere-
bellar neurodegenerative model of ET.

Functional Imaging in ET

The neurofunctional correlates of ET may be investigated
using blood oxygenation level-dependent (BOLD) or regional
cerebral blood flow (rCBF)/glucose metabolism/binding. The
vast majority of studies used BOLD sequence during func-
tional magnetic resonance (fMRI) acquisition for evaluating
pathophysiological correlates of motor symptoms in ET pa-
tients. However, this specific field of study was started with
the employment of positron emission tomography (PET) and
single-photon emission computed tomography (SPECT),
which were, instead, used to evaluate neurofunctional alter-
ations in ET brain useful to enhance diagnostic accuracy.
Indeed, PET and SPECT imaging are the most sensitive tech-
niques for an early diagnosis of parkinsonian syndromes due
to the employment of ligands that report nigrostriatal
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dopaminergic function. Post-mortem studies have shown a
severe reduction of presynaptic cocaine-binding dopamine re-
ceptors associated with dopamine transporter (DaT) in pa-
tients with PD [29]. Consequently, DaT selective radiotracers
have been developed by using analogues of cocaine, of which
iodine 123 ('*°I)-p CIT (2 PB-carbomethoxy-3p-(4-
iodophenyl) tropane) and '**I-ioflupane (N-fluoropropyl-B
CIT or FP-CIT) are the most widely used. Therefore, DaT-
SPECT imaging enables differentiation of neurodegenerative
causes of parkinsonism, where typically patients have abnor-
mal scans, from other movement or tremor disorders where
typically the DaT-SPECT study is normal [30]. Otherwise, the
'"F_DOPA is a PET tracer for imaging of the substantia nigra,
following in vivo the pathway of dopamine. This is a valuable
functional technique that provides an indirect measure of
nigrostriatal neuron attenuation through evaluation of presynap-
tic dopa decarboxylase activity and intravesicular dopamine
storage. Even if SPECT and PET depict different metabolic
pathways, they present similar features in terms of
biodistribution in the brain, since both radiopharmaceuticals
are evident in the brain only in the structures of basal ganglia.
For this reason, the vast majority of this field of study is dedi-
cated to evaluate the presence of altered striatal dopaminergic
uptake in ET patients compared with PD and controls. However,
the basal ganglia are not often primarily associated with tremor
generation in essential tremor [31-34]. Of consequence, the ma-
jority of DaT-SPECT and DOPA-PET studies looking into the
basal ganglia found no dopaminergic deficits in essential tremor
[35-44]. However, some authors reported mild reduction in
striatal dopamine transporter binding in ET compared with con-
trols and less severe compared with PD patients [45, 46].

The neuroimaging literature interested to evaluate the patho-
physiological mechanisms underlying ET started in 1990 with
the employment of rCBF. Overall, the most consistent finding
throughout all these kind of studies was the increased cerebellar
activity during posture and rest (Table 3). In the first pilot study,
Colebatch and collaborators [47] investigated a small sample
(n=4) of ET patients and controls while participants held a
specific posture (arms outstretched) that is typically known to
trigger the tremor in ET patients. Comparing this postural to a
non-postural resting condition, these authors found enhanced
blood flow in the sensory-motor and pre-motor cortices
controlaterally to the side of the tremor, and in the bilateral
cerebellar hemispheres of ET patients relative to controls.
These authors concluded that the cerebellar overactivity ob-
served in ET was directly associated with the generation of the
postural tremor and that this reflected neurophysiological “os-
cillations” within the cerebellar-olivary pathways. Evidence
provided by this study was further confirmed by Hallett and
Dubinsky [48], who suggested the involvement of the inferior
olivary nuclei and the thalamus in the generation of ET. Three
subsequent PET studies [49—51] confirmed the role of the cer-
ebellum, describing increased bilateral activations in ET patients
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relative to controls during a simple motor task (e.g. holding a
posture). Moreover, comparing brain activations of ET patients
to those of patients with a different form of tremor (writing
tremor) and controls, it has been found that the overactivity of
the cerebellum was also related to the occurrence of both types
of tremor in general. Interestingly, an additional PET experi-
ment [52] explored the effects of alcohol, a common substance
known to reduce the tremor in ET, on brain responses measured
in ET patients and controls. Similar to the previously discussed
findings, ET patients showed, relative to controls, increased
bilateral cerebellar activation including the vermis before alco-
hol ingestion. Of note, however, the administration of ethanol
led to bilateral decreases of the cerebellar blood flow in both ET
patients and controls, and to increased regional cerebral blood
flow in the inferior olivary nuclei of ET patients alone (not in
controls). Given the intense anatomical connections between
the olivary nuclei and the cerebellum, these data suggest that
the pharmacological mechanisms of ethanol-induced suppres-
sion of tremor in ET are complex and may depend on the
functional interactions within specific circuits rather than on
the activity of isolated brain regions. More recently, a PET
study [53] using a specific GABA-ergic radioligand has pro-
vided further insights into the neurobiological mechanisms of
ET and has reinvigorated the hypothesis that the GABA system
plays a critical role in mediating the functional impairments
observed in the motor cortical-cerebellar pathways of ET pa-
tients. In particular, a reduced GABA-ergic function was found
in the cerebellum, ventrolateral thalamus and lateral pre-motor
cortex of ET patients compared to controls. Finally, one study
using SPECT to determine rCBF in rest confirmed increased
bilateral cerebellar activity [54].

fMRI is a useful and non-invasive tool to reveal the locus of
brain abnormalities. The signal changes seen during fMRI stud-
ies depend on the BOLD response, which reflect an indirect
measurement of neural activity (Table 4). The first fMRI study
in ET realm was performed by Bucher et al. [55], who studied
unilateral postural tremor in 12 ET patients with ET, mimicked
postural tremor in 15 control subjects, and passive wrist oscil-
lation in both groups. During postural tremor, ET patients
showed increased activity of the well-known tremor network
(cerebello-thalamo-cortical) [31]. Since tremor is the most im-
portant clinical characteristic of ET, one recent task-based fMRI
study investigated pathophysiological mechanisms of tremor
during goal-directed motor task (grip force task that elicits trem-
or) [56]. Starting from the well-known assumption that patients
with ET have increased oscillations in the 0-3- and 3-8-Hz
bands during goal-directed motor task, they demonstrated that
patients with ET have increased brain activity in the motor
cortex and supplementary motor area compared with HC.
This activity correlated positively with 3—8 Hz force oscilla-
tions, while brain activity in cerebellar lobules [-V was reduced
in ET compared with HC and correlated negatively with 0-3 Hz
force oscillations. This study provides new evidence that in ET
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Table 3  Position emission tomography (PET) and single-photon emission computed tomography (SPECT)

Reference Sample

Neuroimaging method

Main finding

Colebatch et al. [47] 4 ET with postural tremor; 4 HC

Brooks et al. [36] 20 ET postural tremor; 11 ET rest

tremor; 16 PD; 30 HC

Jenkins et al. [50] 6 ET postural tremor; 6 HC PET-rCBF
Hallett and Dubinsky [48] 8 ET; 10 HC "8E_FDG-PET
Wills et al. [49] 6 ET postural tremor; 6 HC PET-rCBF
Wills et al. [51] 7 ET 6 writing tremor; 6 HC PET-rCBF
Boecker et al. [52] 6 ET postural tremor, 6 HC during PET-rCBF

administration of alcohol

Asenbaum et al. [40]
Benamer et al. [41]
Antonini et al. [37]
Wang et al. [39]
Breit et al. [35]
Doepp et al. [38]
Isaias et al. [46]

32 ET; 29 PD; 30 HC
27 ET; 35 HC

5ET; 31 PD; 8 HC
12 ET; 27 PD; 10 HC
6 ET; 20 PD; 10 HC
25 ET; 46 PD; 50 HC
32 ET; 47 PD; 31 HC

Isaias et al. [43]
Boecker et al. [53]

20 ET; 13 PD; 23 HC
8 ET postural tremor; 8 HC

Roselli et al. [44]
transporter

Czamecki et al. [54] 5 ET, 5 PT; 5 HC

Di Giuda et al. [42] 15 ET; 21 PD; 13 dystonia

Gerasimou et al. [45] 18 ET; 28 HC

'8E_DOPA PET dopa transporter

SPECT '**I-beta-CIT dopamine transporter
ZLEP-CIT SPECT dopamine transporter
"'C-FE-CIT PET dopamine transporter
*mTe-Trodat-1 SPECT dopamine transporter
1C-dMP PET dopamine transporter
2LFP-CIT SPECT dopamine transporter
I23L_FP-CIT SPECT dopamine transporter

ZLEP-CIT SPECT dopamine transporter

"'C-flumazenil PET (GABA)

15ET; 15 PD; 15 DLB; 8 PSP; 9 HC '?*I-FP-CIT SPECT dopamine and serotonin

SPECT-rCBF (resting state/motor task)

I3 LFP-CIT SPECT dopamine transporter

'Z31_FP-CIT SPECT dopamine transporter

PET-rCBF holding a posture (arms outstretched) ET>HC: increased activation in the sensorimotor

cortex contralateral to the side of tremor and in
both lateral pre-motor regions, and in cerebellar
hemispheres

ET<HC: ET with postural tremor showed no
pathological striatal uptake ET<HC: ET with rest
tremor showed reduced putamen '*F-dopa uptake

ET>HC: involuntary postural tremor in ET was
associated with bilateral cerebellar activation and
contralateral striatal, thalamic and sensorimotor
cortex activation

ET>HC: hypermetabolism in medulla and thalami

ET patients>HC: abnormal increases in the bilateral
cerebellum and red nucleus

ET patients>HC: abnormally increased bilateral
cerebellar, red nuclear and thalamic activation
Writing tremor was associated with abnormal
bilateral cerebellar activation

ET patients>HC: increased bilateral cerebellar
activation including the cerebellar vermis. Ethanol
ingestion: bilaterally decreased cerebellar blood
flow in both ET patients and controls. In contrast,
alcohol ingestion increased the activity in the
inferior olivary nuclei in ET but not controls

ET<HC: no pathological striatal uptake

ET<HC: no pathological striatal uptake

ET<HC: no pathological striatal uptake

ET<HC: no pathological striatal uptake

ET<HC: no pathological striatal uptake

ET<HC: no pathological striatal uptake

ET<HC: lower pathological striatal uptake. ET>PD:
higher pathological striatal uptake

ET<HC: no pathological striatal uptake
ET vs. controls: reduced GABA, receptor function

in the cerebellum, the ventrolateral thalamus and
the lateral pre-motor cortex

ET<HC: no pathological striatal uptake

ET<HC: Increased blood flow in the bilateral
cerebellum and left inferior frontal gyrus at rest.
ET<HC: increased rCBF in the supplementary
motor area and contralateral motor cortex and
reduced rCBF in the cerebellum during motor task

ET: no pathological striatal dopamine transporter
availability

ET<HC: no pathological striatal uptake

ET essential tremor, +/~R ET with/without resting tremor, PT psychogenic tremor, PD Parkinson’s disease, HC healthy controls, *CBF regional blood flow

3-8 Hz force oscillations relate to hyperactivity in the motor
cortex, 0-3 Hz force oscillations relate to hypoactivity in the
cerebellum and cerebellar-cortical functional connectivity is im-
paired. These results were consistent with the theory of a central
neuronal oscillator involved in tremor genesis [57] rather than a
unique structure, such as the cerebellum.

This latter explanation is the main interpretation of
two very recent task-based fMRI studies. The first study
[24], during continuous writing of “8” with the right
dominant hand, showed a higher BOLD response in

HC with respect to ET patients in the cerebellum and
other brain areas pertaining to the cerebello-thalamo-
cortical circuit. Moreover, these authors also studied po-
tential differences related to the presence (ET+R) or
absence (ET—R) of resting tremor, showing higher acti-
vation of the precentral gyrus bilaterally, right superior
and inferior frontal gyri, left postcentral gyrus, superior
and inferior parietal gyri, middle temporal and
supramarginal gyri, cerebellum and internal globus
pallidus in ET-R compared with ET+R patients. These
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Table 4  Functional neuroimaging (fMRI)

Reference Sample Neuroimaging method Main finding
Bucher et al. [55] 12 ET postural tremor; fMRI ET patients>HC: increased activation of the primary sensory-motor
15 HC areas, the globus pallidus and the thalamus, controlaterally to the

side of tremor. Bilaterally increased activation of the nucleus
dentatus, the cerebellar hemispheres and the red nucleus

Cerasa et al. [63] 12 ET; 12 HC fMRI Stroop task ET>HC: increased activation in the parietal cortex and dorsolateral
prefrontal cortex during the execution of the ColorWord task

Passamonti et al. [64] 15 ET; 15 HC fMRI working memory task ET>HC: increased activation in the cerebellum (crus I/lobule VI)

Fang et al. [60] 20 ET; 20 HC

connectivity)

Neely et al. [56] 14 ET; 14 PD; 14 HC

Buijink et al. [58]

31 ET; 29 HC

Nicoletti et al. [24]

12 HC of “8” with right dominant hand
Fang et al. [61] 26 ET; 26 HC Resting state-fMRI (functional
connectivity)
Fang et al. [62] 35 ET; 35 HC Resting state-fMRI (functional

connectivity)

Resting state-fMRI (functional

Task-based fMRI (grip force task,
alternating force and rest intervals)

Task-based fMRI (finger tapping)

during the execution of high-load working memory trials.
Functional connectivity: abnormalities were detected in the
executive control circuit and in the default mode network

ET<HC: decreased functional connectivity in the anterior and
posterior bilateral cerebellar lobes, the bilateral thalamus and the
insular lobe, increased functional connectivity in the bilateral
prefrontal and parietal cortices, the left primary motor cortex
and left SMA. Functional communication between the bilateral
anterior cerebellar lobes and the right posterior cerebellar lobe
were negatively correlated with the tremor severity score, while
positively correlated with that in the left primary motor cortex
in ET patients

ET>HC: increased brain activity in the motor cortex and SMA,
which correlated positively with 3-8 Hz force oscillations.
ET<HC: reduced brain activity in cerebellar lobules I-V and
negative correlation with 0-3 Hz force oscillations

ET<HC: reduced activations in widespread regions of the
cerebellum, parietal and frontal cortex. Reduced activation in the
inferior olive nuclei and left dentate nucleus. Positive correlation
between tremor score and both dentate nuclei activation

32 ET (I8 ET+R; 14 ET-R); Task-based fMRI (continuous writing ET<HC: increased activity in cerebellum and other brain areas

pertaining to cerebello-thalamo-cortical circuit. ET+R<ET—R:
increased activation in precentral gyrus bilaterally, right superior
and inferior frontal gyri, left postcentral gyrus, superior and
inferior parietal gyri, midtemporal and supramarginal gyri,
cerebellum and internal globus pallidus

ET<HC: pathological functional connectivity within the network
including the ventral intermediate nucleus-motor cortex and
cerebellum circuit

ET<HC: decreased functional connectivity in the cerebellum
network ET>HC: increased functional connectivity in the
sensorimotor and salience networks

JMRI functional magnetic resonance imaging, PET positron emission tomography, ET essential tremor, +/~R ET with/without resting tremor, PD

Parkinson’s disease, HC healthy controls

observations confirmed the dysfunction of the cerebello-
thalamo-cortical network in patients with ET. The sec-
ond study by Buijink et al. [58] showed reduced acti-
vations in widespread regions of the cerebellum and the
parietal and frontal cortices in ET compared with HC
during the finger-tapping task. Additionally, reduced ac-
tivation was observed in the inferior olive nuclei and
left dentate nucleus, and a positive correlation between
tremor score and activation of both dentate nuclei was
found. These authors suggested that dysfunctions of the
cerebellar cortex in ET might lead to altered dentate
nucleus functioning, subsequently causing functional
changes in areas outside the cerebellum.
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The two fMRI studies described above are grouped
under the term “task-related activity” characterised by
the fact that ET patients had to perform motor tasks
during scanner sessions. However, brain activity may
be also investigated and quantified when the brain is
at rest. Indeed resting-state fMRI (RS-fMRI) is a non-
invasive technique that is based on the spontaneous
fluctuation of the BOLD signal in fMRI. The RS-
fMRI observes the brain’s functional change without
requiring an overt task performance or stimulation, thus
avoiding the inherent shortcomings of the task-designed
fMRI [59]. The RS-fMRI, as well as functional connec-
tivity measurements, has been applied to the studies of
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brain dysfunction in movement disorders and neurode-
generative diseases. Unlike fMRI-task, which only fo-
cuses on a single functional system at a time, the RS-
fMRI provides brain functional connectivity or function-
al network information that will be valuable for simul-
taneously studying the mechanisms of motor and non-
motor functional deficits in ET patients. In this field of
study (Table 4), Fang et al. [60-62] provided fundamen-
tal new advancements in understanding the presence of
pathological functional connectivity in brain networks of
ET patients. They found that the abnormal functional
connectivity was mostly located in the “tremor network”
as well as in the non-motor cortices (including prefron-
tal, parietal and insular lobes), proposing that the dis-
ruption of local functional communication in the
cerebello-thalamo cortical motor pathway is involved
in tremor generation and propagation of ET, while the
abnormal functional connectivity in the prefrontal, pari-
etal and insular lobes may take responsibility for the
non-motor symptoms (e.g. cognitive, psychiatric and
sensory deficits).

The presence of abnormalities in brain networks out-
side the motor circuit highlights the need to extend
functional neuroimaging studies beyond the pathophysi-
ological mechanisms of motor symptoms (e.g. postural
tremor) in ET, addressing the neural basis of other non-
motor symptoms, such as cognitive impairment. In par-
ticular, the notion that ET is a pure motor condition has
been challenged by a series of recent neuropsychologi-
cal and epidemiological studies [3]. This research has
revealed a broad spectrum of mild cognitive deficits
characterising ET patients, including attention, language
and working memory impairments. Furthermore, epide-
miological observations have begun to show that ET
patients are at a significantly higher risk of developing
dementia at an earlier age than would be expected. This
demonstrates that the cognitive dysfunctions that lead to
dementia in ET could be intrinsically linked to specific
disease mechanisms rather than simply reflecting the
effect of ageing. This hypothesis has been supported
in a series of VBM and DTI studies made by
Bhalsing et al. [17, 19] who demonstrated that ET pa-
tients with cognitive impairment are characterised by a
more widespread neurodegeneration involving mainly
the frontal cortex. Our laboratory realised the first
fMRI studies, which concentrated on cognitive function-
ing in ET [63, 64]. We demonstrated that despite similar
performances between patients and HC, during a verbal
working memory task, ET patients showed increased
cerebellar activation compared to controls [64]. In addi-
tion, an increased activity in the parieto-prefrontal net-
work [63] was obtained using the Stroop task in cogni-
tively preserved ET patients suggesting that despite an

intact cognitive profile, patients require additional neural
demands to reach similar performance of HC.

Discussion

Figure 1 shows topographical maps of neural abnormalities
detected in ET using either structural or functional imaging
data. What immediately captures our attention is the diffuse
presence of alterations in the cerebellar regions thus making
uncertain the delineation of cerebellar-related ET neurodegen-
erative processes. Indeed, diffuse neural changes have been
described in several cerebellar regions, including motor (from
lobule I-V) and cognitive lobules (from lobule VI-IX, includ-
ing crus I-II) but a precise investigation of the eventual rela-
tionship between specific areas of the cerebellum and the clin-
ical phenotypes is still lacking. It remains to be determined in
which degree cerebellar abnormalities of the motor lobules are
mainly responsible of the classic motor features of ET patients
and how different cognitive deficits are associated with the
disintegrity of the cognitive posterior cerebellar lobules.

The Neural Basis of Motor Dysfunctions

Considering genesis of motor dysfunctions in ET, functional
MRI studies have consistently demonstrated that dysfunctions
within cortical-cerebellar pathways are primarily involved in
the pathogenesis of the motor dysfunctions in ET and have
begun to provide a clearer picture of the possible underlying
mechanisms (e.g. GABA-ergic dysfunctions). Moreover, with
respect to structural studies, functional imaging studies
showed more consistent relationship between abnormalities
in the activity of the cerebellar cortex and clinical scales (i.e.
tremor severity) [26, 56, 58, 60-62].

However, an unresolved question is whether in EP patients
the tremor originates in the cerebellum and is subsequently
mediated by other structures within the “tremor network™ or
whether a concerted disruption in connectivity between sev-
eral brain structures causes ET-related symptoms [33]. Given
the ambiguous picture emerging from this review, we can
suggest that neuroimaging studies support the hypothesis that
the tremor origin in a neural loop where the cerebellum is a
critical hub. Of note, Novellino et al. [25] found pathological
brain accumulation in the dentate nucleus, whereas Nicoletti
et al. [8] described microstructural changes of the superior
cerebellar peduncle fibre tracts, which receive input from the
dentate nucleus and send output to the red nucleus, thus sug-
gesting that the dentatorubro-olivary tract may be involved in
the genesis of tremor. Other studies, instead, described micro-
structural abnormalities in the inferior cerebellar peduncle
[12] or in other cortical-cerebellar tracts [9, 13]. Similarly,
some functional studies confirmed the presence of neural
changes in specific brain regions involved in the well-known
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“tremor network™ [31] such as the dentate nucleus, inferior
olive nuclei and red nucleus [49-52, 55, 58]. In summary,
structural and functional neuroimaging studies demonstrated
that widespread disintegrity of cortical-cerebellar tracts is
common and likely underlies tremor generation [33].

The Neural Basis of Cognitive Dysfunctions

The pathophysiology of cognitive deficits in ET remains
largely unclear and underexplored. Until now, only three
fMRI [62-64] and two structural neuroimaging studies
[17, 19] explicitly investigated this fundamental topic.
Different theories have been formulated to explain non-
motor deficits in ET, including the hypothesis that cogni-
tive abnormalities may depend upon mechanisms similar
to those reported in AD or PD. Alternatively, it has been
proposed that the cognitive impairment in ET may be
driven by the cerebellum, similarly to that previously
hypothesised for the tremor [65, 66]. Overall, there is
consistent evidence from research in patients with focal
lesions (strokes or tumours) and from functional neuroim-
aging in healthy subjects that specific regions of the cer-
ebellum (posterior lobules) are critically involved in a
variety of high-level cognitive functions such as working
memory and attention [67]. We have therefore recently
tested the hypothesis that the deficits in the working
memory in ET may depend on abnormalities of cognitive
cortical-cerebellar loops [63, 64]. Indeed, we have re-
vealed greater cerebellar response in the crus I and lobule
VI of ET patients while they executed a working memory
task with high attention demand [64]. These cerebellar
overactivations were interpreted as compensatory re-
sponses because the behavioural performances of ET pa-
tients were comparable with those of sex-, age- and
education-matched controls. They also displayed altered
functional connectivity between crus I/lobule VI and re-
gions implicated in focusing attention (executive control
circuit including dorsolateral prefrontal cortex, inferior
parietal lobule, thalamus). These findings were modulated
by the variability in neuropsychological measures: pa-
tients with low cognitive scores displayed reduced con-
nectivity between crus I/lobule VI and the dorsolateral
prefrontal cortex. Crus I/lobule VI are parts of the poste-
rior lobule of the cerebellum that have been implicated in
a wide range of cognitive functions, including language,
visuospatial skills and working memory [68]. The main
current hypothesis regarding the function of crus I/lobule
VI was that this region would support a specific compo-
nent of working memory that is called the “articulatory
loop”. This cognitive process is used to “mentally” refresh
the content of working memory throughout a sub-vocal
rehearsal that prevents the decaying of memory traces.
Enhanced cerebellar responses in ET patients would
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therefore reflect an increased effort to rehearse the stimuli
that need to be kept in memory.

Apart from our fMRI studies, only three further neuroim-
aging papers directly investigated the impact of cognitive pro-
file in ET patients. Bhalsing etal. [17, 19] used VBM and DTI
to evaluate the neural basis of cognitive deficits in ET patients.
First of all, Bhalsing et al. [17], evaluating cognitively im-
paired ET patients, reported reduced GM volumes in the an-
terior and posterior cerebellar lobules; however, using DTI,
Bhalsing et al. [17] did not confirm the presence of anatomical
changes in the cerebellar WM [18]. When neuropsychological
deficits were correlated with GM and WM measurements of
integrity, these authors found that working memory scores
correlated with increased GM volume and negatively with
mean diffusivity of the posterior cerebellar cortex. Finally,
Fang et al. [62], using RS-functional connectivity demonstrat-
ed the presence of abnormal changes within the cerebellum
network and between the cerebellum network and the anterior
and posterior default mode networks. All these changes were
correlated with cognitive behaviour. With this in mind, the
authors proposed that the posterior default mode network is
a key hub for balancing the cerebellum network and default
mode network responsible for cognitive modulation in ET
patients.

In summary, although the neurocognitive profile of ET has
received lesser attention than the neural basis of motor symp-
toms, these preliminary findings would seem to suggest that
cognitive impairment in ET is not primary driven by the cer-
ebellum deficits but by a concerted disruption in connectivity
between several brain structures that might cause ET-related
cognitive symptoms, similarly to that proposed for motor
Ssymptoms.

Limitations

As widely reported in other recent reviews [3 1-34], the incon-
sistencies amongst neuroimaging findings might be dependent
upon several methodological limitations that need to be
summarised:

1. Sample size: one main limitation of this field of study is
the small sample size employed in several studies. In par-
ticular, all PET studies [47-53] as well as some structural
studies [14, 15], enrolled groups of less than ten individ-
uals, thus drastically impacting the possibility of making
general inferences.

2. Age: the mean age of ET patients investigated in almost
all studies ranged from 53 to 70 years, whereas others
reported younger cases (e.g. 38 [11], 40.7 [13] and
45 years [17, 19].

3. Gender: although the majority of the studies reported a
balanced gender distribution, three studies employed a
cohort that was mostly comprised of females (e.g. 8F/
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10M, [21]; 8F/6M, [16]; 8F/6M [31]). This is not in line
with those reported in several epidemiological studies [1],
which demonstrated that ET has a higher prevalence
amongst men.

4. Disease duration: a wide variability in the disease dura-
tion is also noted amongst studies, with some reporting up
to 10 years of disease duration (e.g. [9, 13, 17, 18, 24, 60])
and others with up to 20 years of clinical history (e.g.
[6-8, 16, 53]).

5. Whole brain vs. ROI analysis: another discrepancy in the
structural neuroimaging literature of ET patients could be
ascribed to methodological differences. For instance,
some studies employed a voxel-based approach that in-
vestigated the morphological differences in the whole
brain, while others used a priori ROIs (e.g. [8, 12, 13,
16, 18, 21]). Generally, voxel-based and manual/
automatic ROIs volumetric studies are often not directly
comparable and several contradictory findings have been
reported [69, 70]. Voxel-based approaches could be gen-
erally influenced by several methodological issues, such
as degree of smoothing, differences in registration and
choice of normalisation template [70]. On the other hand,
manual/automatic ROI volumetry is a quantitative re-
search tool that captures a real physical quantity that could
not reach the specificity of small changes (voxel-level).

6. Cognitive impairment: The vast majority of neuroimaging
studies, investigating the neural basis of motor symptoms,
have not taken into account the influence of cognitive
impairments as confounding factor [71]. For this reason,
it is possible to hypothesise that some of the findings (e.g.
the atrophy of the frontal and temporal cortices as de-
scribed by Shin et al. [9], Benito-Leon et al. [10],
Bagepally et al. [11] and Klein et al. [12]) may depend
upon neurodegenerative processes associated with cogni-
tive deficits per se rather than motor symptoms.

7. Motion artefacts: It is important to highlight that MRI-
based methods have intrinsic limitations when applied to
patients with ET, namely the contamination of imaging
data due to motion artefacts. Moreover, the tremor by
itself could introduce confounding factors (i.e. uncon-
trolled body motion) during task-designed fMRI experi-
ment influencing imaging quality and motor or cognitive
performance itself.

8. Clinical phenotypes: Last but not least, some inconsis-
tencies reported in the neuroimaging literature might be
dependent upon the different ET-related clinical pheno-
types enrolled in these studies: (a) ET patients with or
without resting tremor [24], (b) ET patients with dystonia
[72], (c) ET patients with or without head tremor [8, 9],
(d) ET patients with postural tremor or postural and inten-
tional tremor [20] and, finally, (6) patients with or without
a family history of ET; all these ET-related clinical expres-
sions may influence image analysis and interpretation.

Conclusions and Future Remarks

In this review, we provide support to the hypothesis that the
cerebellum is a key region involved in the pathogenesis of
motor and non-motor symptoms associated with ET, although
its exact role in ET-related pathophysiological mechanisms
remains to be ascertained. In fact, it still remains to be deter-
mined whether the cerebellum is globally abnormal in ET and
whether it is possible to define a topographical distribution
inside the cerebellum of ET-related motor and cognitive
symptoms.

For this reason, the first remark for the future is that neu-
roimaging studies applied on ET have to adopt more clinically
and methodologically stringent criteria in order to reduce the
intrinsic variability of this neurological disorder. This new era
of studies will greatly advance the refinement of the current
taxonomy of ET and will reveal whether this disorder is con-
stituted by a continuum of associated disturbances or whether
it is more appropriate to define ET as a heterogeneous disorder
constituted by separate clinical entities. Indeed, the aim of
advanced neuroimaging applied in clinical realms is to lower
the margin of error in diagnosing ET by gaining insight into
underlying brain pathology. Presently, neuroimaging of ET
has a lower potential translation in daily clinical practice.

With this in mind, we conclude our review presenting a
new revolutionary advanced neuroimaging approach based
on machine learning. Historically, neuroimaging has been ap-
plied in clinical realms using a classical univariate approach
that allows only to find differences between patients and con-
trols at a group level, thus with a very limited translation to an
individual diagnosis in a clinical setting. For this reason, a
considerable effort has been put into the development of alter-
native approaches to the analyses of neuroimaging data.
Indeed, in the last 5 years, there here has been a growing
interest within the neuroimaging community toward alterna-
tive approaches to the analyses of neuroimaging data by con-
sidering multivariate pattern analysis, including machine-
learning algorithms [73]. Due to their multivariate properties,
machine-learning techniques are able to automatically extract
multiple sources of information from functional or structural
image sets without requiring a priori hypotheses of where this
information may be coded in the images. The aim of this
method is to classify individual structural or functional brain
images by maximising the distance between groups of images.
Several studies have assessed the reliability of these tech-
niques, e.g. for the automated diagnosis of the Alzheimer’s
disease with respect to mild cognitive impairment patients
[50] demonstrating their high translational potential into clin-
ical practice.

Recently, our group has applied this approach on ET pa-
tients for the first time [74]. Combining anatomical informa-
tion, voxel-by-voxel, coming from volumetric and DTT data,
an automated computer-based classification algorithm was
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able to distinguish patients who had tremor-dominant PD
from those who had ET associated with rest tremor, with an
accuracy of 100 %. Although further validation are needed,
this study provided preliminary evidence demonstrating that
this advanced neuroimaging approach might be used for the
differentiation, at the individual level, of patients who have
clinically indistinguishable phenotypes, thus representing a
valid tool in everyday clinical diagnoses.
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