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A b s t r a c t

Essential tremor (ET) is one of the most common neurological conditions and the most common movement disorder. The 
pathophysiological mechanisms that underlie this entity have not yet been described. However, recent post-mortem brain 
studies have provided useful insight into the underlying pathology of ET. Two brain areas have been consistently found to 
present neuropathological alterations in patients with ET: the brainstem, for presence of Lewy bodies or neuronal depletion, 
and the cerebellum, regarding Purkinje cells’ morphology and density. In the present study we aim to review the literature 
on the main neuropathological findings in ET brains.
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Introduction
Essential tremor (ET) is a chronic, progressive neu-

rological syndrome encompassing a  diverse array of 
clinical phenotypes. It is primarily characterized by 
involuntary tremors affecting the hands or arms, and 
as it advances, it may also manifest in the head, jaw, 
and voice [14,48]. There is a  subset of patients who 
exhibit a broader spectrum of intricate deficits [5,7,38].

The prevalence of ET is about 1 percent in the glob-
al population, rising to 5 percent in adults over 60 years 
[4,14,36]. While ET’s incidence escalates with age, it is not 
confined to the elderly, with early adulthood and child-
hood cases, particularly in familial contexts [19]. The gen-
der distribution is relatively even, but a slight male pre-
dominance has been noted in some studies [36].

The roots of ET remain elusive. Its diverse pheno-
types and genetic makeup indicate that ET might be 
a  collection of related disorders rather than one sin-
gular condition [18,43]. A robust genetic foundation is 
evident as 30-70 percent of ET patients report a fam-
ily history of the condition. This number swells to 
80 percent in cases with onset before 40 years [11,33]. 

Research suggests an autosomal dominant inheritance 
pattern with a nuanced expression [3,11,16,17,25,59]. 
The genetic realm of ET is intricate; the genetic vari-
ants linked with the disorder are numerous, and their 
interactions complex [21,24,51,52,63,64,66-68]. Never-
theless, the exact neuroanatomical foundation remains 
controversial, with the cerebellum and brainstem fre-
quently implicated [30,35].

Tremor is predominantly an action tremor, and pri-
marily affects hands and arms. Although usually bilat-
eral, it can be slightly asymmetric. It is notable during 
voluntary movement or when limbs counteract gravity. 
Activities like drinking or finger-to-nose testing often 
intensify it [20,35]. While tremor should ideally be the 
only manifestation of ET, some patients display diffi-
culty with tandem gait, cognitive deficits, or tremor 
overflow [7,31]. Preliminary research indicates possible 
cognitive impairments in ET patients compared to their 
counterparts [5,6,15,28]. 

Distinguishing ET from other tremor syndromes 
is crucial. Factors that can exacerbate a physiological 
tremor, such as stress, differ from those influencing ET. 
The differentiation between parkinsonian tremor and 
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ET is notably common, with Parkinson disease (PD) pri-
marily manifesting as a rest tremor [54]. Other condi-
tions like dystonic head tremor and spasmodic dyspho-
nia also enter the diagnostic equation [1].

One of the first steps in managing ET is identifying 
and mitigating any exacerbating factors. Common cul-
prits include medications and stimulants like caffeine. 
In certain instances, merely discontinuing these agents 
can control the tremor temporarily. Interestingly, alco-
hol, in modest amounts such as a half to one glass of 
wine, can reduce tremor in many patients, proving use-
ful in social situations [56].

The decision to commence drug treatment is based 
on the intensity and frequency of the tremor, and its 
impact on the patient’s daily life. It is vital to under-
score the need for personalized care [70]. While some 
patients might be indifferent to a minor tremor, others 
might find even a  slight shake cosmetically bother-
some or psychologically distressing. Patients reporting 
frequent symptoms, resulting in functional or psycho-
logical impairments like embarrassment or anxiety, 
generally need daily medications.

Propranolol, a nonselective beta-adrenergic blocker, 
and primidone, an antiseizure medication, are regard-
ed as the first-line therapies for ET. Their choice is 
determined by factors like side effect profiles, existing 
medications, and underlying health conditions. When 
monotherapy does not suffice, a  combination or an 
alternative might be recommended. Notably, gabapen-
tin, topiramate, and benzodiazepines serve as potential 
second-line agents [70].

Patients experiencing situational exacerbations, 
such as tremor spikes during stressful events or pub-
lic appearances, might benefit from intermittent drug 
treatment [70]. An individualized approach is pivotal 
here. Propranolol, for instance, is commonly used in 
low doses for such patients. Primidone, though effec-
tive, may not be as feasible due to its slow onset. In 
specific social settings, a  controlled consumption of 
alcohol or low-dose short-acting benzodiazepines may 
be beneficial [56].

Among the treatment options available for ET, pro-
pranolol and primidone stand out due to the robust 
evidence supporting their efficacy. Clinical trials have 
revealed a  comparable effectiveness between them, 
with each potentially reducing tremor amplitude by 
approximately 50% [70]. Yet, they are not universal 
remedies. For instance, in a  study with 50 patients, 
propranolol lacked therapeutic effect in 30% of them, 
and a similar percentage was noted for primidone. Side 
effects, too, play a role in drug choice. Acute reactions 
with primidone and chronic effects of propranolol could 
limit their usage. However, a  slow titration approach 
with primidone might mitigate some side effects [56].

Histological and cellular examinations of postmor-
tem brain samples from individuals afflicted with ET 
have uncovered a range of alterations within the cere-
brum, brainstem, and cerebellum. The principal neuro-
pathological findings in ET can be classified into two 
primary categories: alterations in the Purkinje cells 
and the presence of Lewy bodies within the locus coe-
ruleus [49]. 

These findings have been instrumental in enriching 
the understanding of ET’s neurobiology and hold the 
potential to facilitate a more comprehensive grasp of 
the clinical-pathological interrelationships associated 
with this disorder [13,59].

The objective of the current study is to conduct 
a review of the extant literature concerning the cardi-
nal neuropathological findings observed in ET.

Methodology

Search strategy
A  comprehensive literature search was conducted 

using the PubMed database. The search was tailored 
to encompass articles published from 1 January 1990, 
through 28 May 2023. The search strategy employed 
four Medical Subject Headings (MeSH) terms: [“ET” OR 
“essential tremor”] AND [“neuropathology” OR “histo-
pathology” OR “neuropathological findings”], with addi-
tional filters for English language and human studies.

Inclusion and exclusion criteria
To qualify for inclusion in this review, studies were 

required to meet the following criteria: (1) be an origi-
nal research article; (2) involve human subjects; (3) be 
written in the English language; and (4) discuss neu-
ropathological findings in the brains of individuals 
with ET, in comparison to either healthy controls or 
individuals with other neurodegenerative conditions. 
The exclusion criteria included: (1) review articles, 
meta-analyses, letters to the editor, book chapters, and 
editorials; (2) studies involving animal subjects. The 
selection process adhered to the “Preferred Report-
ing Items for Systematic Reviews and Meta-Analysis  
(PRISMA) guidelines”.

Selection of studies
The search query in PubMed yielded a total of 604 

articles. Upon application of the exclusion criteria, 550 
articles were eliminated due to reviews, meta-analy-
ses, animal studies, editorials, or case reports. Of the 
remaining 54 articles that fulfilled the inclusion criteria, 
further scrutiny of the full text and data extraction led 
to the final selection of 26 studies for inclusion in this 
review.
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Results

Purkinje cells’ pathology
Purkinje cell counts

Pathological changes of Purkinje cells are amongst 
the main findings described in the majority of stud-
ies. Axelrad et al. studied Purkinje cells using calbindin 
immunohistochemistry on 14 ET cases and they report-
ed a significant reduction in Purkinje cell number (38.2%,  
p = 0.04) in the ET brains who did not have Lewy bod-
ies, and they additionally found an inverse correlation 
between the Purkinje cell linear density and the age and 
number of axonal torpedoes [2]. Louis et al. examined 
33 ET brains compared to 21 controls and they reported 
a  significant decrease of the mean Purkinje cell num-
ber per 100× fields in ET cases without LB (6.6 ±2.4 vs. 
9.6 ±3.4, p < 0.01), and seven times more Purkinje cells 
axonal torpedoes per section (12.6 ±7.9 vs. 1.7 ±1.4,  
p < 0.001) compared to controls [32]. The same group 
on a  later study of theirs, using calbindin antibodies, 
quantified Purkinje cells per mm in the Purkinje cell lay-
er on 32 ET cases compared to 16 controls, and found 
significantly lower Purkinje cells density in ET cases 
(1.14 ±0.32 vs. 1.35 ±0.31 per mm–1, p = 0.03) [35]. In 
a more recent study coming from the same group inves-
tigated Purkinje cell counts on 50 ET brain compared 
to 25 age-matched controls. They used a random sam-
pling approach to quantify the density of Purkinje cells 
along the Purkinje cell layer with a mean of 217 sites in 
each of the specimens and using a nearest neighbour 
analysis to estimate the distance between Purkinje cell 

bodies reported significantly lower Purkinje cell density, 
and greater mean distance from one Purkinje cell body 
to another, in ET cases [10]. In the most recent study on 
156 brains with ET, spinocerebellar ataxias, multiple sys-
tem atrophy, Parkinson’s disease, dystonia and controls, 
Louis et al. investigated the numbers of Purkinje cells, 
heterotopic Purkinje cells, Purkinje cells’ dendritic and 
axonal changes, basket cell axonal changes, and climb-
ing fibre to Purkinje cells synaptic changes between the 
groups of the study. They found that ET brains showed 
significant changes in most of the parameters compared 
to normal controls [39]. 

Different studies, however, failed to reproduce the 
above findings. Rajput et al. studied 20 ET brains and 
found PC loss in only two of them [55], and in an attempt 
to replicate the observations in previous reports, Rajput 
et al. repeated the measurements on additional 15 ET 
and control brains and found no evidence that PC loss 
was the pathological basis of ET [58]. In another study 
on a  total of 59 cases including ET patients, PD con-
trols and normal controls [60], they used three different 
markers for PC identification, and they found no sig-
nificant differences between the groups of the study 
(Table I).

Purkinje cell heterotopias

Purkinje cells’ heterotopias with their cell’s bodies 
mislocated in the molecular layer have also been report-
ed by other studies, as a disease-associated feature of 
ET [26,39,40], and are also considered as markers of 
neurodegeneration. Kuo et al. on a post-mortem study 

Table I. Studies which investigated the Purkinje cells counts in essential tremor (ET), and their main findings

Study Sample size  
(ET cases/controls)

Main findings References

Axelrad et al. 14 ET cases 38.2% reduction in Purkinje cell number in ET brains without Lewy bodies 
(p = 0.04)

9

Louis et al. (a) 33 ET cases/21 
controls

Significant decrease of mean Purkinje cell number in ET cases without LB 
(6.6 ±2.4 vs. 9.6 ±3.4), seven times more axonal torpedoes per section in 

ET cases (12.6 ±7.9 vs. 1.7 ±1.4)

10

Louis et al. (b) 32 ET cases / 16 
controls

Significantly lower Purkinje cell density in ET cases (1.14 ± 0.32 vs. 1.35 ± 
0.31 per mm–1, p = 0.03)

11

Louis et al. (c) 50 ET cases/25 
controls

Significantly lower Purkinje cell density and greater mean distance 
between Purkinje cell bodies in ET cases

12

Louis et al. (d) 156 brains (various 
conditions)

ET brains showed significant changes in the number of Purkinje cells, 
heterotopic Purkinje cells, dendritic and axonal changes compared to 

normal controls

13

Rajput et al. 
(a)

20 ET cases Found Purkinje cell loss in only 2 cases, suggesting PC loss might not be 
the pathological basis of ET

14

Rajput et al. 
(b)

15 ET cases and 
controls

Found no evidence that Purkinje cell loss was the pathological basis  
of ET

15

Rajput et al. 
(c)

59 cases (ET, PD, 
normal)

No significant difference in Purkinje cell counts between the groups 16
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on 35 ET brains vs 32 controls, including 21 non-dis-
eases controls and 11 PSP brains, and using a modified 
Bielschowsky method, demonstrated three times high-
er number of heterotopic Purkinje cells per section in 
ET brains (3.8 ±3.6 vs. 1.6 ±1.7, p = 0.007). They also 
described a significant difference between ET and PSP 
brains, and an inverse relation between the number of 
heterotopic cells and the total Purkinje cell counts [26] 
(Table II). 

Purkinje cell dendritic and spinal changes

Purkinje cells’ dendrites is another potential target 
for degeneration in patients with ET [39,41]. A study on 
cerebellar cortical tissue from 27 ET cases and 27 age- 
matched controls using Golgi-Kopsch method, and 
quantitative estimation of Purkinje cell dendritic anat-
omy revealed a significant reduction in dendritic com-

plexity in ET cases. Authors found decreased total den-
dritic length, mean branch length, maximum branch 
order, number of terminal branches and dendritic spine 
density, providing additional evidence of a  pervasive 
abnormality of Purkinje cells in ET [68]. Mavroudis et 
al. investigated the changes in Purkinje cells in patients 
with ET and ET-plus compared to normal controls 
[48]. The study was conducted on 12 patients with ET  
(7 males and 5 females) and 15 normal controls  
(8 males and 7 females). The patients with ET were fur-
ther divided into three groups: ET with head and arm 
tremor (ET-h; n = 5); ET with arms tremor only (ET-a;  
n = 4); and ET-plus (n = 3). The researchers used the 
Golgi silver staining method and 3D neuronal recon-
struction to perform a morphometric analysis of Pur-
kinje cells. They found significant morphological chang-
es in the Purkinje cells of patients with ET compared 

Table II. Summary of findings on heterotopic Purkinje cells in essential tremor (ET) brains

Study aspect Kuo et al. study details

Study type post-mortem study

Number of ET brains 35

Number of control brains 32 (21 non-disease, 11 PSP)

Method used Modified Bielschowsky method

Finding: heterotopic Purkinje cells in ET brains  
(average per section)

3.8 ±3.6

Heterotopic Purkinje cells in control brains  
(average per section)

1.6 ±1.7

Statistical significance p = 0.007

Comparison with PSP brains Significant difference

Relation to total Purkinje cell counts Inverse relation between the number of heterotopic cells and 
total Purkinje cell counts

Table III. Studies on dendritic changes in Purkinje cells in essential tremor (ET) patients

Study Number of participants Method Main findings

Louis et al. 27 ET cases,  
27 age-matched 

controls

Golgi-Kopsch method, 
quantitative estimation 
of Purkinje cell dendritic 

anatomy

Significant reduction in dendritic complexity in ET cases, 
including: 

– Decreased total dendritic length
– Decreased mean branch length

– Decreased maximum branch order
– Decreased number of terminal branches

– Decreased dendritic spine density

Mavroudis 
et al. 

12 patients with ET  
(7 males and 5 females),  

15 normal controls  
(8 males and 7 females)

Golgi silver staining 
method, 3D neuronal 

reconstruction

Significant morphological changes in Purkinje cells of 
patients with ET, including:

– Decrease in dendritic length and field density
– Overall loss of terminal branches

– Decrease in the density of dendritic spines
Specifically, in the ET-h group from the cerebellar vermis: 

– Significantly lower total dendritic length compared to ET-a, 
ET-plus, and normal controls

– Significantly lower total number of terminal branches 
compared to other groups

– Reduced dendritic spine density compared to other groups
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to normal controls. These changes included a decrease 
in dendritic length and field density, an overall loss of 
terminal branches, and a  decrease in the density of 
dendritic spines. In terms of specific findings, the total 
dendritic length of Purkinje cells from the cerebellar 
vermis was significantly lower in the ET-h group com-
pared to the ET-a, ET-plus, and normal control groups. 
The total number of terminal branches of Purkinje cells 
from the cerebellar vermis was also significantly lower 
in the ET-h group compared to the other groups. Fur-
thermore, the dendritic spine density was reduced in 
the ET-h group compared to the other groups (Table III).

Purkinje cell axonal changes

Focal swellings of the proximal portion of the Pur-
kinje cell axons, known as axonal torpedoes, are one of 
the common findings in ET brains. These ovoid axonal 
swellings contain an accumulation of hyperphosphory-
lated neurofilaments and disrupted organelles [35,42]. 
Axonal torpedoes are not specific for ET since they can 
be present in other neurodegenerative conditions, such 
as spinocerebellar ataxias, and to a less extent even in 
normal controls [42] (Table IV). 

 
Basket cells and olivocerebellar 
climbing fibres
In addition to Purkinje cells changes, Basket cells, 

γ-aminobutyric acid (GABA)-ergic inhibitory interneu-
rons found in the molecular layer around the Purkinje 
cell bodies, exhibit dense and tangled, “hairy” appear-
ances of their axonal plexuses in ET cases [39].

Certain changes at the expression of membrane 
glutamate transporters, which are of critical impor-
tance for the recycling of glutamate and can be relat-
ed to a  failure of glutamate reuptake by astrocytes, 
and therefore accumulation in the synaptic cleft, and 
overstimulation of glutamate receptors, which leads to 

overexcitation of glutaminergic olivocerebellar climbing 
fibres and alterations on the normal cerebellar circuitry 
and output have been described in ET [27,39].

The dentate nucleus 
Severe neuronal loss and atrophy, microglial clus-

ters, and reduction in the number of efferent fibres [61], 
along with reduced GABA-A  and GABA-B receptors, 
have been reported [54]. However, further evidence is 
needed to support these findings due to the relatively 
small number of observations. 

Lewy bodies and locus coeruleus 
pathology
Lewy bodies have been extensively described in 

the locus coeruleus of ET brains [8,22,35,50]. The locus 
coeruleus is the main norepinephrine centre of the cen-
tral nervous system, and one of the main inputs to the 
Purkinje cells, and of high importance for the modula-
tion of responses to climbing fibres and to normal func-
tion and inhibitory output of Purkinje cells [54].

Lewy bodies are found in the locus coeruleus of 
about one in four ET cases, but interestingly they have 
not been described in cases with extensive cerebellar 
gliosis [27]. Lewy bodies are thought to be incidental 
and/or related to normal aging or emerging Parkinson’s 
disease or Lewy body dementia, and not to the patho-
physiology of ET [35]. 

Shill et al. have described another pattern of pathol-
ogy of the locus coeruleus in patients with ET, which 
involves a loss of pigmented neurons in the locus coe-
ruleus without the presence of Lewy bodies [60,61]. 

Discussion
Most of our understanding so far has been possible 

through analysing neuroimaging studies and the find-
ings from post-mortem studies of ET brains [35,44]. 

Table IV. Purkinje cells axonal changes, basket cells and climbing fibres pathology in essential tremor (ET)

Finding Description Study 
reference

Purkinje 
cell axonal 
changes

Focal swelling of the proximal portion of the Purkinje cell axons, known as axonal torpedoes. 
These swellings contain an accumulation of hyperphosphorylated neurofilaments and disrupted 

organelles. Axonal torpedoes are not specific to essential tremor and can be found in other 
conditions such as spinocerebellar ataxias

[10,22]

Basket cell 
changes

In essential tremor cases, Basket cells (GABA-ergic inhibitory interneurons found around Purkinje 
cell bodies) show dense and tangled appearances of their axonal plexuses, termed „hairy” 

appearances

[13]

Changes in 
glutamate 
transporter 
expression

Changes in the expression of membrane glutamate transporters are observed. This could 
be related to a failure of glutamate reuptake by astrocytes, leading to accumulation in the 

synaptic cleft and overstimulation of glutamate receptors. This overstimulation can affect the 
olivocerebellar climbing fibres and alter normal cerebellar circuitry and output

[13,23]
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The main neuropathological findings can be divided 
into two main axons, the presence of Lewy bodies in 
the locus coeruleus and the morphological and mor-
phometric changes of Purkinje cells. 

The main findings include a  decrease in number 
[2,10,35] or heterotopias of cerebellar Purkinje cells [26, 
40], changes of their dendritic fields, ovoid swellings 
of their axons known as axonal torpedoes, and chang-
es at the chemical levels regarding the olivocerebellar 
climbing fibres. It is evident that ET neuropathological 
findings are heterogeneous, as is the clinical presenta-
tion. Louis et al., based on the neuropathological find-
ings, have suggested that ET can be divided into “LB 
ET” and “Cerebellar ET”, and these are related to differ-
ent clinical manifestations [45].

Although the aforementioned findings have been 
extensively described, many studies failed to repro-
duce them and reported no significant pathology in ET 
brains, despite the typical clinical presentation. 

Dendritic and spinal changes have been described 
in other conditions as well, including Alzheimer’s dis-
ease [49]. In addition to that, none of the studies so far, 
have shown strong correlation between the severity of 
the tremor and the significance of Purkinje cells’ loss.

Although loss of Purkinje cells is commonly found 
in ET brains, it is not pathognomonic, and whether it 
is directly linked to the pathophysiology of the disease 
remains unclear [55]. 

The degeneration of Purkinje cells may interrupt 
the cerebellar inhibitory output, amplifying the cerebel-
lar-thalamo-cortical circuit’s activity, resulting in trem-
ors. This perspective is deepened by the cerebellum’s 
responsibility in orchestrating precise motor activities; 
any functional or structural aberration can therefore 
translate to tremorous movements. Altered connectiv-
ity patterns between the cerebellum and other brain 
areas in ET patients, suggesting these changes might 
contribute to the disease’s motor symptoms. Moreover, 
the cerebellum’s potential influence on neurotransmit-
ter balance, specifically GABA and glutamate, presents 
another possible layer to the symptomatic manifesta-
tion of ET, since these neurotransmitters play pivotal 
roles in governing motor pathways’ excitatory and 
inhibitory signals.

Lewy bodies are found in the locus coeruleus of 
about one in four ET cases, and it has been proposed 
that they are incidental and/or related to normal aging 
or emerging Parkinson’s disease. Lewy bodies patholo-
gy in Parkinson’s disease is different, while it begins in 
the dorsal vagal nucleus and then spreads to the locus 
coeruleus in Braak stage II-III. In ET cases, Lewy bodies 
are solely found in the locus coeruleus and its patholo-
gy is also thought to be linked to the pathophysiology 
of ET, but again it is not pathognomonic and it is not 

clear if it precedes the tremor, and if it is related to the 
severity of the symptoms.

Further studies on the pathological anatomy and 
pathophysiology of ET would improve our understand-
ing of the disease and could pave the way for the dis-
covery of targeted treatments for this common neuro-
logical disorder.

Limitations 
The observed heterogeneity in results across var-

ious studies could likely be attributed to differences 
in methodologies employed and inherent limitations 
within each study. Methodological variations, such as 
sample selection criteria, data collection tools, analysis 
techniques, and the duration or setting of the study, 
can introduce variability in outcomes. Additionally, 
each study might possess its unique set of limitations, 
be it in terms of sample size, potential biases, control 
measures, or the precision of instruments used, further 
contributing to the disparity in results. It is essential to 
consider these methodological differences and limita-
tions when comparing and interpreting findings from 
different studies.

Conclusions
Essential tremor is a  heterogenous neurological 

condition, with a wide spectrum of pathological chang-
es; however additional studies which will consider the 
new classification of tremor are required, on larger 
series of patients, to define the clinical manifestations 
of patients with different neuropathological back-
grounds. The different pathological patterns may cor-
relate and explain the variety of neurological signs that 
may present together with the tremor and have been 
described as ET plus syndromes.

Funding
Financial support and sponsorship: none.

Disclosures
Approval of the Bioethics Committee was not 

required.
The authors report no conflict of interest.

References

1. Agnew A, Frucht SJ, Louis ED. Supine head tremor: a clinical 
comparison of essential tremor and spasmodic torticollis 
patients. J Neurol Neurosurg Psychiatry 2012; 83: 179.

2. Axelrad JE, Louis ED, Honig LS, Flores I, Ross GW, Pahwa R, 
Lyons KE, Faust PL, Vonsattel JPG. Reduced Purkinje cell num-
ber in essential tremor: a postmortem study. Arch Neurol 2008; 
65: 101-107.



7Folia Neuropathologica 2024; 62

Neuropathological findings in essential tremor

3. Bain PG, Findley LJ, Thompson PD, Gresty MA, Rothwell JC, 
Harding AE, Marsden CD. A study of hereditary essential tremor.  
Brain 1994; 117 (Pt 4): 805-824. 

4. Benito-León J, Bermejo-Pareja F, Morales JM, Vega S, Molina JA. 
Prevalence of essential tremor in three elderly populations of 
central Spain. Mov Disord 2003; 18: 389-394. 

5. Benito-Leon J, Louis ED, Bermejo-Pareja F. Neurological Disor-
ders in Central Spain (NEDICES) Study Group. Population-based 
case-control study of cognitive function in essential tremor. 
Neurology 2006; 66: 69-74.

6. Benito-León J, Louis ED, Sánchez-Ferro Á, Bermejo-Pareja F. 
Rate of cognitive decline during the premotor phase of essen-
tial tremor: a prospective study. Neurology 2013; 81: 60.

7. Bhatia KP, Bain P, Bajaj N, Elble RJ, Hallett M, Louis ED, Raethjen J,  
Stamelou M, Testa CM, Deuschl G; Tremor Task Force of the 
International Parkinson and Movement Disorder Society. Con-
sensus Statement on the classification of tremors. from the 
task force on tremor of the International Parkinson and Move-
ment Disorder Society. Mov Disord 2018; 33: 75-87. 

8. Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E.  
Staging of brain pathology related to sporadic Parkinson’s dis-
ease. Neurobiol Aging 2003; 24: 197-211.

9. Cerasa A, Quattrone A. Linking essential tremor to the cerebel-
lum-neuroimaging evidence. Cerebellum 2016; 15: 263.

10. Choe M, Cortes E, Vonsattel JP, Kuo SH, Faust PL, Louis ED. Pur-
kinje cell loss in essential tremor: random sampling quantifi-
cation and nearest neighbour analysis. Mov Disord 2016; 31: 
393-401.

11. Clark LN, Louis ED. Challenges in essential tremor genetics. Rev 
Neurol (Paris) 2015; 171: 466.

12. Cohen O, Pullman S, Jurewicz E, Watner E, Louis ED. Rest trem-
or in patients with essential tremor: prevalence, clinical cor-
relates, and electrophysiologic characteristics. Arch Neurol 
2003; 60: 405-410.

13. Deuschl G, Elble R. Essential tremor – neurodegenerative or 
nondegenerative disease towards a working definition of ET. 
Mov Disord 2009; 24: 2033-2041.

14. Dogu O, Sevim S, Camdeviren H, Sasmaz T, Bugdayci R, Aral M,  
Kaleagasi H, Un S, Louis ED. Prevalence of essential tremor: 
door-to-door neurologic exams in Mersin Province, Turkey. Neu-
rology 2003; 61: 1804-1806.

15. Gasparini M, Bonifati V, Fabrizio E, Fabbrini G, Brusa L, Lenzi GL, 
Meco G. Frontal lobe dysfunction in essential tremor: a prelim-
inary study. J Neurol 2001; 248: 399-402.

16. Gulcher JR, Jónsson P, Kong A, Kristjánsson K, Frigge ML, Kára-
son A, Einarsdóttir IE, Stefánsson H, Einarsdóttir AS, Sigurth-
oardóttir S, Baldursson S, Björnsdóttir S, Hrafnkelsdóttir SM, 
Jakobsson F, Benedickz J, Stefánsson K. Mapping of a familial 
essential tremor gene, FET1, to chromosome 3q13. Nat Genet 
1997; 17: 84-87.

17. Higgins JJ, Pho LT, Nee LE. A gene (ETM) for essential tremor 
maps to chromosome 2p22-p25. Mov Disord 1997; 12: 859.

18. Hopfner F, Haubenberger D, Galpern WR, Gwinn K, Van’t Veer A,  
White S, Bhatia K, Adler CH, Eidelberg D, Ondo W, Stebbins GT, Tan-
ner CM, Helmich RC, Lenz FA, Sillitoe RV, Vaillancourt D, Vitek JL,  
Louis ED, Shill HA, Frosch MP, Foroud T, Kuhlenbäumer G,  
Singleton A, Testa CM, Hallett M, Elble R, Deuschl G. Knowl-
edge gaps and research recommendations for essential tremor.  
Parkinsonism Relat Disord 2016; 33: 27-35.

19. Jankovic J, Madisetty J, Vuong KD. Essential tremor among chil-
dren. Pediatrics 2004; 114: 1203.

20. Jankovic J. Essential tremor: a heterogenous disorder. Mov  
Disord 2002; 17: 638.

21. Jasinska-Myga B, Wider C. Genetics of essential tremor. Parkin-
sonism Relat Disord 2012; 18 Suppl. 1: S138.

22. Jellinger KA. Alpha-synuclein pathology in Parkinson’s and Alz-
heimer’s disease bran: incidence and topographic distribution 
– a pilot study. Acta Neuropathol 2003; 106: 191-201.

23. Jellinger KA. Is there cerebellar pathology in essential tremor? 
Mov Disord 2014; 29: 435.

24. Jiménez-Jiménez FJ, García-Martín E, Lorenzo-Betancor O, 
Pastor P, Alonso-Navarro H, Agúndez JA. LINGO1 and risk for 
essential tremor: results of a meta-analysis of rs9652490 and 
rs11856808. J Neurol Sci 2012; 317: 52-57. 

25. Kovach MJ, Ruiz J, Kimonis K, Mueed S, Sinha S, Higgins C, Elble S,  
Elble R, Kimonis VE. Genetic heterogeneity in autosomal domi-
nant essential tremor. Genet Med 2001; 3: 197-199. 

26. Kuo SH, Erickson-Davis C, Gillman A, Faust PL, Vonsattel JP, Lou-
is ED. Increased number of heterotopic Purkinje cells in essen-
tial tremor. J Neurol Neurosurg Psychiatry 2010; 82: 1038-1040.

27. Lin CY, Louis ED, Faust PL, Koeppen AH, Vonsattel JP, Kuo SH. 
Abnormal climbing fibre-Purkinje cell synaptic connections in 
the essential tremor cerebellum. Brain 2013; 137: 3149-3159.

28. Lombardi WJ, Woolston DJ, Roberts JW, Gross RE. Cognitive 
deficits in patients with essential tremor. Neurology 2001; 57: 
785.

29. Louis ED, Babij R, Lee M, Cortés E, Vonsattel JP. Quantification 
of cerebellar hemispheric purkinje cell linear density: 32 ET cas-
es versus 16 controls. Mov Disord 2013; 28: 1854-1859.

30. Louis ED, Babij R, Lee M, Cortés E, Vonsattel JP. Quantification 
of cerebellar hemispheric purkinje cell linear density: 32 ET cas-
es versus 16 controls. Mov Disord 2013; 28: 1854-1859. 

31. Louis ED, Bares M, Benito-Leon J, Fahn S, Frucht SJ, Jankovic J, 
Ondo WG, Pal PK, Tan EK. Essential tremor-plus: a controversial 
new concept. Lancet Neurol 2020; 19: 266-270.

32. Louis ED, Benito-Leon J, Faust PL. Essential tremor seems to be 
a risk factor for Parkinson’s disease. Parkinsonism Relat Disord 
2016; 26: 82-83.

33. Louis ED, Dogu O. Does age of onset in essential tremor have 
a bimodal distribution? Data from a tertiary referral setting and 
a population-based study. Neuroepidemiology 2007; 29: 208.

34. Louis ED, Dogu O. Isolated head tremor: part of the clinical 
spectrum of essential tremor? Data from population-based and 
clinic-based case samples. Mov Disord 2009; 24: 2281.

35. Louis ED, Faust PL, Vonsattel JP, Honig LS, Rajput A, Robin- 
son CA, Rajput A, Pahwa R, Lyons KE, Ross GW, Borden S, Mos-
kowitz CB, Lawton A, Hernandez N. Neuropathological changes 
in essential tremor: 33 cases compared with 21 controls. Brain 
2007; 130 (Pt 12): 3297-3307. 

36. Louis ED, Ferreira JJ. How common is the most common adult 
movement disorder? Update on the worldwide prevalence of 
essential tremor. Mov Disord 2010; 25: 534.

37. Louis ED, Ford B, Frucht S, Barnes LF, X-Tang M, Ottman R. Risk 
of tremor and impairment from tremor in relatives of patients 
with essential tremor: a community-based family study. Ann 
Neurol 2001; 49: 761-769. 

38. Louis ED, Galecki M, Rao AK. Four essential tremor cases with 
moderately impaired gait: how impaired can gait be in this dis-
ease? Tremor Other Hyperkinet Mov (NY) 2013; 3: tre-03-200-
4597-1.

39. Louis ED, Kerridge CA, Chatterjee D, Martuscello RT, Diaz DT, 
Koeppen AH, Kuo SH, Vonsattel JG, Sims PA, Faust PL. Contextu-
alizing the pathology in the essential tremor cerebellar cortex: 



8 Folia Neuropathologica 2024; 62

Ioannis Mavroudis, Foivos Petridis

a patholog-omics approach. Acta Neuropathol 2019; 138: 859-
876. 

40. Louis ED, Kuo SH, Tate WJ, Kelly GC, Gutierrez J, Cortes EP, Von-
sattel JG, Faust PL. Heterotopic Purkinje cells: a comparative 
postmortem study of essential tremor and spinocerebellar 
ataxias 1, 2, 3, and 6. Cerebellum 2018; 17: 104-110.

41. Louis ED, Lee M, Babij R, Ma K, Cortés E, Vonsattel JP, Faust PL. 
Reduced Purkinje cell dendritic arborization and loss of dendrit-
ic spines in essential tremor. Brain 2014; 137 (Pt 12): 3142-3148. 

42. Louis ED, Yi H, Erickson-Davis C, Vonsattel J, Faust PL. Structur-
al study of Purkinje cell axonal torpedoes in essential tremor. 
Neurosci Lett 2009; 450: 287-291.

43. Louis ED. ‘Essential tremor’ or ‘the essential tremors’: is this one 
disease or a family of diseases? Neuroepidemiology 2014; 42: 81.

44. Louis ED. Essential tremor: evolving clinicopathological con-
cepts in an era of intensive post-mortem enquiry. Lancet Neurol 
2010; 9: 613-622.

45. Louis ED. Essential tremors: a family of neurodegenerative dis-
orders? Arch Neurol 2009; 66: 1202-1208. 

46. Louis ED. The primary type of tremor in essential tremor is 
kinetic rather than postural: cross-sectional observation of 
tremor phenomenology in 369 cases. Eur J Neurol 2013; 20: 
725-727.

47. Louis ED. Understanding essential tremor: progress on the bio-
logical front. Curr Neurol Neurosci Rep 2014; 14: 450.

48. Mavroudis I, Kazis D, Petridis F, Chatzikonstantinou S, Karantali E,  
Njau SN, Costa V, Ciobica A, Trus C, Balmus IM, Baloyannis SJ. 
Morphological and morphometric changes in the Purkinje cells 
of patients with essential tremor. Exp Ther Med 2022; 23: 167. 

49. Mavroudis I, Petridis F, Kazis D, Njau SN, Costa V, Baloyannis SJ.  
Purkinje cells pathology in Alzheimer’s disease. Am J Alzhei-
mers Dis Other Demen 2019; 34: 439-449.

50. Mavroudis I, Petridis F, Kazis D. Neuroimaging and neuropatho-
logical findings in essential tremor. Acta Neurol Scand 2019; 
139: 491-496. 

51. Merner ND, Girard SL, Catoire H, Bourassa CV, Belzil VV, Rivière JB,  
Hince P, Levert A, Dionne-Laporte A, Spiegelman D, Noreau A, 
Diab S, Szuto A, Fournier H, Raelson J, Belouchi M, Panisset M, 
Cossette P, Dupré N, Bernard G, Chouinard S, Dion PA, Rouleau GA.  
Exome sequencing identifies FUS mutations as a cause of 
essential tremor. Am J Hum Genet 2012; 91: 313-319. 

52. Müller SH, Girard SL, Hopfner F, Merner ND, Bourassa CV, Lorenz D,  
Clark LN, Tittmann L, Soto-Ortolaza AI, Klebe S, Hallett M, 
Schneider SA, Hodgkinson CA, Lieb W, Wszolek ZK, Pendziwi-
at M, Lorenzo-Betancor O, Poewe W, Ortega-Cubero S, Seppi K, 
Rajput A, Hussl A, Rajput AH, Berg D, Dion PA, Wurster I, Shul- 
man JM, Srulijes K, Haubenberger D, Pastor P, Vilariño-Güell C, 
Postuma RB, Bernard G, Ladwig KH, Dupré N, Jankovic J, Strauch K,  
Panisset M, Winkelmann J, Testa CM, Reischl E, Zeuner KE,  
Ross OA, Arzberger T, Chouinard S, Deuschl G, Louis ED, Kuhlen-
bäumer G, Rouleau GA. Genome-wide association study in 
essential tremor identifies three new loci. Brain 2016; 139: 
3163.

53. Pahwa R, Koller WC. Is there a relationship between Parkinson’s 
disease and essential tremor? Clin Neuropharmacol 1993; 16: 30.

54. Paris-Robidas S, Brochu E, Sintes M, Emond V, Bousquet M, 
Vandal M, Pilote M, Tremblay C, Di Paolo T, Rajput AH, Rajput A, 
Calon F. Defective dentate nucleus GABA receptors in essential 
tremor. Brain 2012; 135 (Pt 1): 105-116. 

55. Rajput AH, Adler CH, Shill HA, Rajput A. Essential tremor is not 
a neurodegenerative disease. Neurodegener Dis Manag 2012; 
2: 259-268.

56. Rajput AH, Rajput A. Medical treatment of essential tremor.  
J Cent Nerv Syst Dis 2014; 6: 29.

57. Rajput AH, Robinson CA, Rajput ML, Rajput A. Cerebellar Pur-
kinje cell loss is not pathognomonic of essential tremor. Parkin-
sonism Relat Disord 2011; 17: 16-21.

58. Rajput AH, Robinson CA, Rajput ML, Robinson SL, Rajput A. 
Essential tremor is not dependent upon cerebellar Purkinje cell 
loss. Parkinsonism Relat Disord 2012; 18: 626-628.

59. Shatunov A, Sambuughin N, Jankovic J, Elble R, Lee HS, Single-
ton AB, Dagvadorj A, Ji J, Zhang Y, Kimonis VE, Hardy J, Hallett M,  
Goldfarb LG. Genomewide scans in North American families 
reveal genetic linkage of essential tremor to a region on chro-
mosome 6p23. Brain 2006; 129 (Pt 9): 2318-2331. 

60. Shill HA, Adler CH, Beach TG. Pathology in essential tremor. Par-
kinsonism Relat Disord 2012; 18 Suppl. 1: 135-137.

61. Shill HA, Adler CH, Sabbagh MN, Connor DJ, Caviness JN, Hentz JG,  
Beach TG. Pathologic findings in prospectively ascertained essen-
tial tremor subjects. Neurology 2008; 70 (16 Pt 2): 1452-1455. 

62. Stefansson H, Steinberg S, Petursson H, Gustafsson O, Gudjons-
dottir IH, Jonsdottir GA, Palsson ST, Jonsson T, Saemundsdottir J,  
Bjornsdottir G, Böttcher Y, Thorlacius T, Haubenberger D,  
Zimprich A, Auff E, Hotzy C, Testa CM, Miyatake LA, Rosen AR, 
Kristleifsson K, Rye D, Asmus F, Schöls L, Dichgans M, Jakobsson F,  
Benedikz J, Thorsteinsdottir U, Gulcher J, Kong A, Stefansson K.  
Variant in the sequence of the LINGO1 gene confers risk of 
essential tremor. Nat Genet 2009; 41: 277-279.

63. Sun QY, Xu Q, Tian Y, Hu ZM, Qin LX, Yang JX, Huang W, Xue J, 
Li JC, Zeng S, Wang Y, Min HX, Chen XY, Wang JP, Xie B, Liang F, 
Zhang HN, Wang CY, Lei LF, Yan XX, Xu HW, Duan RH, Xia K, Liu JY,  
Jiang H, Shen L, Guo JF, Tang BS. Expansion of GGC repeat in the 
human-specific NOTCH2NLC gene is associated with essential 
tremor. Brain 2020; 143: 222-233. 

64. Symanski C, Shill HA, Dugger B, Hentz JG, Adler CH, Jacob- 
son SA, Driver-Dunckley E, Beach TG. Essential tremor is not 
associated with cerebellar Purkinje cell loss. Mov Disord 2014; 
29: 496-500. 

65. Tanner CM, Goldman SM, Lyons KE, Aston DA, Tetrud JW, 
Welsh MD, Langston JW, Koller WC. Essential tremor in twins: 
an assessment of genetic vs environmental determinants of 
etiology. Neurology 2001; 57: 1389-1391. 

66. Thier S, Lorenz D, Nothnagel M, Stevanin G, Dürr A, Nebel A, 
Schreiber S, Kuhlenbäumer G, Deuschl G, Klebe S. LINGO1 poly-
morphisms are associated with essential tremor in Europeans. 
Mov Disord 2010; 25: 717-723.

67. Thier S, Lorenz D, Nothnagel M, Poremba C, Papengut F, Appen-
zeller S, Paschen S, Hofschulte F, Hussl AC, Hering S, Poewe W, 
Asmus F, Gasser T, Schöls L, Christensen K, Nebel A, Schreiber S, 
Klebe S, Deuschl G, Kuhlenbäumer G. Polymorphisms in the gli-
al glutamate transporter SLC1A2 are associated with essential 
tremor. Neurology 2012; 79: 243-248. 

68. Yu M, Ma K, Faust PL, Honig LS, Cortés E, Vonsattel JP, Louis ED. 
Increased number of Purkinje cell dendritic swellings in essen-
tial tremor. Eur J Neurol 2012; 19: 625-630.

69. Zesiewicz TA, Elble R, Louis ED, Hauser RA, Sullivan KL, Dewey 
RB Jr, Ondo WG, Gronseth GS, Weiner WJ; Quality Standards 
Subcommittee of the American Academy of Neurology. Prac-
tice parameter: therapies for essential tremor: report of the 
Quality Standards Subcommittee of the American Academy of 
Neurology. Neurology 2005; 64: 2008-2020. 

70. Zesiewicz TA, Elble RJ, Louis ED, Gronseth GS, Ondo WG, Dew-
ey RB Jr, Okun MS, Sullivan KL, Weiner WJ. Evidence-based 
guideline update: treatment of essential tremor: report of the 
Quality Standards subcommittee of the American Academy of 
Neurology. Neurology 2011; 77: 1752-1755.


