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Abstract

Aim: To determine the risk factors of valproic acid (VPA)-induced tremor, with particular attention on characterizing cerebellar
atrophy and identifying tremor-susceptible gene mutations. Methods: Epileptic patients taking VPA were divided into two
groups, a tremor and a non-tremor group, based on self-reported or clinically assessed tremors. A mutation of rs9652490
in the leucine-rich repeat and immunoglobulin domain-containing Nogo-receptor-interacting protein 1 (LINGO-1) gene was
determined by Sanger sequencing. Cerebellar atrophy was assessed and various cerebellar dimensions were measured on magnetic
resonance imaging (MRI) scans. Results: Among 200 subjects enrolled, 181 were included for analysis (mean age 33.284+11.78
years old, male:female=2.77:1). In the tremor group, the percentage of females (p=0.036), positive tremor family history
(p=0.001), and incidence of polytherapy (p=0.034), treatment duration (>12 months [p=0.013] or >24 months [p=0.008]), and
daily dosage (>1,000 mg/d; p=0.003) of VPA, were significantly higher than in the non-tremor group. Treatment with VPA
magnesium (p=0.030), alone or in combination with carbamazepine (p=0.040), reduced the incidence of tremor. Furthermore,
176 gene sequencing results ruled out any significant difference between the two groups in the mutation of rs9652490 within
LINGO-1 (p=0.443); 86 subjects’” MRI scans indicated no significant differences in the ratio of cerebellar atrophy or the
cerebellar-dimension values (p>0.05). However, mutation of rs9652490 within LINGO-1 was correlated with increased cerebellar
atrophy (p=0.001), reduced cerebellar-hemisphere thickness (p=0.025), and right-cerebellar-hemisphere longitudinal diameter
(p=0.047). Conclusion: Our cohort indicated risk and protective factors of VPA-induced tremor. Although mutation of rs9652490
within LINGO-1 correlated with cerebellar atrophy, neither was correlated with VPA-induced tremors.
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Aim:To determine the risk factors of valproic acid (VPA)-induced tremor, with particular attention on
characterizing cerebellar atrophy and identifying tremor-susceptible gene mutations.
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based on self-reported or clinically assessed tremors. A mutation of rs9652490 in the leucine-rich repeat and
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or >24 months [p =0.008]), and daily dosage (>1,000 mg/d; p =0.003) of VPA, were significantly higher
than in the non-tremor group. Treatment with VPA magnesium (p =0.030), alone or in combination with
carbamazepine (p =0.040), reduced the incidence of tremor. Furthermore, 176 gene sequencing results ruled
out any significant difference between the two groups in the mutation of rs9652490 within LINGO-1 (p
=0.443); 86 subjects’ MRI scans indicated no significant differences in the ratio of cerebellar atrophy or
the cerebellar-dimension values (p >0.05). However, mutation of rs9652490 within LINGO-1 was correlated
with increased cerebellar atrophy (p =0.001), reduced cerebellar-hemisphere thickness (p =0.025), and right-
cerebellar-hemisphere longitudinal diameter (p =0.047).

Conclusion: Our cohort indicated risk and protective factors of VPA-induced tremor. Although mutation
of r$9652490 within LINGO-1 correlated with cerebellar atrophy, neither was correlated with VPA-induced
tremors.
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Introduction

Fifty-two years after being licensed, valproic acid (VPA) has become one of the most extensively prescribed
antiepileptic drugs (AEDs) worldwide[1] and is indicated for diverse types of seizures, migraines, and bipolar
disorder. VPA is generally considered to be safe and well-tolerated, but still induces adverse side effects
clinically[2]. One of the most common adverse effects is tremor, as reported in 6-45% of patients[3-7], which
causes reduced tolerance, long-term retention, and reduced quality of life, especially in patients who primarily
rely on dexterous hands for their work.

Clinical observations at early stages have focused on the risk factors of VPA-induced tremor and have
attempted to identify predictors for avoiding VPA in high-risk patients, albeit with inconsistent conclusions
across studies. One early study found that the incidence of tremor was associated with a higher daily dose
(>750 mg/d) of VPA rather than its serum concentration[3], and another study reported that one patient
with a family history of tremor presented with an earlier tremor onset[4]. A study from Egypt found that in
patients who accepted non-extended-release VPA therapy, older age (37.86+2.44 years in the tremor group
compared with 30.43+3.15 years in the non-tremor group), longer treatment duration (15.984+2.75 years in
the tremor group compared with 8.03+3.43 years in the non-tremor group) and higher serum concentration
of VPA (90.054+25.06 pg/ml in the tremor group compared with 70.354+25.08 ug/ml in the non-tremor
group) were risk factors for tremor. Furthermore, lower concentrations of dopamine and norepinephrine
were correlated with VPA-induced tremor[8]. Another single-center study indicated that a long duration
of epilepsy and a high-daily VPA dosage were risk factors for tremor, whereas gender was not[9]. On the
contrary, another study found that women suffered more from VPA-induced tremor[10].

Further clinical research has indicated that VPA-induced tremor is characterized by postural and kinetic
tremors observed in the upper limbs, which resemble essential tremor (ET) in terms of their similar fre-
quencies, amplitudes, and distributions[10, 11]. Additionally, a surface-electromyography study confirmed
ET-like manifestations during VPA-induced tremor, in terms of similar frequencies, rhythmicities, mean am-
plitudes, burst patterns, and burst durations[6]. Meanwhile, another study has indicated that VPA-induced
tremor may benefit from propranolol, a beta-blocker recommended for ET treatment, when a reduced dose
of VPA is not appropriate[12]. Therefore, many studies have confirmed that VPA-induced tremor resembles
ET [3, 4, 6, 7], suggesting that they may share similar pathogenic mechanisms.

Three putative mechanisms of ET include cortico-olivo-cerebello-thalamic circuit impairment, y-amino bu-
tyric acid (GABA)-ergic dysfunction, and cerebellar degeneration[13]. Clinically, based on the high preva-
lence of kinetic tremor and ataxia in ET patients, many studies have focused on elucidating cerebellar dys-
function in ET[14, 15]. Functional magnetic resonance imaging (fMRI) and positron emission tomography
(PET) have been used to confirm reduced cerebellar metabolism in ET patients[16, 17]. Postmortem studies
of ET patients have also identified injury to cerebellar Purkinje cells, including torpedoes and fusiform axonal
thickenings, as well as increased axonal collateralization, branching, and sprouting[18]; strikingly, as many
as 31.3% of Purkinje cells have been found to be absent in some ET cases[19]. Additionally, genome-wide



association studies (GWAS) have revealed correlations between ET susceptibility and genetic variations
affecting cerebellar function, of which the single-nucleotide polymorphism (SNP) of rs9652490 within the
gene encoding leucine-rich repeat and immunoglobulin domain-containing Nogo-receptor-interacting protein
1 (LINGO-1) has been demonstrated to be most important[20]. Additional studies and meta-analyses have
confirmed the association of LINGO-1 gene variants with ET[21-24]. Identified mutations in LINGO-1 result
in elevated protein expression of LINGO-1, which is a protein that inhibits neuronal differentiation and
myelination, and likely decreases the survival of Purkinje cells[25]. Additionally, LINGO-1 expression has
been shown to be significantly increased in the cerebellum of ET patients, as compared with that in patients
with Parkinson’s disease (PD) or in age-matched healthy controls[26]. Collectively, these findings indicate
that mutations in LINGO-1 contribute to ET susceptibility through inducing cerebellar dysfunction via de-
creasing survival of Purkinje cells. Moreover, the function of LINGO-1 has been shown to be mainly driven
by rs9652490 alleles, which regulate LINGO-1 expression profiles especially when combined with certain
epigenetic factors, such as drugs[25-27].

Although the mechanisms of VPA-induced tremor remain unknown, its ET-like manifestations suggest that
investigation of cerebellar-related factors may be useful for revealing possible mechanisms and related risk
biomarkers. Therefore, our present study included the following aims: (1) to identify risk factors of VPA-
induced tremor, including clinical factors, LINGO-1 gene variation, and cerebellar morphological changes
in structural MRI scans; and (2) to determine whether the LINGO-1 gene is associated with cerebellar
morphological changes in structural MRI scans.

2. Materials and methods
2.1 Subjects

We collected and studied a cohort of 200 consecutive epileptic patients attending the epilepsy clinic of Tongji
Hospital, affiliated with the Tongji Medical College of Huazhong University of Science and Technology, from
September 2018 to February 2019. All patients were diagnosed with epilepsy according to the definition of the
International League Against Epilepsy (ILAE) criteria of 2014[28]. Inclusion criteria for patients consisted
of the following: (1) 18 years or older; and (2) taking VPA at 500 mg per day or more for at least one
month without leakage. Furthermore, exclusion criteria for patients consisted of the following: (1) unable
to complete assessments for significant neurological deficits including dystonia, cognitive impairment, and
severe psychosis; (2) tremor emerging before VPA intake or independent of VPA; (3) presence of comorbid
diseases causing tremor including PD, hyperthyroidism, and drug abuse; and (4) patients taking medications
other than AEDs with known anti-tremor or tremor-inducing effects including beta blockers, antipsychotics,
and bronchodilators[29].

All patients were divided into two groups, a tremor group and a non-tremor group, based on whether or
not 1) they confirmed that they experienced upper-limb tremors when asked and 2) a clinical professional
trained in evaluating movement disorders confirmed the presence of these tremors.

2.2 Clinical data

Demographic information including age, gender, and family history were documented according to the pa-
tients’ statements and their medical records. Clinical data included seizure type and frequency, disease
duration, physical examination, electroencephalogram (EEG) data, and structural MRI data.

Details of VPA treatment regarding formulation (including extended release [ER] or non-ER, as well as
sodium or magnesium valproate), daily dosage, duration, combined AEDs, and related side effects were
also documented. To determine the association of the daily dosage of VPA with the incidence of tremor,
we assigned two cut-off values in terms of VPA dosage: 750 mg/d and 1,000 mg/d. The VPA medication
duration was also divided by two cut-off values, 12 months and 24 months, to determine the correlation
between VPA treatment duration and the incidence of tremor.

2.3 Tremor evaluation scale



Tremor was evaluated via the Essential Tremor Rating Assessment Scale (TETRAS), version 3.1. The
TETRAS is a scale developed by the Tremor Research Group, aiming at conveniently and efficiently quanti-
fying ET severity and its influence on activities of daily life. TETRAS consists of two subscales, the Activities
of Daily Living (ADL) Subscale—which contains 12 self-scored items, with a rating of 0-4 for each tremor’s
impact on ADL—and the Performance Subscale, which is comprised of nine items rated from 0-4 (among
which half-point increments are allowed for two items) and four items that are rated bilaterally for all limbs
(for a total of 16 scores). The maximum scores are 48 for the ADL Subscale, and 64 for the Performance
Subscale, yield a maximum total score of 112 for the TETRAS[30, 31].

2.4 Sequence of SNP rs9652490 in the LINGO-1 gene

The validated SNP rs9652490 in the LINGO-1 gene was sequenced to determine if it is a possible risk
factor for VPA-induced tremor. Genomic DNA was extracted from peripheral blood leukocytes via spin
columns (FastPure blood DNA isolation mini kit, Vazyme Biotech Co., Ltd.). Primer design and genotyping
assays were performed by TsingKe Biological Technology (Wuhan, China). Primers for polymerase chain
reaction were TAGGTGCAAGGCCAGGATTG (forward) and CCACCTCACTGCTGCATGG (reverse).
Then, Sanger sequencing was conducted on samples that were blinded to the technicians.

2.5 Structural MRI scanning protocol and morphological analysis of the cerebellum

Subjects who underwent head MRI scans at Tongji Hospital at one month prior to enrollment were included
in morphological evaluations and cerebellar analyses. All MRI sequences were performed on a 3.0-T MRI
scanner (Discovery MR750, GE Healthcare, Milwaukee, Wisconsin) with a 32-channel phased-array head
coil. All included subjects for these experiments underwent standard structural MRI scans that included
the following: axial T1-fluid-attenuated inversion recovery (FLAIR) (repetition time/echo time/inversion
time (TR/TE/TI) at 2,991/24/868 ms; matrix size of 320x320; field of view (FOV) of 24x24 c¢cm?, slice
thickness of 5 mm, gap of 1.5 mm); T2-weighted fast spin echo (FSE) (TR/TE at 4,579/102 ms, matrix
size of 320x224, FOV of 24x24 cm?, echo train length of 20, slice thickness of 5 mm, gap of 1.5 mm); and
T2-FLAIR (TR/TE/TI at 8,000/160/2,100 ms, matrix size of 256x256, FOV of 24x24 cm?, slice thickness
of 5 mm, gap of 1.5 mm).

A total of 86 images were evaluated, and the corresponding cerebellar dimensions were measured by two
experienced radiologists. Dimensions of cerebellar-hemisphere thickness, cerebellar-vermis thickness, left and
right cerebellar-hemisphere longitudinal diameters, fourth-ventricle height, left and right middle-cerebellar-
peduncle widths, cerebellar diameter, and head diameter were measured and compared between the two
groups. Detailed locations and measurements are presented in Figure 1. Additionally, general observations
regarding the existence of cerebellar atrophy were recorded to compare the incidence of cerebellar atrophy
between the two groups.

2.6 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics Software (version 21.0, SPSS, Inc., an IBM
company, Chicago, IL, USA). Continuous variables are reported as the mean + standard deviation. Cate-
gorical variables are presented by counts (%). Independent-sample t-tests were conducted to compared the
means of continuous variables between the two groups. Chi-square tests were used to compare the propor-
tions of counts between the two groups, and Fisher’s exact tests were applied to determine differences in
categorical variables with small sample sizes (total sample number < 40 or any expected number < 5). A p
value < 0.05 was considered to be statistically significant.

3. Results
3.1 Demographic characteristics and basic clinical data

Among the 200 enrolled patients, 181 patients were included in the final analysis (19 were excluded due
to being unable to provide crucial clinical information for data analysis). Among the analyzed patients, 94



subjects were included in the tremor group whereas 87 subjects were included in the non-tremor group. The
mean age was 33.28 + 11.78 years and the male:female ratio was 2.77:1 (Table 1).

In our cohort, the mean disease duration was 11.41£9.29 years and the mean age of onset was 21.79£12.81
years. For seizure types based on the ILAE 2017 classification system [32], 126 of 181 subjects (69.6%)
presented with focal onset seizures. The overall abnormal rate of MR and CT was 64.5% (81/125), while
that of routine and long-term EEG was 61.5% (83/135). In our epileptic cohort taking VPA, 36 subjects
(19.9%) were in the monotherapy group and 145 subjects (80.1%) were in the polytherapy group. The mean
daily dosage of VPA was 889.78 £+ 223.59 mg, and the mean duration of VPA treatment was 29.66+35.83
months (Table 1). For the tremor group, the TETRAS total score was 25.41+10.49, the ADL Subscale score
was 7.29£5.94, and the Performance Subscale score was 18.13+£5.87 (Table 1).

3.2 Clinical risk factors correlated with VPA-induced tremor

By comparing the clinical features of the two groups in our cohort, several clinical factors associated with
VPA-induced tremor were revealed. Women suffered from VPA-related tremor more than men, as revealed
by an incidence of 64.6% (31/48) in women compared to 47.4% (63/133) in men (p =0.041). The percent of
subjects with a family history of tremor (PD excluded) was higher in the tremor group, which was 20.2%
(19/94) compared to that of only 3.5% (3/87) in the non-tremor group (p =0.001) (Table 1). A daily dosage
of VPA that was higher than 1,000 mg was associated with an increased incidence of tremor (12.8%, 12/94)
compared to that in the non-tremor group (1.2%, 1/87; p =0.003) (Table 2). There was a significant difference
in the VPA therapy duration between the tremor group (35.08+39.96 months) and the non-tremor group
(21.62+25.89 months; p =0.007). An increased risk of tremor was found when the VPA therapy duration was
longer than 12 months (p =0.032) or 24 months (p =0.008), as compared with those less than 12 or 24 months
(Table 2). Taking VPA sodium-extended-release (ER) was also a risk factor of tremor compared to that of
taking VPA magnesium-ER (p =0.030), whereas there was no significant difference in the risk of tremor
between patients taking ordinary VPA versus those taking VPA-ER (p =0.233) (Table 2). Additionally, there
were more patients under polytherapy in the tremor group compared with those in the non-tremor group (p
=0.034). Furthermore, a combination of VPA+CBZ was found to decrease the incidence of tremor compared
with that of VPA+any other AEDs (p =0.040); however, no statistical differences were found when VPA
was combined with topiramate (TPM), lamotrigine (LTG), oxcarbazepine (OXC), or levetiracetam (LEV)
(p >0.05) (Table 3). Finally, age (p =0.103), disease duration (p =0.233), age at onset (p =0.526), seizure
type (p =0.072), neuroimaging abnormalities (p =0.280), and EEG abnormalities (p =0.713) had no effects
on VPA-induced tremor (Table 1).

3.3 VPA-induced tremor is not correlated with cerebellar atrophy or morphological changes in structural
MRI scans

Among 86 structural MR images scanned at our hospital for analysis, 29 images (33.7%) were considered
to exhibit cerebellar atrophy. The number of patients presenting with cerebellar atrophy in structural MRI
scans was not significantly different between the tremor group (51.7%, 15/29) and non-tremor group (50.0%,
14/28) (p =0.941) (Table 6). Meanwhile, there was also no difference in each of the cerebellar dimensions
measured on structural MR images between the tremor and non-tremor group (p >0.05) (Table 4).

3.4 Mutation of rs9652490 in LINGO-1 does not increase the risk of VPA-induced tremor

A total of 176 subjects out of the 181 total cohort accepted and underwent Sanger sequencing, among whom
the SNP 189652490 within LINGO-1 was detected in 63 subjects. We found that 38.5% of subjects (35/91)
in the tremor group versus 32.9% in the non-tremor group (28/85) were carrying the SNP r$9652490 within
LINGO-1, revealing that there was no statistical difference in this parameter between the two groups (p
=0.443) (Table 5).

3.5 Mutation of rs9652490 in LINGO-1 is associated with cerebellar atrophy and a reduction in specific
cerebellar dimensions in structural MRI scans

Carrying the SNP rs9652490 within LINGO-1 significantly increased the incidence of cerebellar atrophy



when compared with those not carrying this SNP, with 62.1% (18/29) versus 37.9% (11/29) of patients
exhibiting cerebellar atrophy with and without SNP rs9652490, respectively (p =0.001) (Table 6). In terms
of specific cerebellar dimensions measured from structural MRI scans, there were significant differences in the
cerebellar-hemisphere thickness (p =0.025) and right cerebellar-hemisphere longitudinal diameter (p =0.047)
between the rs9652490-mutation and non-mutation groups. In contrast, there was no significant difference in
the mean ratio of the cerebellar-hemisphere thickness to the fourth-ventricle height between subjects with the
rs9652490 mutation (1.50 £ 0.42) and those without this mutation (1.70 £ 0.48) (p =0.060). Furthermore,
there were no significant differences in the cerebellar-vermis thickness (p =0.179), left cerebellar-hemisphere
longitudinal diameter (p =0.246), right or average middle-cerebellar-peduncle width (p =0.421 and p =0.673),
cerebellar diameter (p =0.193), head diameter (p =0.877), height of the fourth ventricle (p =0.351), or the
width of the left middle cerebellar peduncle (p =0.975) between the rs9652490-mutation and non-mutation
groups (Table 7).

4. Discussion

To the best of our knowledge, this is the first study that investigated correlations of VPA-induced tremor
with cerebellar morphology (in structural MRI scans) and SNP rs9652490 within LINGO-1, in which we
explored possible predictive factors, along with mechanistic clues of cerebellar dysfunction from clinical
practice. Although findings in our cohort did not reveal any association between VPA-induced tremor and
SNP rs9652490 within LINGO-1 (an ET risk gene) or cerebellar atrophy, we confirmed a role of the SNP
r$9652490 within LINGO-1 in cerebellar atrophy and volumetric loss. Additionally, we verified several clinical
factors correlated with VPA-induced tremor in a relatively large cohort.

For the clinical risk factors, the commonly detected risk factors for VPA-induced tremor included VPA
therapy duration and daily dosage of VPA | whereas unrelated factors included seizure types, disease duration,
abnormalities in neuroimaging /EEGs, the findings of which are similar to those of previous studies[3, 4, 8-10].

A family history of tremor (PD excluded) was an important factor associated with VPA-induced tremor is
our cohort, which has rarely been reported in prior studies. Only one previous study observed tremor in
one patient with a family history of tremor, at four months after VPA treatment, as compared with that in
patients without a family history of tremor with more than 12 months of VPA treatment[4]. This finding
suggests an important effect of genetic background in the risk of VPA-induced tremor. In our present
study, we found that 20.2% of subjects in the tremor group had a family history, whereas only 3.5% of
subjects presented with a positive family history in the non-tremor group, indicating that a positive genetic
background increases the risk of VPA-induced tremor. Additionally, in our cohort, women were more likely
to suffer from VPA-induced tremor, which is consistent with findings from limited studies using scales to
measure tremor severity that indicated that women had higher scores in the Clinical Rating Scale for Tremor
(CRST)[9, 10].

Similar to conclusions of many previous studies, we found that the most prominent risk factors for VPA-
induced tremor included VPA usage factors, including treatment duration, daily dosage, and formulations[3,
4, 8-10]. In our present study, the VPA therapy duration of the tremor group was longer than that of the
non-tremor group (p=0.008), and durations of beyond 12 or 24 months increased the incidence of tremor,
which is consistent with a recent study demonstrating that the median time from medication to tremor
appearance was one year (range of one month to 30 years)[9]. The time from therapy to tremor appearance
has been reported to vary from one to 12 months across different cohorts[3, 4, 32], which might be ascribed
to small sample sizes and diverse evaluation methods. For example, more sensitive measurements—such as
via accelerometers and variable-capacitance transducers—have been shown to enable earlier detection of
otherwise undetectable tremors|[3, 4]. Prior studies have also indicated that tremors usually occur when the
daily VPA dosage is over 750 mg, 1,000 mg][3, 4], or 17.05 mg/kg[9]. In our present study, the incidence of
tremor was increased only when the daily dosage exceeded 1,000 mg; we hypothesize that our exclusion of
patients taking less than 500 mg/day of VPA might be responsible for our higher cut-off value.

Interestingly, we found that VPA magnesium decreased the risk of tremor, which has never been reported in



any previous studies. We speculate that a possible mechanism for this phenomenon derives from increased
magnesium serum levels, which may induce the following effects: (1) competitive antagonism of the presyn-
aptic binding site of calcium and inhibition of the release of presynaptic vesicles, putatively stabilizing the
neural circuits that modulate tremor [33]; (2) lowering of serum calcium concentrations via regulating the se-
cretion of parathormone[34]; (3) elevated magnesium and reduced calcium concentrations may synergistically
depress all synaptically transmitted responses, which would further reduce the excitability of the nervous
system[33, 34]. Furthermore, the half-life of extended-release VPA magnesium (13.3-21.3 h) is longer than
that of any other formulation of VPA, which consequently confers more stable plasma concentrations and
circumvents excessive peak concentrations, which promote lower incidence of side effects of VPA-induced
tremor|8, 35].

Our present study also revealed a higher risk of tremor in the VPA polytherapy group, with a higher ratio of
refractory epilepsy and a longer therapy duration compared to these parameters in the monotherapy group,
indicating that VPA interactions with other AEDs may contribute to the incidence of tremor. In a previous
study, the number of AEDs was found to not impact the incidence of tremor[7]. However, the severity
scores of CRST and Tremor Related Activities of Daily Living (TRADL) were both higher in patients under
polytherapy than under monotherapy[9]. Additionally, we found that a combination of VPA with CBZ was
found to be beneficial for ameliorating VPA-induced tremor. We consider that the following two points may
explain this finding. First, as a potent inducer of hepatic enzymes, CBZ may lower serum concentrations
of VPA; in contrast, a combination of VPA and OXC in our cohort did not significantly influence the
incidence of tremor, possibly due to its relatively reduced effect on modulating hepatic enzymes. Second,
CBZ has been shown to mitigate cerebellar tremor, as evaluated by clinical rating scales and by accelerometric
recordings[36]. Although TPM has been reported to be effective for treating moderate to severe ET at a
daily dosage of 400 mg[37, 38], our present study failed to find a reduced incidence of tremor when VPA was
combined with TPM as compared with that of VPA combined with other AEDs, which may have been due
to the lower daily dose of TPM in our present study. In addition, we should emphasize that although VPA-
induced tremor is similar to ET, the effects of TPM on ET cannot be extrapolated to VPA-induced tremor.
From a pharmacokinetic point of view, LTG, which increases plasma levels of VPA, might increase the risk
of VPA-induced tremor. In an add-on-therapy trial, LTG significantly increased the incidence of tremor by
4% compared with that of only 1.8% for placebo. However, in our present cohort, no difference between
groups was found with VPA combined with LTG compared with VPA combined with other AEDs, which
might due to the relatively low daily dosage of VPA (879.314+241.43mg/d) or may indicate that variations
in metabolism and plasma levels are not primary factors affecting VPA-induced tremor.

Based on the fact that VPA-induced tremor resembles ET[3, 4, 9-11] and that cerebellar dysfunction is
hypothesized as a mechanism of ET[20], we explored the associations of VPA-induced tremor with cerebellar
atrophy (on MRI scans) and SNP rs9652490 within LINGO-1. However, our data demonstrated that there was
no correlation between VPA-induced tremor and these two parameters, which suggests that VPA-induced
tremor occurs via a non-LINGO-1 pathway and non-cerebellar locus. Consistent with this finding, VPA-
induced tremor rarely presents along with clinical cerebellar symptoms, such as ataxia, gait, or language
abnormalities; furthermore, previous conclusive effects of VPA on morphological changes in the cerebellum
derive from the fetal developing cerebellum rather than the mature cerebellum[39, 40]. Taken together, the
influence of VPA on the volume of the mature cerebellum remains unclear.

Several other pharmacological actions of VPA may provide clues as to its mechanisms in ameliorating tremor.
VPA regulates the expression of tyrosine hydroxylase[41], which is the rate-limiting enzyme in the biosynthesis
of dopamine, norepinephrine, and epinephrine[42]. Patients taking VPA exhibit lower levels of dopamine and
norepinephrine comparing with those of controls[8]. Similarly, reduced dopamine and norepinephrine levels
have also been reported in ET patients[8]. Furthermore, VPA induces dopaminergic toxicity and induces
injury to the dopaminergic system in experimental mice[43]. Additionally, metabolic dysfunction related
to accumulated toxicity has also been reported in patients undergoing VPA treatment[44, 45]. VPA also
increases GABAergic neurotransmission in specific brain areas[46, 47]. In one previous study, an increase in
the GABA synthesis rate was correlated with tremors and parkinsonism induced by VPA[48].



In our present cohort, patients with SNP rs9652490 within LINGO-1 presented with cerebellar atrophy (p
=0.001) and reduced values of two dimensions in the cerebellum, namely cerebellar-hemisphere thickness (p
=0.025) and right cerebellar-hemisphere longitudinal diameter (p =0.047). Cerebellar hemispheres consist
of Purkinje cells and their projection fibers and their morphological atrophy on MRI scans may reflect
dysfunction of Purkinje cells. Our present findings support previous findings on the effects of SNP rs9652490
within LINGO-1 on the development and survival of cerebellar Purkinje cells, further corroborating the
cerebellar dysfunction hypothesis in ET. This finding also suggests that the mechanisms of VPA-induced
tremor may not be limited to the cerebellum. Aside from the cerebellum, tremor may also be generated from
dysfunction involved in cortico-olivo-cerebello-thalamic circuits[49].

The current study had several limitations. First, potential recall bias was inevitable. Second, our relatively
small sample size may have reduced the association of VPA-induced tremor with SNP rs9652490 within
LINGO-1, considering the SNP rs9652490 frequency and racial differences in this mutation. Third, the
cerebellar dimensions that we measured may not have been sufficient to accurately reflect volumetric loss
in the cerebellum. Hence, voxel-based morphometry should be further used to evaluate cerebellar atrophy,
and matched healthy controls should be included as well. With the exception of detecting morphological
changes, functional MRI is likely more sensitive in detecting cerebellar dysfunction and related neural-circuit
aberrations and may help to better illustrate the underlying mechanisms of VPA-induced tremor in future
studies.

In summary, we found that various clinical factors are involved in the risk of VPA-induced tremor. Our
cohort confirmed several important and repeatable risk factors, including being female, having a positive
family history of tremor (PD excluded), a daily dosage of VPA greater than 1,000 mg/d, a longer treatment
duration beyond 12 or 24 months, polytherapy. We also revealed protective factors, including VPA magnesium
and a combination of VPA with CBZ. Most interestingly, although VPA-induced tremor and ET manifest
similarly, neither of these two factors are associated with ET; similarly, cerebellar atrophy and SNP rs9652490
within LINGO-1 were not correlated with VPA-induced tremor in our present study. Furthermore, our data
confirmed that cerebellar atrophy and reductions in two cerebellum-hemisphere dimensions were correlated
with SNP rs9652490 within LINGO-1.
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Figure legend

Figure 1 Schematic diagram of cerebellar dimensions measured via structural MRI. A-C Measurements were
made axially at the median plane of the middle cerebellar peduncle. Note that the line from a to b represents
cerebellar-vermis thickness, which was the anteroposterior diameter of vermis; ¢ to d and e to f represent
the right and left middle-cerebellar-peduncle widths, respectively, which were the widest diameters of the
middle cerebellar peduncles; g to h represents the cerebellar diameter, which was the widest diameter of the
cerebellum; i to j represents the head diameter, which was the widest diameter from the left to right skull
external lamina measured in the same slice as that for the cerebellar diameter. D-F was measured from a
sagittal view. The line from k to | represents cerebellar-hemisphere thickness, which was the diameter from
the back of the vertex of the fourth ventricle to the back edge of the cerebellum at the midsagittal plane; m
to n represents the cerebellar-hemisphere longitudinal diameter, which was the largest longitudinal diameter
measured at the paramedian sagittal plane; o to p represents the fourth-ventricle height, which was the
largest diameter from the roof to the bottom of the fourth ventricle at the median sagittal plane.
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