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Abstract
This study aimed to explore the role of the cerebellum on the somatosensory temporal discrimination (STD) process. Twenty 
healthy volunteers were enrolled in the study. Each participant was included in three different transcranial direct current 
stimulation (tDCS) sessions as anodal, cathodal, and sham sessions in randomised order. Anodal and cathodal cerebellar 
tDCS (cTDCS) were given for 20 min at an intensity of 2 mA. The results of the study indicate no effect of cTDCS on 
STD. Although the study results show that cTDCS does not affect STD, because of the restricted sample size of the study, 
it is useful and necessary to investigate this relationship more in depth in a larger healthy subject population using different 
cTDCS methodologies.
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Introduction

Almost a century ago, in 1917, Gordon Holmes reported 
finding no abnormalities of any sensory modalities in his 
case series of soldiers with serious head injuries and cer-
ebellum damage during World War I [1]. Many researchers 
and clinicians subsequently confirmed this critical observa-
tion, which led to the underestimation of the effect of the 
cerebellum on the somatosensory system for many years. 
However, some electrophysiological findings were obtained 
from patients with cerebellar damage [2–4], and the analysis 
of the effect of cerebellar repetitive Transcranial Magnetic 
Stimulation (rTMS) on sensory processing in normal indi-
viduals [5–7] gradually revealed the role of the cerebellum 
in processing somatosensory information.

The Somatosensory Temporal Discrimination Threshold 
(STDT) describes the shortest time interval for perceiving a 
pair of tactile stimuli to be perceived as separate. The find-
ings obtained from a functional magnetic resonance imaging 

study [8] show that the prefrontal cortex, the right postcen-
tral gyrus, the inferior parietal lobule, the basal ganglia, and 
the cerebellum are active during the Somatosensory Tem-
poral Discrimination (STD) task. Since precise timing is 
crucial, not only for cognition but also for motor behaviour, 
it is not a surprise to detect STD abnormalities in movement 
disorders related to basal ganglia and associated cortical area 
involvement. Indeed, impaired STDT has been demonstrated 
in detail in Parkinson’s disease and adult-onset focal dysto-
nia (for a review, see [9] and [10] respectively). Increased 
STD has also been demonstrated in patients with cerebellar 
atrophy [2].

This study aimed to explore the role of the cerebellum on 
the STD process. In compliance with this, the excitability of 
the cerebellum was changed by using cerebellar transcranial 
direct current stimulation (cTDCS), and it was investigated 
whether there was any STDT change as a result. Here, we 
hypothesise that increased cerebellar activity with anodal 
cTDCS will reduce STDT while cathodal cTDCS results in 
increased STDT.
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Method

Participants

Twenty healthy volunteers (10 males, aged between 26 and 
54 years of age) without systemic and neurological dis-
ease were the subjects. All participants provided written, 
informed consent approved by the local Research Ethics 
Committee.

STD procedure

Before the placement of the Ag–AgCl skin electrodes (10-
mm diameter surface), the skin was cleaned with alcohol. 
The electrodes were placed on the dorsum of the right 
hand at a distance from each other of 1 cm, and the anode 
was placed distal to the cathode. The square-wave electri-
cal pulses of 0.2 ms duration were given using a constant 
current stimulator. The stimulation started from 1 mA in 
intensity and increased in 0.2 mA steps. When the stimu-
lation was felt, it was repeated three times and recorded 
as the minimal sensory threshold if the stimulus was per-
ceived consistently. After the sensory threshold was deter-
mined, a stimulation intensity 1.5 times higher than the 
threshold was calculated, and electrical stimulation was 
applied at this intensity throughout the study. The paired 
stimuli started at 5 ms interstimulus intervals (ISI) and 
increased in 5 ms steps. The interval between the stimuli 
was 10–15 s. The first of three consecutive ISIs where the 
participants perceived two temporally distinct stimuli was 
recorded as the ascending STDT (aSTDT). Paired stimuli 
were then delivered to the subjects, decreasing in 5 ms 
steps until the subjects recognised two separate stimuli as 
one stimulus three times consecutively. The first ISI value 
at which the participants perceived two distinct stimuli 
as one stimulus three times sequentially was recorded 
as the descending STDT (dSTDT). The arithmetic mean 
of aSTDT and dSTDT was calculated as a mean STDT 
value. The subject’s compliance was checked according 
to whether the subject perceived random single stimuli 
during the double stimulation paradigm.

A Nihon Kohden EMG device (Neuropack MEB-
5504 k, Japan) was used for electrical stimulation. The 
triggering of the stimulus and the setting of the ISIs were 
arranged using CED Micro 1401 Data Acquisition Unit 
(CED1401, UK) and signal software (Signal V4.0, CED, 
UK). The same researcher (EEA, IA, or ET) performed 
three different STD measurements for the same subject.

cTDCS

The cerebellum’s modulation with weak cTDCS was 
performed using electrodes placed between two sponges 
soaked in saline solution. The active electrode was 
5 × 5 cm (current density: 0.08 mA/cm2), whereas the ref-
erence electrode was 9 × 5 cm (current density: 0.044 mA/
cm2). The active electrode was placed 1.5 cm below and 
3 cm lateral to the right inion, while the reference elec-
trode was located on the buccal muscle. Anodal, cathodal, 
and sham cTDCS were used. Anodal and cathodal cTDCS 
were given for 20 min at an intensity of 2 mA, with a 
fade-in and fade-out of 20 s. Sham cTDCS was delivered 
identically; however, the current intensity was decreased 
to 0 mA after 30 s. The Soterix Medical 1 × 1 transcranial 
direct current stimulation (tDCS) Device (Soterix Medi-
cal Inc., New York, NY, USA) was used for cTDCS. Each 
participant was included in three different tDCS sessions 
as anodal, cathodal, and sham sessions with a randomised 
order, at least 3 days apart. STDT measurements were 
made before and immediately after cTDCS. The different 
researchers applied STD and tDCS procedures; the subject 
was unaware of what cTDCS protocol was applied and the 
researcher performing the STDT measurements was also 
blind to the applied cTDCS condition.

Statistical analysis

The mean and the standard deviation were calculated for 
each measurement. Data distribution of individual means 
was established using the Shapiro–Wilk test. The effect 
size was calculated by Cohen’s d value based on two 
groups with the same group sizes:

where:SDpooled=
√

((SD2
1
+SD2

2
)/2)

Equivalence tests were performed using the TOSTER 
package in the open-source programming language R.

The repeated measure ANOVA test was performed 
to detect the cTDCS effect on STDT. Pearson correla-
tion analysis was used to analyse the correlation between 
variables. The results were considered significant when 
P < 0.05. The R Version 4.0.2 (R Foundation for Statisti-
cal Computing) program was used for statistical analysis.

Cohen’s d = (Mean2 −Mean1)∕SDpooled
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Results

The Cohen’s d values of the cathodal, anodal, and sham 
sessions were 0.008, 0.031, and 0.022 respectively. Based 
on the Cohen’s benchmarks (small (d = 0.2), medium 
(d = 0.5), and large (d = 0.8)) [11], the results indicate the 
small effect of cTDCS on STDT across three sessions.

The equivalence test was non-significant for the cathodal 
(t(38) = 0.124, p = 0.549), anodal (t(38) = 0.99, p = 0.5), and 
sham (t(38) =  − 0.005, p = 0.502) sessions.

All but one participant attended all three sessions, with 
none reporting an issue that would require ending the ses-
sion. One participant dropped out of the study without 
attending the sham cTDCS session.

STD normative data

The baseline STD values obtained before the cTDCS pro-
cedure from the three different sessions are shown in Fig. 1. 
There were no significant differences between the three 
baseline STD measurements (p > 0.05). Moreover, there was 

a high correlation between the three baseline STD values 
(Fig. 2).

The mean STDT values from the three different cTDCS 
sessions are shown in Fig. 3.

A repeated-measures 2-way ANOVA on the com-
bined data with factors “STIMULUS POLARITY 
(anodal × cathodal × sham)” and “TIME(before × after 
cTDCS)” showed that neither STIMULUS POLARITY 
F(2,112) = 0.25, p = 0.778, nor TIME f(1,112) = 0.00, 
p = 0.987 had a significant effect on STDT. There was no 
significant STIMULUS POLARITY × TIME interaction 
(p > 0.05).

Discussion

The results of the study suggest that STD is a measure of 
sensory processing with good repeatability. Indeed, the three 
mean baseline STD values obtained from the three differ-
ent operators were very close to each other and strongly 
correlated.

Fig. 1   Baseline STDT values 
were obtained before the 
cTDCS procedure from three 
(anodal, cathodal, and sham) 
sessions. The crossbars cor-
respond to median values
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As a model, Pavlovian eyelid responses are a useful 
and straightforward system for investigating the role of 
the cerebellum in time perception. In this paradigm, the 
conditioned stimulus (CS), which does not cause eyeblink 
response, is paired with eyeblink — eliciting unconditioned 
stimulus (US) with a specific time interval. After paired 
stimulus train, CS produced an eyeblink response alone. 
The evidence implies that classical conditioning of eyeblink 

response forms in the interpositus nucleus of the cerebel-
lum [12]. While the intermediate cerebellum regulates the 
motor aspect of timing, the lateral cerebellar hemispheres 
regulate the cognitive or perceptual components of timing 
along with the frontoparietal association cortex connections. 
Indeed, rTMS studies have presented findings suggesting 
that the lateral cerebellum plays a role in time processing. 
Two different studies in which lateral cerebellum excitability 

Fig. 2   Correlogram of the three baseline STDT measurements. S1, 
S2, and S3 represent three different pre-cTDCS (anodal, cathodal, 
and sham) STDT measurements of the subjects, in randomised order. 
The histograms show the distribution of each variable. Correlation 

coefficients showed correlations between three measures (S1, S2, and 
S3). Each significance level is associated with a symbol: p-values (0, 
0.001, 0.01) <  =  > symbols (“***”, “**”)
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changes with 1 Hz rTMS reveal that it impairs time per-
ception at long ISIs (hundreds of milliseconds) after rTMS 
[7, 13]. Although these studies suggest that the lateral cer-
ebellum may play a role in STD, one point that should not 
be overlooked is that the ISIs in these studies were longer 
(several hundred milliseconds) than normative STD values. 
Another study in which continuous theta burst stimulation 
(cTBS) inhibited the lateral cerebellum showed that cerebel-
lar modulation did not affect STDT values [14].

This study’s result, which falsified our hypothesis, is that 
cTDCS does not affect STDT. Although this result does not 
demonstrate the effect of cTDCS on STDT, we think it is 
necessary to be cautious about concluding that the cerebel-
lum does not affect STD based on this finding. Considering 
the STD abnormalities detected in patients with cerebellar 
involvement [2], a possibility that should be considered is 
the inability to stimulate/modulate the cerebellar structures 
involved in STD with rTMS [14] or cTDCS. Although it 
is accepted that cTDCS changes cerebellum excitability 
depending on polarity, the findings that have been obtained 
by studies focusing on this topic are not very consistent. In 
particular, it has been shown [15] that the cerebello-brain 

inhibition (CBI) obtained by stimulating the cerebellum 
and motor cortex (M1) with a specific time interval using 
TMS increases with anodal cTDCS and decreases with 
cathodal cTDCS. However, later studies make inconsistent 
findings, such as reduced CBI with anodal cTDCS [16] or 
decreased CBI after both anodal and cathodal cTDCS [17] 
were reported. Heterogeneous effects of cTDCS on differ-
ent nervous system domains, such as motor functions and 
cognitive functions, have also been observed (for a review, 
see [18]). Inconsistent findings may be related to cTDCS 
protocol differences such as stimulation intensity, stimu-
lation duration, and electrode montage. The results of the 
equivalence test in this study indicate it would be better to 
study a larger population to analyse the effect of cTDCS on 
STDT. The limited number of recruited subjects is the major 
limitation of the study.

In conclusion, although our results show that cTDCS 
does not affect STD, we think it is useful and necessary to 
investigate this relationship more in depth in a larger healthy 
subject population using different cTDCS methodologies 
(such as various electrode montages, longer stimulation 
duration, and online analysis).

Fig. 3   Mean STDT values from 
the three (anodal, cathodal, and 
sham) cTDCS sessions
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