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Abstract
Background  The blink reflex excitability, assessed through paired electrical stimuli responses, has been modulated using 
traditional non-invasive neurostimulation techniques. Recently, transcranial Alternating Current Stimulation (tACS) emerged 
as a tool to modulate brain oscillations implicated in various motor, perceptual, and cognitive functions. This study aims to 
investigate the influence of 20-Hz and 10-Hz tACS sessions on the primary motor cortex and their impact on blink reflex 
excitability.
Materials and methods  Fifteen healthy volunteers underwent 10-min tACS sessions (intensity 1 mA) with active/reference 
electrodes placed over C4/Pz, delivering 20-Hz, 10-Hz, and sham stimulation. The blink reflex recovery cycle (BRrc) was 
assessed using the R2 amplitude ratio at various interstimulus intervals (ISIs) before (T0), immediately after (T1), and 
30 min post-tACS (T2).
Results  Both 10-Hz and 20-Hz tACS sessions significantly increased R2 ratio at T1 (10-Hz: p = 0.02; 20-Hz: p < 0.001) 
and T2 (10-Hz: p = 0.01; 20-Hz: p < 0.001) compared to baseline (T0). Notably, 20-Hz tACS induced a significantly greater 
increase in blink reflex excitability compared to sham at both T1 (p = 0.04) and T2 (p < 0.001).
Conclusion  This study demonstrates the modulatory effect of tACS on trigemino-facial reflex circuits, with a lasting impact 
on BRrc. Beta-band frequency tACS exhibited a more pronounced effect than alpha-band frequency, highlighting the influ-
ential role of beta-band oscillations in the motor cortex on blink reflex excitability modulation.
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Introduction

Brainstem interneuronal excitability can be investigated 
by recording the recovery cycle of the blink reflex (BRrc). 
When two electrical stimuli of equal intensity (first stimulus 
or Conditioning, second stimulus or Test) are delivered to 

the supraorbital nerve, the second R2 response or R2 test 
amplitude is influenced by the interstimulus interval (ISI). 
Particularly, when the ISI is short (shorter than 200 ms), 
the R2 test is inhibited and gradually recovers with longer 
ISIs (longer than 500 ms) [1]. Brainstem reflexes can be 
functionally abnormal in some neurodegenerative diseases, 
underlying dysfunction of cortico-thalamic, basal ganglia, 
and brainstem loops [2]. In disorders characterized by dopa-
minergic lack such as Parkinson's disease (PD) and cranio-
cervical dystonias, there is evidence of increased excitability 
of blink reflex measured by the recovery cycle [1, 3–6]. In 
blepharospasm where the hyperexcitability of BRrc is con-
sidered as one the most consistent finding [7], it has been 
suggested that an altered influence of the sensorimotor cor-
tices on the basal ganglia and brainstem could play a role in 
the pathophysiology of dystonia in addition to dopaminergic 
dysfunction [8]. Taken together, these evidences lead to the 
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hypothesis of a direct influence of basal ganglia on BRrc 
excitability [3]. Crucially, in line with this data, enhance-
ment of blink reflex excitability has been already demon-
strated in patients with juvenile myoclonic epilepsy, prompt-
ing disinhibition of cortico-thalamic pathways involved in 
the excitability of brainstem circuits [9]. Moreover, in ani-
mal models, the beta-band (16 Hz) stimulation of the subtha-
lamic nucleus enhanced blink reflex excitability in normal 
rats as well as in 6-hydroxydopamine induced model of PD 
and human patients with PD [10].

Several studies have reported a modulating role of dif-
ferent non-invasive brain stimulation (NIBS) techniques 
on brainstem excitability in healthy subjects and patients. 
In 2009, De Vito et al. [11] showed that subthreshold low 
frequency (1-Hz) repetitive transcranial magnetic stimu-
lation (rTMS) reduced blink reflex excitability in a group 
of 10 healthy volunteers: long-lasting reduction of blink 
reflex recovery cycle was interpreted as the consequence of 
reduced cortical excitability and therefore reduced cortico-
nuclear facilitation of brainstem interneuronal circuitry. In 
another study by Cabib et al. (2016), transcranial direct cur-
rent stimulation (tDCS) was used as NIBS technique able to 
modify membrane polarization and modulate the probability 
to generate action potentials [12]. Anodal (excitatory) tDCS 
over central cortices induced a persistent increase of BR 
excitability, also evident 10 min after stimulation, with a 
larger ipsilateral than contralateral effect. Authors hypothe-
sized that these effects could underlie a modulatory effect of 
tDCS on descending cortico-nuclear pathways, as indirectly 
suggested by increased facilitation of R1 in case of unilateral 
hemispheric damage [13]. However, the same authors also 
reported the ability of constant electrical currents to sensi-
tize trigeminal neurons, as proved by the mild cutaneous 
sensation induced by the stimulation [12]. Low-frequency 
rTMS (inhibitory) over the anterior cingulate cortex has 
been demonstrated to reduce the blink reflex hyperexcit-
ability and was associated with a clinical improvement in 
patients with blepharospasm [14].

Transcranial alternating current stimulation (tACS) is a 
relatively new NIBS device, that uses two electrodes placed 
on the scalp, with the electrodes alternating as the anode 
and cathode and creating an alternating direction of cur-
rent flowing through the target region; unlike TMS or tDCS, 
tACS can modulate brain oscillations. Brain oscillations 
are the rhythmic patterns of electrophysiological activity in 
the neural tissue, naturally occurring in the brain, that can 
be revealed by EEG analysis. Different frequency bands, 
like theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz) and 
gamma (≥ 30 Hz) have been related to different functions of 
the human brain involved in specific tasks [15].

Two main mechanisms have been suggested to explain 
tACS effects, entrainment and spike-timing dependent plas-
ticity (STDP). Entrainment is the synchronization of two 

oscillatory systems occurring when a driving external oscil-
latory force coordinates another oscillating system [16, 17]. 
The STDP proposed by Zaehle et al. (2010) refers to the 
ability of different frequencies of tACS to induce long-term 
potentiation (LTP) or depression (LTD) [18]: in particular, 
if a neuron is stimulated at the same or lower frequency of 
its endogenous frequency, the alternating current would lead 
to potentiation; conversely, if higher stimulation frequencies 
than the endogenous ones are used, a post-synaptic spike 
delivered from external stimulation will arrive before the 
pre-synaptic spike, weakening of the synapse, by means of 
an LTD-like mechanism.

In this study, we evaluate the effect of alternating cur-
rents at different frequency ranges (10-Hz or alfa band and 
20-Hz, beta band) on the blink reflex excitability as tested 
by BRrc in a group of healthy subjects. Given that it is not 
known whether tACS-induced modulation depends on local 
activity variations or involves broader networks, the primary 
aim of this study is to understand if alternating currents can 
influence subcortical structures. Secondarily, our objective 
is to verify if a beta-band frequency (20-Hz) stimulation over 
the sensori-motor cortex can increase blink reflex excitabil-
ity, similarly to patients with PD or blepharospasm and in 
animal models undergoing a beta-band deep stimulation of 
the subthalamic nucleus.

Material and methods

Subjects

We initially recruited 17 healthy volunteers; 2 of them were 
excluded: 1 refused to complete the entire experimental pro-
cedure and 1 started a steroid treatment for medical issues 
some days after the first stimulation session. We finally 
enrolled a group of 15 healthy subjects (mean age ± SD: 
27.4 ± 2.7, 11 females), all right-handed, as assessed by 
Edinburgh Inventory [19]. None of the participants suffered 
from any systemic or neurological disorders, as assessed by a 
clinical neurologist, female subjects were not examined dur-
ing the menstrual phase (from 5 days before to 5 days after 
menstruation); none of them was taking any drug known to 
alter neuromuscular excitability or any medical therapy for 
three months before the inclusion. All subjects gave writ-
ten informed consent before enrollment and the study was 
approved by the Ethical Committee of the University of 
Palermo and conducted in accordance with the Declaration 
of Helsinki. All subjects had to fill out a specific form to 
detect any adverse reaction after the stimulation [20].
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Blink reflex and blink reflex recovery cycle

During the study subjects laid down supine, with their eyes 
gently closed, on a comfortable examination bed, in a quiet 
and dimly lit room. Ag–AgCl surface recording electrodes 
were placed over the orbicularis oculi muscle of both sides 
(mid-lower eyelid and temple). In all volunteers, the cath-
ode of the stimulating electrode was placed over the right 
supraorbital notch and the anode 3 cm away, over the skin of 
the frontal bone. Skin impedance was lower than 5 kΩ. The 
ground electrode was placed over the nasion. Blink reflex 
was recorded with a KeyPoint Electromyographic System 
and was obtained from stimulation of the right supraor-
bital nerve. The duration of the stimulus was 0.2 ms and 
the stimulus intensity was set to three times the intensity 
(mean ± SD: 11 ± 5 mA) needed to obtain a reproducible 
ipsilateral R2 with an amplitude of at least 50 μV in five 
consecutive trials. This intensity was maintained constant 
for all the experimental procedure.

To obtain BR recovery curves, we used the original tech-
nique described by Kimura [1]. Briefly filter settings were 
20 Hz-10 kHz. We only considered the R2 ipsilateral to the 
side of stimulation (right supraorbital nerve). We delivered 
paired stimuli at a constant current at interstimulus intervals 
(ISI) of 100, 150, 200, 300, 400, 500 e 750 ms. At each 
ISI, recordings were repeated 4 times at random intervals 
of at least 20–40 s to avoid habituation. Data were analyzed 
offline. The amplitude (μV) of R2 responses was measured 
after the first (conditioning) and the second (test) stimulus. 
The outcome measure was the R2 amplitude ratio (R2AR), 
calculated as follows: R2AR = (R2 test amplitude)/(R2 con-
ditioning amplitude) × 100.

Transcranial alternating current stimulation (tACS)

Participants were seated on a comfortable chair in a dimly 
lit room. tACS was applied at a fixed intensity of 1 mA 
delivered by a DC stimulator (Brainstim, EMS, Bologna, 
Italy). We used saline-soaked sponge electrodes (5 × 7 cm) 
and flexible elastics to fixate the electrode on the head. The 
center of the active electrode was placed over C4 (with the 
long axis anterior–posterior) and the reference electrode 
over Pz according to the International 10–20 EEG System, 
this placement was associated with a lower risk of flicker-
ing sensations [21, 22]. During real or sham stimulation, 
impedance was kept below 10 kΩ. Every subject underwent 
three types of stimulation for 10 min: a. alpha-band stimu-
lation at a fixed frequency of 10 Hz with no direct current 
offset; b. beta-band stimulation at a fixed frequency of 20 Hz 
with no direct current offset; c. sham stimulation (20 Hz) 
with the current turned on for 30 s, with 5 s of fade-in and 
fade-out, and then turned off. The order of conditions was 

randomized across participants and all sessions were sepa-
rated by ≥ 3 days. Participants were blinded to the condition.

Blinding

We aimed at a double-blind design with respect to the tACS 
frequency (alpha, beta, sham). To this purpose, a main exper-
imenter who interacted with the participants was unaware of 
the stimulation frequency and a second operated the tACS 
device. At the end of all three stimulation blocks (10 Hz, 
20 Hz, sham), all volunteers filled out a questionnaire about 
side sensation felt during tACS sessions. We used the Ital-
ian version of the questionnaire by Fertonani et al. (2015), 
including items about skin sensations (itching, burning, 
pain, warmth/heat, pinching), metallic/iron taste, fatigue, 
other (e.g. phosphenes), besides their duration and locali-
zation [20]. For every side effect recorded, patients were 
asked to rate the unpleasant sensation (none = 0, mild = 1, 
moderate = 2, considerable = 3, strong = 4). According to the 
questionnaire employed, we also asked the participants to 
guess whether active or sham stimulation was delivered in 
each of the three stimulation sessions.

Protocol setup

Blink reflex recovery cycle was obtained before the stimu-
lation sessions (T0), immediately after 10-min stimulation 
(T1), and 20 min after the end of each stimulation session 
(T2) for every stimulation condition (10 Hz, 20 Hz, sham). 
The timeline of the experimental procedure is represented 
in Fig. 1.

Statistical analyses

Onset latencies and amplitudes were pooled to obtain mean 
values and standard deviations. We built the excitability 
recovery curves by plotting the mean R2AR against the 
interstimulus interval for a graphic representation of the 
effects. To evaluate different stimulation types and times 
effects, t-tests were performed using the statistical soft-
ware R. P-values were corrected using Bonferroni post-hoc 
method, and the significance level was set to 0.05, consider-
ing significant tests with p-value < 0.05.

Results

Latencies of BR components were normal in our sample 
(R1: 10.1 ± 1.4 ms; ipsilateral R2: 27.2 ± 2.1 ms; contralat-
eral R2: 28 ± 2.1 ms).

Blink reflex recovery curves at T1 are shown in Fig. 2 
and at T2 in Fig. 3.
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Table 1 refers to 10 Hz, 20 Hz, and sham at T1. It 
shows the t-test results for the comparisons between T0 
and, respectively, 10 Hz, 20 Hz, and sham tACS, between 
10 Hz and respectively, 20 Hz and sham, and the compari-
son between 20 Hz and sham. Specifically, the table shows 
p-values, the estimated difference between the two com-
paring groups, and the correspondent confidence interval 
at 95% level of confidence. Significant tests are shown in 
bold.

Results show a significant difference between T0 and both 
10-Hz and 20-Hz stimulation in T1, but not sham. At T0, R2 
ratio is lower than after alpha and beta-band tACS. A small 
difference is also detected in T1 between 20-Hz and sham, 

meaning that 20-Hz tACS significantly increases blink reflex 
excitability when compared to sham.

Table 2 shows the results at T2. At T2 (20 min after the 
end of stimulation) 10-Hz and 20-Hz tACS significantly 
increase the R2 amplitude ratio when compared to T0. 
Moreover, the mean difference between 20-Hz and sham 
becomes stronger, with a very low p-value (p < 0.001).

The single three frequencies conditions (10 Hz, 20 Hz, 
and sham) have been also compared to themselves at differ-
ent times (T1 vs T2), but none of these comparisons showed 
any significant difference.

A more generic analysis was also carried out, in which 
the Baseline R2 ratio was compared to the mean R2 ratio 

Fig. 1   Experimental design. 
(a) Blink reflex recovery cycle 
(BRrc) was registered before 
tACS and immediately after 
10-min stimulation and 20 min 
after the end of stimulation (b) 
Stimulating electrodes were 
positioned over C4 and Pz

BR
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Fig. 2   Blink reflex recovery 
curves at T0 and T1 (after the 
end of each stimulation session)
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in T1 and T2, respectively at 10 Hz, 20 Hz, and sham. This 
analysis (Table 3) confirmed what has already been seen 
before, that is 10-Hz and 20-Hz tACS increase R2 ratio 
when compared to T0.

To evaluate successful blinding, we used a specific 
questionnaire after the end of each stimulation session. 
The questionnaire revealed that 11 participants (73%) con-
sidered 20-Hz tACS as the active, 10 participants (66%) 
stated that sham tACS was the real stimulation and 9 par-
ticipants marked as active the 10-Hz tACS (60%): χ2(2, 
n = 15) = 4.67, p = 0.09.

tACS-induced sensations were also recorded and only 
skin sensations and phosphenes were reported by partici-
pants. Both skin sensations and phosphenes began with the 
stimulation and stopped quickly. 12 participants perceived 

skin sensations as itching (80%) during real (n = 12, 80%) 
and sham stimulation (n = 11, 73%); intensity was rated as 
mild for 11 participants and moderate in 1 patient receiving 
10-Hz and in another patient receiving 20-Hz tACS. The 

Fig. 3   Blink reflex recovery 
curves at T0 and T2 (20 min 
after the end of each stimulation 
session)
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Table 1   t-tests results after 10-Hz, 20-Hz, and sham tACS at T1. The 
table shows p-values, the estimated difference between the two com-
paring groups, and the correspondent confidence interval at 95% level 
of confidence. Significant tests are shown in bold

CI confidence interval, tACS transcranial Alternating Current Stimu-
lation

P-value Estimate CI (95%)

T0
10 − Hz T1 0.02  − 12.29 (− 19.67, − 4.89)
20 − Hz T1  < 0.001  − 14.60 (− 20.12, − 9.08)
Sham T1 1  − 5.34 (− 11.06, 0.39)
10 − Hz T1
20 − Hz 1  − 2.32 (− 10.38, 5.74)
Sham 0.72 7.30 (0.34, 14.26)
20 − Hz T1
Sham 0.04 9.98 (3.61, 16.34)

Table 2   t-tests results after 10-Hz, 20-Hz, and sham tACS at T2. The 
table shows p-values, the estimated difference between the two com-
paring groups, and the correspondent confidence interval at 95% level 
of confidence. Significant tests are shown in bold

CI confidence interval, tACS transcranial Alternating Current Stimu-
lation

P − value Estimate (IC 95%)

T0
10 − Hz T2 0.01  − 13.43 (− 20.56, − 6.31)
20 − Hz T2  < 0.001  − 19.75 (− 26.71, − 12.78)
Sham T2 1  − 3.67 (− 8.63, 1.28)
10 − Hz T2
20 − Hz 1  − 6.31 (− 15.61, 2.98)
Sham T2 0.08 9.76 (3.14, 16.39)
20 − Hz T2
Sham T2  < 0.001 16.08 (8.92, 23.23)

Table 3   t-tests results for comparisons between Baseline and mean 
R2 ratio in 10 Hz, 20 Hz, and sham stimulation session

CI confidence interval

P-value Estimate (CI 95%)

T0
Mean 10 − Hz 0.003  − 12.86 (− 19.31, − 6.40)
Mean 20 − Hz  < 0.001  − 17.17 (− 22.62, − 11.73)
Mean Sham 0.81  − 4.76 (-9.42, − 0.10)
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Friedman test showed no significant differences across the 
three different stimulation sessions: χ2(2) = 0.22, p = 0.89. 
2 participants complaint of mild phosphenes during the 
stimulation: 1 subject presented with right flickering sensa-
tion during 20 Hz tACS, 1 subject noticed of bilateral phos-
phenes during both 10 and 20 Hz tACS. Even in this case, 
the Friedman test showed no difference between the three 
different conditions: χ2(2) = 3.00, p = 0.22. These two final 
analyses confirmed a successful blinding.

Discussion

Our results suggest that tACS may modulate trigemino-
facial reflex excitability, as shown by the increased R2AR 
after 10-Hz and 20-Hz tACS compared to baseline measure-
ments (T0). This effect seems to be specific as evidenced by 
the inability of sham stimulation to increase BR excitability. 
Until now, few studies have evaluated the effect of NIBS on 
blink reflex excitability and notably, on BRrc. In patients 
with blepharospasm, low frequency (0.2 Hz) repetitive tran-
scranial magnetic stimulation (rTMS) over anterior cingulate 
cortex can inhibit blink reflex recovery [14, 23]. Another 
rTMS study conducted by De Vito et al. (2009) showed 
that low frequency rTMS over primary motor cortex could 
reduce the excitability of BR in 10 healthy subjects [11]. 
No change in BRrc was described after high frequency (20-
Hz) rTMS over primary motor cortex in a group of healthy 
subjects and patients with spinal cord injury [24]. In a tDCS 
study, increase of BR recovery was reported after a single 
tDCS session over central areas in case of uni-hemispheric 
and bi-hemispheric stimulation [12], thus supporting previ-
ous neuroimaging studies that suggested that anodal direct 
currents could modulate nervous structures, distant from 
stimulation site [25]. Other studies used different BR para-
digms to test the potential effect of NIBS on BR as in a study 
by Suppa et al. (2014) where intermittent theta burst stimula-
tion (iTBS) increased the R2 component whereas continuous 
TBS decreased it [26].

To our knowledge this is the first study using alternating 
currents known to modulate cortical oscillations and evalu-
ating their effect on the excitability of brainstem circuits. 
Both alpha- and beta-band stimulations increased the blink 
reflex excitability and this seems to suggest the possibility 
to disrupt brainstem interneuronal excitability, by modifying 
the cortical oscillations. Indeed, the existence of networks 
involving the sensorimotor cortices, basal ganglia, thalamus 
and brainstem has been considered in the pathophysiology 
of some extrapyramidal disorders. In blepharospasm, for 
instance, Peterson DA and Sejnowski TJ (2017) hypoth-
esized that apart from an alteration of the nigrostriatal sys-
tem, blink reflex hyperexcitability depends on motor cortex 
dysfunction affecting basal ganglia and therefore brainstem 

but also on altered connections between the trigemino-facial 
arch, the thalamus and the sensory cortex [8]. This is in line 
with other studies using voxel-based morphometry (VBM), 
showing reduction of grey matter volume in sensory-motor 
and anterior cingulate cortices – areas directly involved in 
the supranuclear control of blink reflex—in patients with 
blepharospasm [27].

Our results may reflect two main effects induced by tACS. 
The first effect could rely on a true entrainment of the sen-
sorimotor cortex induced by tACS, leading to facilitation of 
cortico-nuclear pathways. Moreover, modulation of ongo-
ing rhythmic activity and entrainment could interfere with 
the functioning of basal ganglia-thalamus-cortex circuits, 
also involved in the excitability of BR [28]. As a matter of 
fact, mu- or rolandic rhythm is an arch-shaped rhythm tak-
ing place in the central cortex of normal subjects, compris-
ing two spectral peaks, respectively at 10 and 20 Hz [29, 
30]. The levels of these frequencies may vary with volun-
tary movement: 10-Hz activity is suppressed earlier than 
20-Hz activity before movement initiation, whereas 20-Hz 
increases after the movement is finished [31, 32]. Moreover, 
the 10-Hz mu rhythm is influenced by tactile stimulation, 
motor activity and during binocular rivalry [33]. According 
to this line of evidence, we hypothesize that increased syn-
chronization of both spectral peaks of mu-rhythm induced 
by alpha- or beta-band tACS can give rise to increased BR 
excitability in both active tACS conditions. In our experi-
mental paradigm, stimulation site was C4, corresponding 
to sensorimotor cortex, that has been described as involved 
in both motor preparation and execution [34], as well as 
in attentional orienting to a particular time-point [35]. On 
this basis we can speculate that modulatory effects on BRrc 
could also be due to an indirect effect on anticipatory atten-
tion to sensory stimuli. On this point it is worth to also men-
tion that both alpha and beta bands have been described as 
involved in different moments of movement selection in 
sensorimotor cortex, even if at different time points [36]. 
According to recent findings, we could also hypothesize 
that alpha spectral frequency of mu could be involved in 
the processing of somatosensory information whereas the 
beta frequency directly controls the motor output as testified 
by a tACS study: Fabbrini et al. (2022) observed an online 
increased amplitude of N20 only after a session of mu-tACS 
(frequency 11.7 ± 1.3 Hz) [37].

In our study, only 20-Hz tACS significantly increased the 
R2 amplitude ratio when compared to sham, suggesting a 
frequency-dependent potentiation of excitatory cortical drive 
on interneuronal pool in brainstem. This in agreement with 
other studies using tACS in which 20-Hz tACS (beta range) 
increased motor evoked potential (MEP) size [21, 22] and 
could be explained in our study by an increased activation 
of corticonuclear fibers. More substained increase of R2 
ratio after beta-band tACS could also underlie an increased 
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excitability of hyperdirect pathway, connecting the motor 
cortex to the subthalamic nucleus [38], suggesting that the 
modulation of cortical oscillations plays a role in the func-
tion of subcortical structures such as those of the long-loop 
cortex-basal ganglia-thalamus-brainstem circuit. Accord-
ingly, beta-band frequencies are prominent in the motor 
system and can be recorded not only in somatomotor cortex 
but also in cerebellum and basal ganglia [39]. In the cortex-
basal ganglia circuit, beta activity promotes tonic activity 
rather than voluntary movement [39, 40]. In support of this 
hypothesis, beta tACS slowed movement in healthy subjects 
[41] and it's been already demonstrated that motor impair-
ment in PD could also depend on exaggerated beta-band 
activity in motor cortex and subthalamic nucleus [42]. In 
PD, pathological beta hypersyncronization in subthalamic 
nucleus could partially depend on low dopamine levels as 
shown by several studies observing a reduction of beta activ-
ity after dopaminergic treatment [43]. Increase of BR excit-
ability after 20-Hz tACS is strongly in agreement with a 
study conducted in animal PD model showing that beta-band 
(16 Hz) DBS of subthalamic nucleus can lead to blink reflex 
hyperexcitability [10].

The other modulatory effect by tACS on BRrc could 
be independent from the frequency of stimulation. As for 
transcranial direct current stimulation (tDCS), the most fre-
quently reported adverse effect of tACS is itching or burning 
sensation under the electrodes during the first seconds of 
stimulation that can be due to trigeminal sensitization [12]. 
Even in our sample, the majority of subjects (80%) reported 
slight skin sensations under the electrodes even when sham 
stimulation was delivered over the scalp. This phenomenon 
could suggest that also alternating currents could sensitize 
trigeminal fibers, leading to increased BR excitability as 
already observed for tDCS [12]. However, in our sample, no 
significant difference in skin sensation was detected between 
real and sham sessions, indicating that tACS effect on BRrc 
chiefly depends on frequency of stimulation and doesn’t rely 
on effects on trigeminal sensitization. Further studies includ-
ing larger samples could help replicate these results.

Excitability of BR is persistent even 20 min after the end 
of stimulation, especially after 20-Hz tACS. This is in line 
with other studies demonstrating that tACS could increase 
endogenous EEG power in the range of the stimulation fre-
quency also after 30 min [18] and up to 70 min after the 
stimulation [44] although following studies failed to dem-
onstrate any after-effects of high-current tACS [45]. This 
could also reflect the other proposed mechanism of tACS, 
the so-called spike-timing-dependent-plasticity (STDP) 
[46–48] because the magnitude of synaptic strength relies 
on the rhythm of electrical stimulation-derived excitation 
along with the intrinsic oscillatory pattern.

This study has several limits which worth mention. Future 
studies including a larger number of participants could detect 

any clear difference between alpha- and beta-band tACS. 
Moreover, we didn’t explore corticonuclear and corticospi-
nal excitability by motor evoked potentials. We didn’t evalu-
ate online effects because of current artifacts. Further studies 
are needed to solve these issues. Moreover, we didn’t com-
pare tACS to other NIBS techniques (e.g. rTMS). Despite 
all these limitations, this is the first study evaluating the role 
of cortical oscillations in influencing brainstem circuits and 
we demonstrated that 20-Hz tACS enhances BR excitability 
in healthy subjects because of entraining of sensorimotor 
cortex and activation of cortico-subthalamic loops directly 
involved in the supranuclear control of blink responses.

Author contribution  All authors contributed to study conception 
and design. Simona Maccora: conceptualization, investigation, data 
curation, methodology, project administration, formal analysis, writ-
ing, reviewing and editing; Pierangelo Sardo: writing, reviewing and 
editing; Giuseppe Giglia: supervision, writing, reviewing and editing; 
Angelo Torrente: writing, reviewing and editing; Vincenzo Di Ste-
fano: formal analysis, writing, reviewing and editing; Filippo Brighina: 
supervision, reviewing and editing.

Funding  Open access funding provided by Università degli Studi di 
Palermo within the CRUI-CARE Agreement. This research did not 
receive any specific grant from funding agencies in the public, com-
mercial or not-for-profit research.

Data availability  The datasets generated and/or analyzed during the 
current study are available from the corresponding author on reason-
able request.

Declarations 

Ethics approval  This study was performed in line with the principles of 
the Declaration of Helsinki. Approval was granted by the local Ethical 
Committee of the University of Palermo. All subjects signed a written 
informed consent.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References:

	 1.	 Kimura J (1973) Disorders of interneurons in parkinsonism. The 
orbicularis oculi reflex to paired stimuli. Brain 96:87–96

http://creativecommons.org/licenses/by/4.0/


408	 Neurological Sciences (2025) 46:401–409

	 2.	 Kimura J (1989) The blink reflex. In: Kimura J (ed) Electrodiag-
nosis in Disease of Nerve and Muscles: Principles and Practice, 
2nd edn. Davis, Philadelphia, pp 307–331

	 3.	 Berardelli A, Rothwell JC, Day BL, Marsden CD (1985) Patho-
physiology of blepharospasm and oromandibular dystonia. 
Brain 108(Pt 3):593–608

	 4.	 Cohen LG, Ludlow CL, Warden M, Estegui M, Agostino R, 
Sedory SE, Holloway E, Dambrosia J, Hallett M (1989) Blink 
reflex excitability recovery curves in patients with spasmodic 
dysphonia. Neurology 39(4):572–577. https://​doi.​org/​10.​1212/​
wnl.​39.4.​572

	 5.	 Eekhof JLA, Aramideh M, Bour LJ, Hilgevoord AAJ, Speel-
man JD, Ongerboer de Visser BW (1996) Blink reflex recovery 
curves in blepharospasm, torcicollis spasmodica and hemifacial 
spasm. Muscle Nerve 19:10–15

	 6.	 Tolosa E, Monserrat L, Bayes A. Ed. by S Fahn et al (1988) Blink 
reflex studies with focal dystonias. Adv Neurol, vol. 50: Dystonia 
2, New York, Raven Press, p.517–24

	 7.	 Hallett M (2002) Blepharospasm: recent advances. Neurology 
59(9):1306–1312. https://​doi.​org/​10.​1212/​01.​wnl.​00000​27361.​
73814.​0e

	 8.	 Peterson DA, Sejnowski TJ (2017) A Dynamic Circuit Hypothesis 
for the Pathogenesis of Blepharospasm. Front Comput Neurosci 
11:11. https://​doi.​org/​10.​3389/​fncom.​2017.​00011

	 9.	 Kandemir M, Gündüz A, Uzun N, Yeni SN, Kızıltan ME (2015) 
Enhanced blink reflex recovery in juvenile myoclonic epilepsy. 
Neurosci Lett 16(609):7–10. https://​doi.​org/​10.​1016/j.​neulet.​2015.​
10.​025

	10.	 Kaminer J, Thakur P, Evinger C (2014) Frequency matters: beta 
band subthalamic nucleus deep brain stimulation induces parkin-
sonian-like blink abnormalities in normal rats. Eur J Neurosci 
40(8):3237–3242. https://​doi.​org/​10.​1111/​ejn.​12697

	11.	 De Vito A, Gastaldo E, Tugnoli V, Eleopra R, Casula A, Tola 
MR, Granieri E, Quatrale R (2009) Effect of slow rTMS of motor 
cortex on the excitability of the blink reflex: a study in healthy 
humans. Clin Neurophysiol 120(1):174–180. https://​doi.​org/​10.​
1016/j.​clinph.​2008.​09.​024

	12.	 Cabib C, Cipullo F, Morales M, Valls-Solé J (2016) Transcranial 
Direct Current Stimulation (tDCS) Enhances the Excitability of 
Trigemino-Facial Reflex Circuits. Brain Stimul 9(2):218–224. 
https://​doi.​org/​10.​1016/j.​brs.​2015.​12.​003

	13.	 Berardelli A, Accornero N, Cruccu G, Fabiano F, Guerisi V, Man-
fredi M (1983) The orbicularis oculi response after hemispheral 
damage. J Neurol Neurosurg Psychiatry 46:837–843. https://​doi.​
org/​10.​1136/​jnnp.​46.9.​837

	14.	 Kranz G, Shamim EA, Lin PT, Kranz GS, Hallett M (2010) Tran-
scranial magnetic brain stimulation modulates blepharospasm: 
a randomized controlled study. Neurology 75(16):1465–1471. 
https://​doi.​org/​10.​1212/​WNL.​0b013​e3181​f8814d

	15.	 Gambino G, Giglia G, Schiera G, Di Majo D, Epifanio MS, La 
Grutta S, Lo Baido R, Ferraro G, Sardo P (2020) Haptic percep-
tion in extreme obesity: qeeg study focused on predictive coding 
and body schema. Brain Sci 10(12):908. https://​doi.​org/​10.​3390/​
brain​sci10​120908

	16.	 Thut G, Veniero D, Romei V, Miniussi C, Schyns P, Gross J 
(2011) Rhythmic TMS causes local entrainment of natural oscil-
latory signatures. Curr Biol 21(14):1176–1185. https://​doi.​org/​10.​
1016/j.​cub.​2011.​05.​049

	17.	 Lakatos P, Gross J, Thut G (2019) A new unifying account of 
the roles of neuronal entrainment. Curr Biol 29(18):R890–R905. 
https://​doi.​org/​10.​1016/j.​cub.​2019.​07.​075

	18.	 Zaehle T, Rach S, Herrmann CS (2010) Transcranial alternating 
current stimulation enhances individual alpha activity in human 
EEG. PLoS ONE 5(11):e13766. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00137​66

	19.	 Oldfield RC (1971) The assessment and analysis of handedness: 
the Edinburgh inventory. Neuropsychologia 9(1):97–113. https://​
doi.​org/​10.​1016/​0028-​3932(71)​90067-4

	20.	 Fertonani A, Ferrari C, Miniussi C (2015) What do you feel if I 
apply transcranial electric stimulation? Safety, sensations and sec-
ondary induced effects. Clin Neurophysiol 126(11):2181–2188. 
https://​doi.​org/​10.​1016/j.​clinph.​2015.​03.​015

	21.	 Feurra M, Bianco G, Santarnecchi E, Del Testa M, Rossi A, 
Rossi S (2011) Frequency dependent tuning of the human motor 
system induced by transcranial oscillatory potentials. J Neurosci 
31:12165–12670. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​0978-​11.​
2011

	22.	 Feurra M, Pasqualetti P, Bianco G, Santarnecchi E, Rossi A, Rossi 
S (2013) State-dependent effects of transcranial oscillatory cur-
rents on the motor system: what you think matters. J Neurosci 
33(44):17483–17489. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1414-​
13.​2013

	23.	 Kranz G, Shamim EA, Lin PT, Kranz GS, Voller B, Hallett M 
(2009) Blepharospasm and the modulation of cortical excitability 
in primary and secondary motor areas. Neurology 73(23):2031–
2036. https://​doi.​org/​10.​1212/​WNL.​0b013​e3181​c5b42d

	24.	 Kumru H, Kofler M, Valls-Sole J, Vidal J (2019) Brainstem reflex 
excitability after high-frequency repetitive transcranial magnetic 
stimulation in healthy and spinal cord injury subjects. Brain Res 
Bull 147:86–91. https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2019.​02.​
002

	25.	 Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA, Paulus W, 
Rothwell JC, Lemon RN, Frackowiak RS (2005) How does tran-
scranial DC stimulation of the primary motor cortex alter regional 
neuronal activity in the human brain? Eur J Neurosci 22(2):495–
504. https://​doi.​org/​10.​1111/j.​1460-​9568.​2005.​04233.x

	26.	 Suppa A, Marsili L, Di Stasio F, Berardelli I, Roselli V, Pasquini 
M, Cardona F, Berardelli A (2014) Cortical and brainstem plastic-
ity in Tourette syndrome and obsessive-compulsive disorder. Mov 
Disord 29(12):1523–1531. https://​doi.​org/​10.​1002/​mds.​25960

	27.	 Horovitz SG, Ford A, Najee-Ullah MA, Ostuni JL, Hallett M 
(2012) Anatomical correlates of blepharospasm. Transl Neuro-
degener 1(1):12. https://​doi.​org/​10.​1186/​2047-​9158-1-​12

	28.	 Valls-Sole J (2012) Assessment of excitability in brainstem cir-
cuits mediating the blink reflex and the startle reaction. Clin Neu-
rophysiol 123(1):13–20. https://​doi.​org/​10.​1016/j.​clinph.​2011.​04.​
029

	29.	 Niedermeyer E (1999) The normal EEG of the waking adult. In: 
Niedermeyer E, Lopes da Silva F (eds) Electroencephalography: 
basic principles, clinical applications and related fields, Williams 
& Wilkins, Baltimore: Lippincott, pp 149–173

	30.	 Sauseng P, Klimesch W, Gerloff C, Hummel FC (2009) Sponta-
neous locally restricted EEG alpha activity determines cortical 
excitability in the motor cortex. Neuropsychologia 47:284–288. 
https://​doi.​org/​10.​1016/j.​neuro​psych​ologia.​2008.​07.​021

	31.	 Pfurtscheller G (1981) Central beta rhythm during sensorimo-
tor activities in man. Electroencephalogr Clin Neurophysiol 
51(3):253–264. https://​doi.​org/​10.​1016/​0013-​4694(81)​90139-5

	32.	 Salmelin R, Hari R (1994) Spatiotemporal characteristics of sen-
sorimotor neuromagnetic rhythms related to thumb movement. 
Neuroscience 60(2):537–550. https://​doi.​org/​10.​1016/​0306-​
4522(94)​90263-1

	33.	 Vanni S, Portin K, Virsu V, Hari R (1999) Mu rhythm modula-
tion during changes of visual percepts. Neuroscience 91(1):21–31. 
https://​doi.​org/​10.​1016/​s0306-​4522(98)​00521-1

	34.	 Szurhaj W, Derambure P, Labyt E, Cassim F, Bourriez JL, 
Isnard J, Guieu JD, Mauguière F (2003) Basic mechanisms of 
central rhythms reactivity to preparation and execution of a vol-
untary movement: a stereoelectroencephalographic study. Clin 

https://doi.org/10.1212/wnl.39.4.572
https://doi.org/10.1212/wnl.39.4.572
https://doi.org/10.1212/01.wnl.0000027361.73814.0e
https://doi.org/10.1212/01.wnl.0000027361.73814.0e
https://doi.org/10.3389/fncom.2017.00011
https://doi.org/10.1016/j.neulet.2015.10.025
https://doi.org/10.1016/j.neulet.2015.10.025
https://doi.org/10.1111/ejn.12697
https://doi.org/10.1016/j.clinph.2008.09.024
https://doi.org/10.1016/j.clinph.2008.09.024
https://doi.org/10.1016/j.brs.2015.12.003
https://doi.org/10.1136/jnnp.46.9.837
https://doi.org/10.1136/jnnp.46.9.837
https://doi.org/10.1212/WNL.0b013e3181f8814d
https://doi.org/10.3390/brainsci10120908
https://doi.org/10.3390/brainsci10120908
https://doi.org/10.1016/j.cub.2011.05.049
https://doi.org/10.1016/j.cub.2011.05.049
https://doi.org/10.1016/j.cub.2019.07.075
https://doi.org/10.1371/journal.pone.0013766
https://doi.org/10.1371/journal.pone.0013766
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.clinph.2015.03.015
https://doi.org/10.1523/JNEUROSCI.0978-11.2011
https://doi.org/10.1523/JNEUROSCI.0978-11.2011
https://doi.org/10.1523/JNEUROSCI.1414-13.2013
https://doi.org/10.1523/JNEUROSCI.1414-13.2013
https://doi.org/10.1212/WNL.0b013e3181c5b42d
https://doi.org/10.1016/j.brainresbull.2019.02.002
https://doi.org/10.1016/j.brainresbull.2019.02.002
https://doi.org/10.1111/j.1460-9568.2005.04233.x
https://doi.org/10.1002/mds.25960
https://doi.org/10.1186/2047-9158-1-12
https://doi.org/10.1016/j.clinph.2011.04.029
https://doi.org/10.1016/j.clinph.2011.04.029
https://doi.org/10.1016/j.neuropsychologia.2008.07.021
https://doi.org/10.1016/0013-4694(81)90139-5
https://doi.org/10.1016/0306-4522(94)90263-1
https://doi.org/10.1016/0306-4522(94)90263-1
https://doi.org/10.1016/s0306-4522(98)00521-1


409Neurological Sciences (2025) 46:401–409	

Neurophysiol 114(1):107–119. https://​doi.​org/​10.​1016/​s1388-​
2457(02)​00333-4

	35.	 Coull JT, Nobre AC (1998) Where and when to pay attention: 
the neural systems for directing attention to spatial locations and 
to time intervals as revealed by both PET and fMRI. J Neurosci 
18(18):7426–7435. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​18-​18-​
07426.​1998

	36.	 Brinkman L, Stolk A, Marshall TR, Esterer S, Sharp P, Dijkerman 
HC, de Lange FP, Toni I (2016) Independent Causal Contribu-
tions of Alpha- and Beta-Band Oscillations during Movement 
Selection. J Neurosci 36(33):8726–8733. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​0868-​16.​2016

	37.	 Fabbrini A, Guerra A, Giangrosso M, Manzo N, Leodori G, Pas-
qualetti P, Conte A, Di Lazzaro V, Berardelli A (2022) Transcra-
nial alternating current stimulation modulates cortical processing 
of somatosensory information in a frequency- and time-specific 
manner. Neuroimage 254:119119. https://​doi.​org/​10.​1016/j.​neuro​
image.​2022.​119119

	38.	 Litvak V, Jha A, Eusebio A, Oostenveld R, Foltynie T, Limousin 
P, Zrinzo L, Hariz MI, Friston K, Brown P (2011) Resting oscilla-
tory cortico-subthalamic connectivity in patients with Parkinson’s 
disease. Brain 134:359–374. https://​doi.​org/​10.​1093/​brain/​awq332

	39.	 Brown P (2007) Abnormal oscillatory synchronisation in the 
motor system leads to impaired movement. Curr Opin Neurobiol 
17(6):656–664. https://​doi.​org/​10.​1016/j.​conb.​2007.​12.​001

	40.	 Engel AK, Fries P (2010) Beta-band oscillations–signalling the 
status quo? Curr Opin Neurobiol 20(2):156–165. https://​doi.​org/​
10.​1016/j.​conb.​2010.​02.​015

	41.	 Pogosyan A, Gaynor LD, Eusebio A, Brown P (2009) Boosting 
cortical activity at Beta-band frequencies slows movement in 
humans. Curr Biol 19(19):1637–1641. https://​doi.​org/​10.​1016/j.​
cub.​2009.​07.​074

	42.	 Mallet N, Pogosyan A, Sharott A, Csicsvari J, Bolam JP, Brown 
P, Magill PJ (2008) Disrupted dopamine transmission and the 
emergence of exaggerated beta oscillations in subthalamic nucleus 

and cerebral cortex. J Neurosci 28(18):4795–4806. https://​doi.​org/​
10.​1523/​JNEUR​OSCI.​0123-​08.​2008

	43.	 Weinberger M, Mahant N, Hutchison WD, Lozano AM, Moro E, 
Hodaie M, Lang AE, Dostrovsky JO (2006) Beta oscillatory activ-
ity in the subthalamic nucleus and its relation to dopaminergic 
response in Parkinson’s disease. J Neurophysiol 96(6):3248–3256. 
https://​doi.​org/​10.​1152/​jn.​00697.​2006

	44.	 Kasten FH, Dowsett J, Herrmann CS (2016) Sustained Afteref-
fect of α-tACS Lasts Up to 70 min after Stimulation. Front Hum 
Neurosci 10:245. https://​doi.​org/​10.​3389/​fnhum.​2016.​00245

	45.	 Lafleur LP, Murray A, Desforges M, Pacheco-Barrios K, Fregni 
F, Tremblay S, Saint-Amour D, Lepage JF, Théoret H (2021) No 
aftereffects of high current density 10 Hz and 20 Hz tACS on 
sensorimotor alpha and beta oscillations. Sci Rep 11(1):21416. 
https://​doi.​org/​10.​1038/​s41598-​021-​00850-1

	46.	 Schwab BC, König P, Engel AK (2021) Spike-timing-depend-
ent plasticity can account for connectivity aftereffects of dual-
site transcranial alternating current stimulation. Neuroimage 
237:118179. https://​doi.​org/​10.​1016/j.​neuro​image.​2021.​118179

	47.	 Suzuki M, Tanaka S, Gomez-Tames J, Okabe T, Cho K, Iso N, 
Hirata A (2022) Nonequivalent after-effects of alternating current 
stimulation on motor cortex oscillation and inhibition: simulation 
and experimental study. Brain Sci 12(2):195. https://​doi.​org/​10.​
3390/​brain​sci12​020195

	48.	 Vossen A, Gross J, Thut G (2015) Alpha Power Increase After 
Transcranial Alternating Current Stimulation at Alpha Frequency 
(alpha-tACS) Reflects Plastic Changes Rather Than Entrainment. 
Brain Stimul 8:499–508. https://​doi.​org/​10.​1016/j.​brs.​2014.​12.​
004

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/s1388-2457(02)00333-4
https://doi.org/10.1016/s1388-2457(02)00333-4
https://doi.org/10.1523/JNEUROSCI.18-18-07426.1998
https://doi.org/10.1523/JNEUROSCI.18-18-07426.1998
https://doi.org/10.1523/JNEUROSCI.0868-16.2016
https://doi.org/10.1523/JNEUROSCI.0868-16.2016
https://doi.org/10.1016/j.neuroimage.2022.119119
https://doi.org/10.1016/j.neuroimage.2022.119119
https://doi.org/10.1093/brain/awq332
https://doi.org/10.1016/j.conb.2007.12.001
https://doi.org/10.1016/j.conb.2010.02.015
https://doi.org/10.1016/j.conb.2010.02.015
https://doi.org/10.1016/j.cub.2009.07.074
https://doi.org/10.1016/j.cub.2009.07.074
https://doi.org/10.1523/JNEUROSCI.0123-08.2008
https://doi.org/10.1523/JNEUROSCI.0123-08.2008
https://doi.org/10.1152/jn.00697.2006
https://doi.org/10.3389/fnhum.2016.00245
https://doi.org/10.1038/s41598-021-00850-1
https://doi.org/10.1016/j.neuroimage.2021.118179
https://doi.org/10.3390/brainsci12020195
https://doi.org/10.3390/brainsci12020195
https://doi.org/10.1016/j.brs.2014.12.004
https://doi.org/10.1016/j.brs.2014.12.004

	Transcranial alternating current stimulation can modulate the blink reflex excitability. Effects of a 10- and 20-Hz tACS session on the blink reflex recovery cycle in healthy subjects
	Abstract
	Background 
	Materials and methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Subjects
	Blink reflex and blink reflex recovery cycle
	Transcranial alternating current stimulation (tACS)
	Blinding
	Protocol setup
	Statistical analyses

	Results
	Discussion
	References


