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Abstract
Peripheral sensory stimulation has been used as a method to stimulate the sensorimotor cortex, with applications in neurore-
habilitation. To improve delivery modality and usability, a new stimulation method has been developed in which impercepti-
ble random-frequency vibration is applied to the wrist concurrently during hand activity. The objective of this study was to 
investigate effects of this new sensory stimulation on the sensorimotor cortex. Healthy adults were studied. In a transcranial 
magnetic stimulation (TMS) study, resting motor threshold, short-interval intracortical inhibition, and intracortical facilita-
tion for the abductor pollicis brevis muscle were compared between vibration on vs. off, while subjects were at rest. In an 
electroencephalogram (EEG) study, alpha and beta power during rest and event-related desynchronization (ERD) for hand 
grip were compared between vibration on vs. off. Results showed that vibration decreased EEG power and decreased TMS 
short-interval intracortical inhibition (i.e., disinhibition) compared with no vibration at rest. Grip-related ERD was also 
greater during vibration, compared to no vibration. In conclusion, subthreshold random-frequency wrist vibration affected 
the release of intracortical inhibition and both resting and grip-related sensorimotor cortical activity. Such effects may have 
implications in rehabilitation.

Keywords  Physical stimulation · Subliminal stimulation · Hand · Brain mapping · Sensorimotor cortex · Cortical 
excitability

Introduction

Afferent input drives changes in the motor cortex (Kaneko 
et al. 1994a, b; Matyas et al. 2010). Based on this frame-
work, peripheral sensory stimulation has been used as a 
method to influence the motor cortex (Celnik et al. 2007; 
Kaelin-Lang et al. 2002; Schabrun et al. 2012). For exam-
ple, corticomotor neuronal excitability as measured using 
transcranial magnetic stimulation (TMS) has been shown to 
increase during muscle vibration, compared to no vibration 
(Rosenkranz and Rothwell 2003; Rosenkranz et al. 2003). 
After 30 min of electrical stimulation of the hand, func-
tional magnetic resonance imaging (fMRI) blood-oxygen-
level-dependent (BOLD) signals during finger movement 
in the primary motor (M1) and somatosensory area (S1) 
increased, compared to that before the stimulation (Golas-
zewski et al. 2004). After 2 h of transcutaneous electri-
cal nerve stimulation, corticomotoneuronal excitability 
increases via GABAergic mechanism (Celnik et al. 2007; 
Kaelin-Lang et al. 2002). Therefore, electrical or vibratory 
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peripheral sensory stimulation has been used as a means to 
induce neuroplastic changes to complement neurorehabilita-
tion for movement impairment (Celnik et al. 2007; Meesen 
et al. 2011; Conforto et al. 2010; Lotze et al. 2017; Gomes-
Osman and Field-Fote 2015; Cordo et al. 2013; Marconi 
et al. 2011). Unfortunately, most modalities of peripheral 
sensory stimulation involve wearing of a glove or similar 
device or suprathreshold stimulation. Gloves hamper dexter-
ous finger movement and cause a sense of discomfort (Yu 
et al. 2019; Kinoshita 1999). Suprathreshold electrical stim-
ulation causes tingling sensation (Golaszewski et al. 2004; 
Meesen et al. 2011), and increasing vibration amplitude may 
lead to an illusion of movement or tonic vibration reflex 
(Ferrari et al. 2018). Thus, most modalities of peripheral 
sensory stimulation are administered for a limited duration 
(ranging from 20 min to 2 h a day), while a person is in a 
sedentary posture. Furthermore, the effect diminishes after 
the stimulation (Kaelin-Lang et al. 2002; Smith and Brou-
wer 2005), requiring repeated receipts of the stimulation. 
These constraints substantially lower patient adherence to a 
stimulation regimen.

To improve the delivery mode while leveraging the ben-
efits of sensory stimulation, a new stimulation method has 
been proposed (Enders et al. 2013; Seo et al. 2014). This 
new stimulation method involves application of vibratory 
stimulation to wrist skin, below a level perceptible to a per-
son. The imperceptible nature of the stimulation, along with 
the location of the stimulation device being off from the 
fingers and hand, may enable natural sensorimotor process-
ing for concurrent hand tasks. Furthermore, the stimulation 
can be delivered during the activities of daily living con-
tinuously for a substantially longer dosage than the exist-
ing stimulation methods. This stimulation may potentially 
be delivered via a watch-type wearable device to provide 
user-friendly stimulation to complement rehabilitation. Early 
studies using this specific stimulation are promising, with 
improved ability to detect light touch on fingertips (Enders 
et al. 2013; Lakshminarayanan et al. 2015) and to grasp and 
manipulate objects (Seo et al. 2014) in patients after stroke 
and healthy adults during stimulation. However, there is lit-
tle understanding of its mechanism of action.

Early studies postulated a broad cortical mechanism 
given non-specificity of the stimulation site in which detec-
tion of light touch on fingertips improved during stimula-
tion to volar wrist, dorsal wrist, dorsum of the hand, and 
thenar and hypothenar area (Enders et al. 2013; Lakshmi-
narayanan et al. 2015). Yet, a question remained whether 
this imperceptible stimulation even reaches the sensorimo-
tor cortex. Therefore, in the present study, we examined 
whether this stimulation results in measurable changes in 
the sensorimotor cortex. Specifically, we hypothesized that 
this stimulation would increase cortical motor excitability as 
measured using TMS and cortical sensorimotor activity as 

measured by electroencephalogram (EEG), compared with 
no stimulation.

Materials and methods

Participants

Eighteen healthy right-handed adults (8 males and 10 
females) with a mean ± standard deviation (SD) age of 
27 ± 5 years participated in the TMS study. Twenty healthy 
right-handed adults (12 males and 8 females) with a mean 
age of 25 ± 5 years participated in the EEG study. There was 
no overlap in subjects between the TMS and EEG studies. 
All subjects verbally disclosed that they had no history of 
upper limb injury or musculoskeletal or neurologic disor-
ders. All TMS subjects were screened for TMS safety. The 
two studies took place at two universities (one study in each 
university). Each study protocol was approved by the Insti-
tutional Review Board of the university where the study was 
performed. All subjects read and signed written informed 
consent forms approved by the Institutional Review Board 
prior to participating in the study.

Experimental design and statistical analysis

Wrist stimulation

Vibration was applied using a C-3 Tactor (EAI Inc., Cas-
selberry, FL, USA) attached to the left volar wrist using tape 
for both the TMS and EEG studies (Fig. 1). The vibrator was 
driven by white-noise signals low-pass filtered at 500 Hz. 
White-noise signal was used based on the literature in sto-
chastic facilitation that collectively demonstrates broadband 
white-noise stimulation which enhances signal transmission 
(Collins et al. 1996) and neural communication (Ward et al. 
2010). A review (McDonnell and Ward 2011) and many 
applications exist (Collins et al. 1996, 1997; Wells et al. 
2005; Kurita et al. 2013). At the beginning of each study, 
subjects’ sensory threshold for this wrist vibration was deter-
mined as the minimum vibration intensity (i.e., amplitude) 
that the subject was able to feel. Specifically, the sensory 
threshold was determined by increasing or decreasing the 
vibration intensity until the subject could or could not per-
ceive the vibration, respectively, and taking the average of 
the vibration intensities at which the perception changed, 
using the ascending and descending limits’ method. The 
vibration amplitude corresponding to the sensory threshold 
was 4.5 ± 5.1 µm (in root mean square). Vibration inten-
sity was subsequently set to 60% of the sensory thresh-
old for the TMS and EEG evaluation, as this intensity has 
been shown to affect finger sensation (Enders et al. 2013; 
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Lakshminarayanan et al. 2015), finger sensory processing 
(Seo et al. 2015), and hand motor function (Seo et al. 2014).

TMS evaluation

Hand motor cortex excitability assessed using TMS was 
compared between the vibration on and off conditions. Spe-
cifically, the resting motor threshold (RMT), short-interval 
intracortical inhibition (SICI), and intracortical facilita-
tion (ICF) for the primary motor cortex area for the thumb 
muscle, abductor pollicis brevis (APB), were compared 
between the vibration on and off conditions. The vibrator 
was placed on the subject throughout the session (approxi-
mately 50 min), and was turned on or off depending on the 
vibration condition. All motor cortex excitability measures 
were taken in one vibration condition, and then again in the 
other vibration condition, with the order of the vibration 
on and off conditions randomized across subjects. For the 
vibration ‘on’ condition, the subthreshold vibration was on 
continuously during the evaluation (approximately 25 min). 
The experimenter administering the TMS was blinded to the 
vibration condition. The vibration intensity was set to be 
subthreshold (i.e., imperceptible); thus, subjects should not 

have felt when the vibration was on. When asked after the 
testing was complete, 1 out of 18 subjects reported that s/
he could feel when the vibration was on during testing, and 
2 subjects reported feeling vibration briefly at some point 
during testing.

Subjects were comfortably seated in a TMS chair (Rogue 
Research Inc., Montreal, QC, Canada) and at rest. TMS was 
applied to the motor ‘hotspot’ in the subject’s right hemi-
sphere, using a 70 mm figure-of-eight coil connected to 
Magstim Bistim2 2002 (Jali Medical, Waltham, MA, USA). 
The coil was held tangential to the scalp with the handle 
pointing backward and laterally at 45° from the midline, 
and moved in a systematic grid search over the right pri-
mary motor cortex at a slightly suprathreshold stimulus 
intensity to find the hotspot. The hotspot was determined as 
the location which consistently induced the largest motor-
evoked potential (MEP) amplitude in the left APB muscle. 
This stimulation location was kept consistent throughout the 
study with guidance from the Brainsight® system (Rogue 
Research Inc. Montreal, QC, Canada).

Surface electromyography (EMG) was recorded from the 
right APB muscle using disposable silver/silver chloride 
electrodes (Natus Medical Inc., Pleasanton, CA, USA) in a 
belly tendon montage with the ground electrode on the back 
of the hand (Fig. 1a). The EMG data were obtained using 
a CED 1902 Signal conditioner and 1401 interface (Cam-
bridge Electronic Design, Cambridge, UK) and recorded 
using Spike2 software (Cambridge Electronic Design Ltd., 
Cambridge, England) at a sampling frequency of 5 kHz.

The RMT, SICI, and ICF were assessed at rest follow-
ing the guidelines of the International Federation of Clini-
cal Neurophysiology (Rossini et al. 2015). Specifically, the 
RMT was determined as the percentage of the maximum 
stimulator output (%MSO) to elicit a 0.05 mV peak-to-peak 
MEP amplitude on the resting hand muscle with a 50% 
probability using the Parameter Estimation by Sequential 
Testing (Awiszus 2003; Ah Sen et al. 2017). SICI and ICF 
were assessed using paired pulse protocols, involving a sub-
threshold conditioning stimulus followed by a suprathresh-
old test stimulus applied to the hotspot. The interstimulus 
interval (ISI) between the conditioning and test stimuli was 
3 ms for SICI to inhibit the MEP response, while ISI was 
15 ms for ICF to facilitate the MEP response. The reduction 
in the peak-to-peak MEP amplitude with the conditioning 
stimulus, compared to MEP amplitude with testing stimu-
lus alone, indicated SICI. The increase in the peak-to-peak 
MEP amplitude with the conditioning stimulus compared to 
without the conditioning stimulus indicated ICF. The testing 
stimulus intensity was set as the percentage of the %MSO 
that evoked a peak-to-peak MEP amplitude of approxi-
mately 1 mV at rest consistently for three consecutive trials. 
The conditioning stimulation intensity was set to 5%MSO 
below RMT. The unconditioned and conditioned MEPs were 

(A)

(B)

Vibrator

EMG leads

Vibrator

Fig. 1   Setup for TMS (a) and EEG (b) experiments
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obtained eight times each for SICI and also for ICF. The 
average peak-to-peak MEP amplitude values were used to 
compute SICI and ICF.

TMS analysis

A custom-made program in MATLAB (The MathWorks, 
Natick, MA, USA) was used to extract the peak-to-peak 
MEP amplitudes. All extracted data were visually reviewed 
for accuracy. The generalized extreme studentized deviate 
test (Rosner 1983) was used to detect outliers in the distribu-
tion of data points for each cortical excitability measure that 
had multiple measurements (conditioned and unconditioned 
MEPs which had eight data points each per subject). In the 
event of an outlier in the distribution of values for a single 
subject on a single parameter, this number was deleted. This 
occurred 4.8% for all data points. The MEPs were averaged 
across repetitions for each subject for each measure. The 
repetition-averaged data were assessed for normality before 
commencing subsequent analyses. Non-normality was not 
evidenced (Kolmogorov–Smirnov normality test p > 0.05) 
for all measures (RMT, SICI, and ICF). The vibration on 
and off conditions for each measure were compared using 
a paired t test. The significance level of 0.05/3, adjusted for 
multiple outcome variables (Bonferroni), was used. Addi-
tional paired t tests were performed to compare testing stim-
ulus intensities and unconditioned MEP amplitudes between 
the two vibration conditions. All statistical analysis was per-
formed using SAS (SAS Institute Inc, Cary, NC, USA).

EEG acquisition

Cortical sensorimotor activity measured by EEG was com-
pared between the two vibration conditions. Subjects were 
instructed to rest, then perform 2-s long grips, and rest again 
per visual cues. The beginning of subsequent grips was sepa-
rated by a random time interval between 7 and 8 s (s) (jit-
tered by the computer). Visual cues prompted subjects when 
to start the grip and when to rest. Subjects performed 20 
grips in 1 vibration condition followed by 20 grips in the 
other vibration condition in a single run of EEG collection. 
Subjects completed a total of five runs (100 grips in each 
vibration condition). The order of the vibration condition 
was randomized for each run and each subject. The vibrator 
was placed on the subject throughout the study (approxi-
mately 45 min), and was turned on or off depending on the 
vibration condition by the computer. During the trials for 
which the vibration condition was ‘on’, the vibration was 
continuously on throughout the half run duration including 
20 grips and rests in between. The vibration intensity was 
set to be subthreshold. Subjects were informed that there 
would be vibration applied to the wrist, but they did not 
know when the vibration would be applied. After the EEG 

testing was complete, when asked if they felt the vibration 
at any time during the EEG recording, all subjects reported 
that they did not feel the vibration during the EEG recording. 
Therefore, none of the subjects knew for which trials that the 
vibration was on.

Subjects were seated during the EEG testing. Subjects 
were instructed to perform precision pinch grip using the 
index finger and thumb of the left hand per visual cue. 
Visual cues were provided on a computer screen by a cus-
tom LabVIEW program (National Instruments, Austin, TX, 
USA) (Fig. 1b). For grip, subjects were instructed to produce 
and maintain 4 N grip force which they practiced prior to 
testing using force sensors (2 Mini40, ATI Industrial Auto-
mation Inc, Apex, NC, USA). This force level was deemed 
low enough not to induce excessive fatigue and also clearly 
distinguishable from the rest.

EEG signals were continuously recorded at 1 kHz using 
a 64-channel active electrode system (actiCAP, Brain Prod-
ucts GmbH, Gilching, Germany) and a Synamps2 amplifier 
system (Neuroscan, Charlotte, NC, USA). The electrode 
position followed the international 10–20 system with an 
average reference and a ground at AFz. The EEG cap was 
placed on the subject’s head, such that the Cz electrode was 
at the vertex. Each electrode site was hydrated using Super-
Visc gel (Brain Products GmbH, Gilching, Germany). All 
electrodes’ impedance was checked to be below 20 kΩ. EEG 
signals were amplified, applied with a bandwidth filter at 
0.10–200 Hz and a notch filter at 60 Hz, and recorded at 
1 kHz using the Neuroscan software (SCAN 4.5). The tim-
ing of the visual cues to grip and rest was recorded together 
with the EEG data by the Neuroscan software via an external 
trigger input.

EEG analysis

The EEG data were analyzed using MATLAB and the 
EEGLAB toolbox. The data were band-pass filtered at 
0.5–50 Hz. Independent component analysis was performed 
on the data to remove the sources of artifacts using the 
ADJUST algorithm (Mognon et al. 2011). Current source 
density estimates for surface potential were computed using 
a toolbox (Kayser and Tenke 2006). Then, data were divided 
into epochs ranging from − 2.5 to 4.5 s relative to the grip 
cue, with the time period before the grip cue (− 2.5 to 0 s) 
as the baseline (resting) brain activity. Epochs with values 
beyond − 450 to 450 µV were removed. This resulted in 
rejection of average 9% of the total trials for both vibration 
conditions, except for one subject for which over 90% of the 
trials were rejected. This one subject’s datum was excluded 
from the analysis.

Baseline power and event-related spectral perturba-
tion (ERSP) were obtained. The baseline power repre-
sents the resting brain activity. ERSP was obtained using 
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time–frequency analysis, and depicts the dynamic changes 
in power of the EEG frequency spectrum from the base-
line, specific for the grip activity. Specifically, reduction in 
power from the baseline with the grip task (event-related 
desynchronization, ERD) represents the brain activity for the 
grip, while ERD during grip termination represents the brain 
activity for grip termination (Alegre et al. 2003; Nakaya-
shiki et al. 2014; Platz et al. 2000; Toma et al. 2000; Ohara 
et al. 2000; Crone et al. 1998; Formaggio et al. 2015; Gross 
et al. 2005). ERSP was obtained in time bins of 32 ms and 
frequency bins of 1 Hz. The power for the alpha (8–12 Hz) 
and beta band (13–30 Hz) was computed by averaging over 
each frequency band. These frequency bands are chosen as 
they have been shown to be relevant for sensorimotor pro-
cessing, especially with sensory stimulation (Melgari et al. 
2013; Tecchiio et al. 2008; Pfurtscheller et al. 2001; Salenius 
et al. 1997).

For statistical analysis, two repeated-measures ANOVAs 
were performed for baseline power and ERD, separately. For 
baseline power, the independent variables included vibra-
tion condition (on vs. off), frequency band (alpha and beta), 
and electrode (FC4, C4, and CP4, covering the sensorimotor 
areas including premotor, motor, and sensory areas). For 
ERD, the independent variables included vibration condi-
tion (on vs. off), frequency band (alpha and beta), electrode 
(FC4, C4, and CP4), and task (initiating a grip and relax-
ing from a grip). Specifically, ERD for grip initiation was 
the event-related spectral perturbation averaged over the 1 s 
period immediately after the grip cue, and ERD for grip 
termination was the event-related spectral perturbation aver-
aged over the 1 s period immediately after the rest cue. In 
addition, to examine any change in baseline power or ERD 
over the testing session, potentially due to desensitization to 
the continuous vibration, an additional independent variable 
of first vs. second half of the testing session was included 
for both ANOVAs. All second-order interactions were also 
included in both ANOVAs. The significance level of 0.025 
(adjusted for multiple tests) was used. ANOVAs were per-
formed using SAS. Furthermore, a topographical distribu-
tion of the differences between the two vibration conditions 
was visually examined using t maps.

Results

TMS

Motor cortex excitability was compared between the wrist 
vibration on vs. off conditions for each measure (Fig. 2). 
The vibration resulted in a significant reduction in SICI 
(i.e., less inhibition) compared to vibration off (p = 0.014): 
The conditioned MEP was, on average, 39% of the uncon-
ditioned MEP (61% inhibition) with the vibration off vs. 

64% of the unconditioned MEP (36% inhibition) with the 
vibration on. The RMT and ICF were not significantly dif-
ferent between the two vibration conditions (p = 0.521 and 
p = 0.515, respectively).

The mean RMT ± SD was 39 ± 9%MSO. The condi-
tioning stimulus intensity mean ± SD was 34 ± 9%MSO, 
or 87 ± 4%RMT. The mean testing stimulus intensity was 
74 ± 16%MSO. The testing stimulus intensity for the paired 
pulse protocol was not significantly different between the 
vibration on and off conditions (p = 0.554). The uncondi-
tioned MEP amplitude was also not significantly different 
between the vibration on and off conditions (p = 0.298, 
mean ± SE = 1.0 ± 0.1 mV for vibration off, 1.1 ± 0.2 mV 
for vibration on).

EEG

Electroencephalogram power during rest and ERD for the 
grip was compared between the vibration on vs. off con-
ditions. During rest, repeated-measures ANOVA showed 
that EEG power significantly differed by the vibration 
condition (on vs. off), frequency band (alpha vs. beta), 
electrode (FC4/C4/CP4), and session (first vs. second 
half) (p < 0.025). No interactions were found to be signif-
icant (p > 0.5). Specifically, the resting power was lower, 
while the vibration was on, compared to while it was off 
(p = 0.011, mean ± SE = 12.8 ± 0.3 µV2/Hz for vibration 
on, 13.3 ± 0.3 µV2/Hz for vibration off). The t map show-
ing t statistics comparing vibration on vs. off for each 
electrode is shown in Fig. 3. The resting power was lower 
for the alpha than the beta frequency band (p = 0.001, 
mean ± SE = 12.7 ± 0.3 µV2/Hz for alpha, and 13.3 ± 0.3 µV2/
Hz for beta). The resting power was lowest for the FC4 
electrode (p = 0.001, mean ± SE = 12.6 ± 0.3 µV2/Hz for 
FC4, 13.4 ± 0.4 µV2/Hz for C4, and 13.1 ± 0.3 µV2/Hz for 
CP4). The resting power increased over the testing session 
(p < 0.001, mean ± SE = 12.6 ± 0.3 µV2/Hz for the first half, 
and 13.5 ± 0.3 µV2/Hz for the second half).

During the grip initiation and termination, ERSP time 
course is shown in Fig. 4a, b and topography is shown in 
Fig. 4c, d. ERD occurred shortly after the grip cue (at 0 s) 
and again shortly after the rest cue (at 2 s) for both alpha 
(Fig. 4a) and beta band (Fig. 4b), consistent with the litera-
ture (Crone et al. 1998; Pfurtscheller and Lopes da Silva 
1999; Gourab and Schmit 2010). ERD was topographically 
located in the bilateral sensorimotor cortical area for grip 
initiation and termination, for the alpha (Fig. 4c) and beta 
band (Fig. 4d), consistent with the literature (Alegre et al. 
2003; Nakayashiki et al. 2014; Platz et al. 2000; Toma et al. 
2000; Ohara et al. 2000; Crone et al. 1998; Formaggio et al. 
2015; Gross et al. 2005). The t map showed the topography 
for difference in ERD between the vibration on vs. off condi-
tions (Fig. 4, bottom row).
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Repeated-measures ANOVA showed that ERD signifi-
cantly differed by the vibration condition (on vs. off), fre-
quency band (alpha vs. beta), electrode (FC4/C4/CP4), task 
(grip initiation vs. termination), and interactions between 
frequency band and electrode, electrode and task, and fre-
quency band and session (p < 0.025). The main effect of ses-
sion (first vs. second half) and other second-order interac-
tions were not significant (p > 0.3). Specifically, vibration 
increased ERD (p = 0.009, mean ± SE = 1.6 ± 0.1 dB for 
vibration on, 1.4 ± 0.1 dB for vibration off, Fig. 4). ERD 

was greater for alpha than beta (p < 0.001, Fig. 4). ERD 
differed by electrode (p < 0.001) and electrode × frequency 
band (p = 0.001), in which mean ERD was the largest for 
C4 followed in order by CP4 and FC4 for the alpha band, 
whereas, for the beta band, mean ERD was the largest for C4 
followed in order by FC4 and CP4 (Fig. 4c, d). ERD differed 
by task (p = 0.018) and task × electrode (p = 0.009), in which 
mean ERD was larger for grip initiation than termination for 
C4 and CP4, and vice versa for FC4. As for the interaction 
between frequency band and session (p = 0.010), mean ERD 

Fig. 2   Comparison between the 
vibration on and off conditions 
for the resting motor thresh-
old (RMT) (a), short-interval 
intracortical inhibition (SICI) 
(b), and intracortical facilita-
tion (ICF) (c). Means with SE 
are shown as bar graphs with 
error bars. Individual subjects’ 
data are shown as lines. b, c 
Conditioned MEP amplitudes 
expressed as % of the uncon-
ditioned MEP amplitudes. 
Increase in values in b indicates 
reduced inhibition. A significant 
difference between the vibra-
tion on and off conditions was 
found for SICI only (noted with 
asterisk in b)
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Fig. 3   The t statistics compar-
ing power during baseline (rest) 
between the vibration ‘on’ and 
‘off’ conditions, for the alpha 
(a) and beta band (b), with the 
blue color indicating reduced 
power with vibration compared 
to without
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Fig. 4   The time course of event-related spectral perturbation (ERSP) 
is shown for the alpha (a) and beta band (b) for the two vibration 
conditions, with shades showing the standard error for each vibration 
condition. ERSP is expressed as change from the baseline power in 
dB. The vertical lines represent the times that the grip cue was pre-
sented to the subject at 0 s and the rest cue at 2 s. ERSP time course 
averaged for three electrodes (FC4/C4/CP4) is shown. Topography of 
event-related desynchronization (ERD) is shown for the alpha (c) and 

beta band (d). In c and d, the first column shows the topography for 
grip initiation (averaged over 1 s period immediately after the cue to 
grip), and the second column shows the topography for grip termi-
nation (averaged over 1  s period immediately after the cue to rest). 
The first row shows ERD topography for the vibration off condition, 
the second row for the vibration on condition, and the third row for t 
statistics comparing the vibration on vs. off conditions with the blue 
color indicating greater ERD with vibration compared to without
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decreased in the second half compared to the first half of the 
testing session for alpha (mean ± SE = 2.1 ± 0.1 dB for the 
first half and 1.9 ± 0.1 dB for the second half), whereas the 
opposite trend was seen for beta (mean ± SE = 1.0 ± 0.1 dB 
for the first half and 1.1 ± 0.1 dB for the second half).

Discussion

The main finding of this study is that subthreshold random-
frequency wrist vibration activated the sensorimotor cortex 
(as seen by reduced EEG power) and released intracortical 
inhibition of the primary motor cortex (as seen by reduced 
SICI, i.e., disinhibition) at rest. For grip activity, vibration 
resulted in additionally increased brain activity (as seen by 
greater EEG ERD). We postulate the mechanisms of these 
vibration effects as follows.

Pathway from peripheral stimulation to M1

At rest, subthreshold vibration, although imperceptible to 
subjects, may activate mechanoreceptors in the wrist skin 
and induce action potentials in the afferent neurons, because 
the minimum intensity of tactile stimuli on the palmar and 
wrist skin to activate sensory neurons (i.e., neuronal thresh-
old) is lower than the perceptual threshold (i.e., the mini-
mum intensity that is perceptible to a person) (Vallbo and 
Johansson 1984). Subthreshold electrical cutaneous stimu-
lation has been shown to induce evoked potentials in the 
somatosensory cortex (Nierhaus et al. 2015). In regards to 
EEG power, suprathreshold electrical or mechanical stim-
ulation decreases the EEG power over the sensorimotor 
cortex (compared to that without stimulation) at rest (Tec-
chiio et al. 2008; Pfurtscheller et al. 2001; Salenius et al. 
1997; de Moraes Silva et al. 2015). Specifically, beta power 
reduction indicates activation of the sensorimotor cortex for 
receipt and processing of the sensory stimulation (Tecchiio 
et al. 2008; Pfurtscheller et al. 2001; Salenius et al. 1997; 
de Moraes Silva et al. 2015). The present study shows that 
subthreshold vibration also decreased the EEG power over 
the sensorimotor cortex at rest (Fig. 3). To the authors’ best 
knowledge, this study is the first to show activation of the 
sensorimotor cortex in terms of resting EEG power reduc-
tion with subthreshold peripheral sensory stimulation.

Vibration affected not only beta (for sensory processing) 
but also alpha power. Alpha rhythm is generated by the tha-
lamic oscillator function of the lateral thalamic nuclei, and 
sensory afference disrupts this oscillator function, thereby 
reducing alpha power (Schreckenberger et al. 2004). The lat-
eral thalamic nuclei mainly project afferences to the sensory 
cortex, corroborating the observation that the alpha rhythm 
originates from postcentral sensory areas (Ohara et al. 2000; 
Ritter et al. 2009). Functionally, reduction in alpha power 

represents activation of a broad synaptic network with dis-
tributed cortical representations that provide an ancillary 
support (Crone et al. 1998) such as attention and release 
of inhibition (Jensen and Mazaheri 2010; Anderson and 
Ding 2011). Therefore, subthreshold vibration might have 
resulted in arousal and release of inhibition for the sensori-
motor cortex.

Decrease in power with vibration was spread over the 
frontoparietal areas (Fig. 3), suggesting that stimulation was 
received in the somatosensory/parietal area and further pro-
cessed in the premotor area, as secondary processing of sen-
sory input in the premotor area has been documented (Zhang 
and Ding 2010; Auksztulewicz and Blankenburg 2013). Fur-
thermore, the premotor cortex influences M1 (Civardi et al. 
2001). Functional connections from the S1 to M1 have been 
demonstrated in the long-latency (~ 50 ms) cutaneomuscular 
reflex (Jenner and Stephens 1982; Chen and Ashby 1993; 
Corden et al. 2000) and the positive correlation between S1 
and M1 excitability (Schabrun et al. 2012) and intracortical 
microstimulation studies (Kaneko et al. 1994a, b; Matyas 
et al. 2010).

Effect on M1

Through these pathways, it has been shown that suprath-
reshold electrical cutaneous stimulation (with intensity 2–3 
times the sensory threshold) reduces SICI in M1 (Ridding 
and Rothwell 1999; Ridding et al. 2005). The present study 
showed that subthreshold vibratory cutaneous stimula-
tion (with intensity 40% below the sensory threshold) also 
reduced SICI. Reduction in SICI was due to the sensory 
stimulation, not due to different stimulation parameters, as 
there were no significant differences in the unconditioned 
MEP sizes, test stimulus intensities, and conditioning stimu-
lus intensities between the stimulation on and off conditions. 
While SICI decreased, ICF and RMT did not change. These 
findings in which effects were seen only on SICI but not on 
ICF and RMT are consistent with the previous studies using 
cutaneous electrical stimulation (Celnik et al. 2007; Rosenk-
ranz and Rothwell 2003). SICI represents GABAergic inhib-
itory circuit activity, while ICF represents glutamatergic 
excitatory activity (Rossini et al. 2015). Therefore, change 
only in SICI could be because somatosensory-induced 
M1 excitability changes are predominantly influenced by 
GABAergic function (Kaelin-Lang et al. 2002). The lack 
of the overall excitability change (RMT and MEP) could be 
due to the low stimulation intensity and limited effects of 
this stimulation on spinal mechanisms, as the other studies 
have found effects on the overall excitability using suprath-
reshold stimulation (Schabrun et al. 2012; Ridding and Roth-
well 1999), contributed by spinal mechanisms (Claus et al. 
1988a, b). In summary, subthreshold vibration appears to 
have affected M1 through a GABAergic mechanism.



813Experimental Brain Research (2019) 237:805–816	

1 3

Stimulation of the wrist affected intracortical inhibition 
for the thumb. Spillover effects of sensory stimulation on 
TMS measures for muscles that are not directly related to 
the stimulation site were seen in the literature: cutaneous 
nerve stimulation of the index finger decreased SICI for not 
only the first dorsal interosseous (FDI), but also the APB 
and abductor digiti minimi (ADM), and cutaneous nerve 
stimulation of the little finger decreased SICI not only for 
ADM but also for FDI and APB using ISI of 3 ms (used in 
the present study) (Ridding et al. 2005). This spillover effect 
may in part be explained by the vibration affecting the alpha 
rhythm that tends to be topographically diffused (Crone et al. 
1998) and provides ancillary support such as attention and 
release of inhibition (Jensen and Mazaheri 2010; Anderson 
and Ding 2011), and may parallel GABAergic intracorti-
cal inhibition (Jensen and Mazaheri 2010). Similar obser-
vations were made in the literature in which imperceptible 
random-frequency peripheral stimulation influenced broad 
brain areas (Ward et al. 2010; Kitajo et al. 2007; Mendez-
Balbuena et al. 2015) and led to behavioral changes beyond 
the site stimulated (Seo et al. 2015; Lugo et al. 2008). This 
diffusivity supports the previous reports on subthreshold 
wrist vibration’s effects on fingertip sensation (Enders et al. 
2013; Lakshminarayanan et al. 2015) and hand motor func-
tion (Seo et al. 2014).

Effect of vibration on grip‑related ERD

The subthreshold vibration not only changed the resting 
EEG power, but also increased the extent of brain activity 
for grip initiation and termination. This grip-specific change 
with vibration was additional to the change at rest, i.e., EEG 
power was reduced with vibration at rest, yet more reduc-
tion in power was observed during grip with vibration com-
pared to without. This amplified ERD for grip with sensory 
stimulation may have been enabled by decrease in cortical 
inhibitory circuit activity (as seen by decreased SICI in the 
present study) along with reduction in top–down inhibi-
tion (Klimesch et al. 2007; Hummel et al. 2002) (as seen by 
decreased baseline alpha power) at rest. Greater alpha ERD 
with vibration may reflect increase in general excitability 
and supporting network activity (Crone et al. 1998; Jensen 
and Mazaheri 2010; Anderson and Ding 2011) for the grip 
task. Greater beta ERD with vibration may reflect increase 
in either motor planning/coordination activity or movement-
induced afferent input (Alegre et al. 2003; Nakayashiki et al. 
2014; Formaggio et al. 2015; Gross et al. 2005). On the 
flip side, a lack of afferent input due to pure somatosensory 
stroke has been shown to result in reduced ERD (Platz et al. 
2000). Together, the present study results and literature sug-
gest that somatosensory afference contributes to the release 
of inhibition for movement and sensorimotor activity.

Change over time

The potential of changing effects of the vibration over time 
was examined only in the EEG study. The EEG testing lasted 
for approximately 45 min. Baseline power increased from 
the first half to the second half of the EEG session, which 
may be associated with reduced attention for subjects over 
the testing duration. However, the effects of the stimula-
tion on the EEG resting power and ERD were consistent 
over time, as it did not significantly alter from the first half 
to the second half of the testing session (with the interac-
tion between vibration condition and session of p = 0.481 
for resting power and p = 0.731 for ERD). Potential sensory 
habituation may have been minimized possibly by the ran-
dom characteristics of the vibration frequency or breaks in 
between.

Implication

The result of this study may be relevant as this vibration is 
considered for use during rehabilitation and motor learn-
ing. The GABAergic circuits play a role in maintaining the 
boundaries of the cortical motor map and a decrease in local 
GABAergic activity is essential in motor cortical plasticity 
and reorganization after injury (Jacobs and Donoghue 1991; 
Bachtiar and Stagg 2014). For instance, less intracortical 
inhibition in the acute phase of stroke was associated with 
greater improvement in motor function many months after 
stroke (Huynh et al. 2014; Liuzzi et al. 2014). Similarly, 
motor skill learning has been shown to be accompanied 
by reduction of SICI, indicating its role in use-dependent 
plasticity (Coxon et al. 2014; Berghuis et al. 2015). In addi-
tion, a decrease in alpha power during motor learning was 
attributed to increased attention to the task with maximal 
readiness and information processing capacity (Zhuang et al. 
1997). Thus, a reduction of SICI and greater ERD for grip 
with imperceptible wrist vibration may potentially prime the 
sensorimotor cortex to facilitate hand motor activity, skill 
learning, and reorganization. However, practical utility for 
rehabilitation or motor learning must be further investigated.

Conclusions

The present study showed that subthreshold random-fre-
quency vibration applied to the wrist led to release of inhibi-
tion for the APB muscle in M1, suppression of resting alpha 
and beta rhythms, and increased grip-related ERD activity, 
indicating increased excitability/activity of the sensorimo-
tor cortex. These effects may explain improvements in hand 
motor function using the stimulation in earlier studies. The 
effects are similar to those of the existing peripheral sen-
sory stimulation. The specific modality using subthreshold 



814	 Experimental Brain Research (2019) 237:805–816

1 3

wrist vibration can be mobile and cannot be detected, and, 
thus, may have advantages in motor learning or rehabilita-
tion settings.
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