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Abstract 

Objective 

Rehabilitation interventions contribute to recovery of impaired postural control, but it 

remains a priority to optimize their effectiveness. A promising strategy may involve 

transcranial direct current stimulation (tDCS) of brain areas involved in fine-tuning of 

motor adaptation. This study explored the effects of cerebellar tDCS (ctDCS) on 

postural recovery from disturbance by Achilles tendon vibration. 

Methods 

Twenty-eight healthy volunteers participated in this sham-ctDCS controlled study. 

Standing blindfolded on a force platform, four trials were completed: 60 sec quiet 

standing followed by 20 min active (anodal-tDCS, 1 mA, 20 min, N=14) or sham-

ctDCS (40 sec, N=14) tDCS; three quiet standing trials with 15 sec of Achilles tendon 

vibration and 25 sec of postural recovery. Postural steadiness was quantified as 

displacement, standard deviation and path derived from the center of pressure (COP).  

Results 

Baseline demographics and quiet standing postural steadiness, and backwards 

displacement during vibration were comparable between groups. However, active-

tDCS significantly improved postural steadiness during vibration and reduced forward 

displacement and variability in COP derivatives during recovery.  

Conclusions 

We demonstrate that ctDCS results in short-term improvement of postural adaptation 

in healthy individuals. 

Significance 

Future studies need to investigate if multisession ctDCS combined with training or 

rehabilitation interventions can induce prolonged improvement of postural balance.   
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Highlights 

 Rehabilitation interventions for recovery of postural control are time

consuming and costly.

 Offline cerebellar tDCS can improve postural steadiness in a healthy

population.

 These findings may have implications for optimizing rehabilitation

interventions in clinical settings.



  

4 

1. Introduction

Adaptive postural control is essential for almost all aspects of every day life. 

Impaired postural control results in substantial functional limitations in advanced age 

(Maki and McIlroy, 1996) and in pathological ageing conditions like stroke (Beyaert 

et al., 2015), Parkinson’s disease (Schoneburg et al., 2013) or multiple sclerosis 

(Huisinga et al., 2012). Although rehabilitation and conditioning programs have 

shown promising results in recovery of postural control, those interventions are 

typically time and cost intensive and may only yield moderate effects (Howard-

Wilsher et al., 2016, Smania et al., 2011, Yitayeh and Teshome, 2016). Optimizing 

the effectiveness of such interventions by reducing the time and effort required to 

achieve beneficial outcomes is therefore of utmost importance for aging societies 

worldwide.    

Postural stability and balance are supported by the dynamic interplay of 

spinal, supra-spinal, subcortical and cortical neural mechanisms (Jacobs and Horak, 

2007). Among those, the cerebellum contributes to adaptive postural control by fine-

tuning motor programs (Ioffe et al., 2007). This is particularly important during task 

conditions that require trial-and-error adaptation of motor behaviors (Diedrichsen et 

al., 2005, Ito, 2002) or when the postural system is challenged by altered sensory 

inputs (Winter, 1995) or neurological injury (Grimaldi et al., 2016, Horak and Diener, 

1994). Consequently, substantial interest has recently emerged to investigate whether 

cerebellar function can be enhanced by means of transcranial direct current 

stimulation (Ferrucci et al., 2015, Grimaldi et al., 2014). 

tDCS involves delivering a weak electrical current to the brain via scalp 

attached electrodes. The current modulates neural excitability at the stimulation site 

(Stagg and Nitsche, 2011), but also affects functionally connected distant brain 

regions (Meinzer et al., 2013, Polania et al., 2011). tDCS has a beneficial safety 

profile (Fregni et al., 2015) and has been shown to allow promotion of long-lasting 

enhancements of learning and neuroplasticity in health and disease (Cohen Kadosh et 

al., 2010, Meinzer et al., 2016, Meinzer et al., 2014, Reis et al., 2009). Moreover, a 

number of previous studies have demonstrated that tDCS administered to cortical 

sites, like the primary motor or prefrontal cortex, can enhance postural control in 

healthy individuals (Dutta et al., 2014, Zhou et al., 2014) and in patients with cerebral 

palsy, Parkinson’s disease and stroke (Fregni et al., 2006, Grecco et al., 2017, Kaski 

et al., 2014, Saeys et al., 2015) However, while previous studies have demonstrated 
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that cerebellar tDCS (ctDCS) can improve motor learning in healthy individuals (e.g., 

Block and Celnik, 2013, Galea et al., 2009, Hardwick and Celnik, 2014), potential 

beneficial effects on postural control have not yet been investigated. Such an 

approach would be of particular interest as an adjunct treatment approach in patients 

with cerebral lesions where clinicians are interested to facilitate activity in spared 

cortical regions that rely on cerebellar inputs (Grimaldi et al., 2014). Furthermore, 

ctDCS could significantly improve the responsiveness to balance training and reduce 

the duration of standard rehabilitation programs (Yitayeh and Teshome, 2016), which 

may in turn improve adherence and therapeutic outcomes.     

The purpose of the present study was to investigate for the first time whether 

ctDCS can improve postural recovery in response to repeated postural perturbations in 

a healthy population. Specifically, we manipulated proprioceptive input during 

upright standing using bilateral Achilles tendon vibration, which is known to result in 

an inappropriate, gradual ‘corrective’ backward body movement and a more abrupt 

recovery of balance after cessation of the vibration (Ceyte et al., 2007, Lackner and 

Levine, 1979, Winter, 1995). Both postural reactions are mediated by means of 

sensory feedback mechanisms and anticipatory postural adjustments (Ioffe et al., 

2007, Yanagihara, 2014). The primary hypothesis of the present study was that 

postural adaptation during vibration and after Achilles tendon vibration would 

improve over subsequent trials, but that this improvement would be greater in the 

active (i.e., anodal) ctDCS group compared to the placebo (sham) group. We also 

hypothesized to observe more pronounced effects of ctDCS during the more 

challenging recovery phase. 

2. Methods

2.1 Study overview 

This study assessed the impact of bilateral active ctDCS on standing balance 

in a randomized, sham controlled, double-blind, between subjects design in healthy 

young individuals. Across three consecutive experimental trials, participants received 

bilateral Achilles tendon vibration while being blindfolded and standing on a force 

platform (Figure 1A). Active or sham ctDCS was administered for 20 min in a seated 

position prior to the start of the experimental phase. Potential beneficial offline effects 

of anodal ctDCS on postural balance during and following the vibration phase were 
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explored by comparison of postural performance of the active and sham groups. All 

procedures were in accordance with the Helsinki Declaration and had been approved 

by the Research Ethics Committee of the University of Queensland. 

- insert Figure 1 here –

2.2 Participants 

Twenty-eight healthy adults volunteered to participate in this study a n d were 

randomly assigned to the two stimulation conditions (14 per group based on 28 

predefined codes that triggered either active or sham cerebellar tDCS). This resulted 

in two participant groups that were comparable for baseline demographic variables 

and balance and activity measures (see results section for details). Participants 

provided signed informed consent prior to study inclusion and were compensated with 

AU$50 upon completion of the study. 

2.3 Experimental set-up and procedures 

Participants attended a single experimental session during which they were 

asked to stand barefoot on a force platform (AMTI, force-sensing treadmill, 

Watertown, MA) in a natural position with the feet hip-width apart (Figure 1A). Foot 

positions on the force-platform were marked using tape for appropriate repositioning 

across trials. Participants were instructed to stand relaxed with their head upright, 

their gaze straight ahead and their arms at their sides.  

All sessions started with 60 s of blindfolded quiet standing without any 

vibration in order to assess baseline postural steadiness. Subsequently, 20 min of 

active or sham cerebellar tDCS were administered (for details see below), after which 

participants were repositioned on the force platform for the experimental trials. 

Bilateral Achilles tendon vibration was administered during the three experimental 

trials using two custom built mechanical vibrating devices, consisting of small DC 

motors with eccentric masses contained within a cylindrical PVC housing. The 

devices were attached to the skin with double sided tape and secured in place using 

foam cuffs surrounded by Velcro straps. For consistency, the devices were attached to 

the ankles at baseline and during the three vibration trials, but were only activated 

during the latter producing a vibration frequency of 75Hz with an amplitude of 1.5 

mm.
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The pre-vibration phase was kept variable (8-15 s) to ensure that the onset of 

the vibration was unpredictable and to prevent for anticipatory postural strategies. The 

following vibration (VIB) phase lasted for 15 s, which was followed by 25 s of 

recovery of quiet stance (REC). Participants were blindfolded for the duration of the 

experimental trials (i.e., pre, during and after vibration). However, the blindfold was 

temporarily removed during short breaks (1-2 min) between each vibration session, 

during which the participants remained on the force platform.  

Postural control during standing is mostly referred to as the ability to 

minimize postural sway during quiet standing as well as to maintain balance during 

posturally challenging conditions (Winter, 1995). Although independent from the 

center of mass, the center of pressure (COP) can be considered a surrogate for the 

trajectory of the center of mass during quiet stance (Winter et al., 1990). Postural 

balance was therefore quantified as the COP as derived from the 3D ground reaction 

forces and moments from the force platform. Data were sampled at 2000 Hz using a 

14-bit analogue-to-digital converter with Qualisys Track manager data acquisition

software (Qualisys AB, Gothenburg Sweden). 

2.4 Transcranial direct current stimulation 

A constant direct current was administered using a one-channel direct current 

stimulator (NeuroConn DC-Stimulator Plus™) with study mode enabled for double 

blinding. Following the baseline trial of quiet standing, participants of both groups 

were seated in a chair for 20 minutes to receive either active or sham cerebellar tDCS 

prior to the subsequent vibration and recovery phases. Offline ctDCS protocols like 

the one used in our study have previously yielded positive results in healthy 

individuals and patient populations (for review see van Dun et al. (2017)). More 

importantly, the equipment could be removed from the head of the participants prior 

to the experimental trials to prevent possible equipment damage in case of falls.  

In both conditions, the current was ramped up to 1 mA over 10 s, which 

induces an initial tingling sensation on the scalp to assure blinding of the participants 

(Gandiga et al., 2006). While the majority of ctDCS studies have used higher 

stimulation intensities, significant neurophysiological and behavioral effects have also 

been demonstrated with 1 mA (van Dun et al., 2016). The stimulation was ramped 

down over 10 s in both conditions (after 20 min in the active ctDCS group and after 

40 s in the sham ctDCS group). The stimulation was administered using two 
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conductive rubber electrodes that were inserted in saline solution soaked sponge 

pockets (anode: 5x7 cm
2
, cathode: 10x10 cm

2
). The large size of the reference 

electrode renders it functionally inert without compromising the effects under the 

anode (Stagg and Nitsche, 2011).  The anode was positioned over the cerebellum with 

the center of the electrode located approximately 1.5 cm below the inion (Ferrucci et 

al., 2015). The reference electrode was positioned centrally on the forehead to avoid 

lateralized current flow. Please note, this project did not have access to a multi-

channel stimulator which would have allowed for using two anodes and catho  de s over 

the left and right cerebellum and supraorbital cortex. To finalize the experiment, 

participants were asked to guess whether they had received active or sham cerebellar 

tDCS.  

In order to provide computational support for the effectiveness of cerebellar 

stimulation using the electrode montage in this study, we modelled electric field 

intensity (EFI) using the COMETS2 Toolbox. This toolbox allows to generate 

hexahedral electrode pads which simulate sponge-type electrodes of different sizes 

and angles and estimate EFI based on a realistic human head model composed of 

scalp, skull, cerebrospinal fluid, and brain (Lee et al., 2017). 

2.5 Questionnaires and rating scales 

Each experimental session started with completion of a tDCS Safety 

Screening Form and a set of rating scales assessing physical activity levels (Rapid 

Assessment of Physical Activity, RAPA (Topolski et al., 2006)), current fatigue levels 

(11-point visual analogue scale, VAS, 0=no-fatigue to 10=severely fatigued) and 

current mood status (mean positive and negative mood ratings; Visual Analogue 

Mood Scale, VAMS, Folstein and Luria (1973)). Following the last trial, participants 

were asked to complete the fatigue and mood scales again as well as an adverse 

effects questionnaire (Brunoni et al., 2011). The latter assessed ten common adverse 

effects reported in tDCS studies (i.e., headache, tingling, itching, head and scalp pain, 

burning, sleepiness, problems concentrating and mood changes) on a scale from 1-4 

(1=absent, 2=mild, 3=moderate, 4=severe). 

2.6 Data analysis 

Bilateral Achilles tendon vibration predominantly results in a pronounced 

backward movement, followed by a rapid forward recovery movement upon 
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termination of vibration (Lackner and Levine, 1979, Winter, 1995). Therefore, our 

analyses focused on movements in the sagittal plane. All experimental data were 

processed and analyzed offline using MATLAB. Data were first low pass filtered 

using a 4
th

 order Butterworth filter with a cut-off frequency of 20 Hz and then down 

sampled to 200 Hz. All data were normalized to the average COP during the last five 

seconds of quiet standing prior to the start of the Achilles tendon vibration trial (i.e., 

mean signalduring vibration - mean signalpre-vibration). Data analysis focused on the baseline, 

vibration and recovery sections of all trials (Figure 1B). We used three of the most 

commonly used COP parameters to investigate postural control that also have good 

test-retest reliability (Panzer et al., 2011, Ruhe et al., 2011, Takacs et al., 2014). COP 

displacement (COPDISP) reflects body excursion/inclination; i.e., the magnitude of 

deviation of the center of pressure (forward or backward). Less deviation indicates 

better postural balance (Panzer et al., 2011). The other two, standard deviation 

(COPSD) and total path length (COPPATH) provide information about the variability 

during the excursion or sway, or the steadiness of the COP signal (Takacs et al., 

2014). Smaller values for all of these parameters are proposed to indicate greater 

postural stability (Palmieri et al., 2002).  

2.7 Statistical analysis 

Demographic characteristics of the participants, baseline quiet standing data of 

and degree of adverse effects were compared in the two stimulation groups using two-

sample t-tests or Chi
2
-tests as appropriate. Repeated measures ANOVAs compared 

data acquired during the vibration and recovery phases in both stimulation conditions 

with the between subjects factor, STIMULATION and the within factor TIME (i.e., 

three consecutive experimental trials). To assess potential changes in mood, means of 

positive (VAMSPOS: energetic, happy) and negative (VAMSNEG: afraid, confused, sad, 

tired, angry, tense) scales and fatigue levels were compared within (paired t-tests) and 

between groups (two-sample t-test on differences between pre-post assessments). 

Statistical significance level was set at P < 0.05. Data are expressed as mean ± SD in 

text and figures. 

3. Results

3.1 Demographics and questionnaires 
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The two stimulation groups were matched for gender (sham- vs. active- 

cerebellar tDCS: 7 vs. 9 females, 7 vs. 5 males, p=0.46), age (25.14 ± 4.44 vs. 25.64 ± 

3.82 years, P=0.75), and body mass index (23.87 ± 4.03 vs. 23.31 ± 5.84 kg/m
2
, 

P=0.77). In addition, baseline physical activity measures (11.50 ± 5.93 vs. 11.85 ± 

4.47, P=0.85) did not differ between the two groups. All participants tolerated the 

stimulation well and only mild adverse effects were observed. No significant 

differences were found between the stimulation groups, except for mild tingling, 

which was rated as more pronounced in the active cerebellar tDCS group (see Table 1 

for details).  

- insert Table 1 here -

The type of stimulation was guessed correctly at the end of the session by 6/14 

participants in the sham group and by 6/14 participants in the active group. Thus, 

despite more pronounced mild tingling in the active group, the proportion of correct 

guesses was identical and below chance level in both groups. Fatigue levels were not 

different before and following conclusion of the experimental sessions in the two 

groups, as were changes over time (pre/post sham vs. active: 3.35 ± 2.82/3.07 ± 2.43 

vs. 2.89 ± 1.55/2.39 ± 1.71, all P=0.26-0.67). 

No changes in positive and negative mood ratings were observed in the two 

stimulation groups (pre/post sham vs. active cerebellar tDCS VAMSPOS: 36.42 ± 

24.78/41.14 ± 25.67 vs. 47.57 ± 28.49/43.85 ± 29.62; VAMSNEG: 15.55 ± 12.57/10.28 

± 8.58 vs. 10.29 ± 8.06/8.28 ± 9.75, all P=0.06-0.75). The change from pre-to post 

mood ratings was also comparable between stimulation conditions for both positive 

and negative mood ratings (P=0.27-0.79).  

3.2 Postural steadiness 

3.2.1 Baseline trial 

During the initial 60 s of quiet standing without ankle vibration, both groups 

showed similar postural steadiness over time (Figure 2, first column, P=0.49, 0.38 and 

0.58 respectively).  

- insert Figure 2 here -
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3.2.2 Vibration phase 

Both groups showed an immediate disturbance of quiet standing at the onset 

of vibration, quantified by a gradual posterior shift in COPDISP, which persisted during 

the entire 15 s of vibration (Figure 1B illustrates a typical trial) that was similar 

between groups (F(1.26)=2.00, P=0.16, Figure 2A, middle column). Despite the 

marked disturbance to quiet standing, all participants managed to complete the trials 

without stepping or falling. 

The impact of the disturbance gradually decreased across the three 

consecutive trials in both groups for all parameters (Figure 2A-C, middle column) as 

a result of adaptive learning (main effect TIME: F(2,52)=7.53/15.94/12.03, all P<0.01 

for COPDISP, COPSD and COPPATH respectively). Nonetheless, the vibration resulted in 

a statistically significant postural disturbance across all COP parameters and time 

points in both stimulation groups (all t(13) >7.05, all p<.0001). Although there was no 

difference in COPDISP between the two groups, COPSD and COPPATH were 

significantly smaller in the active group across all three trials (main effect 

STIMULATION: both F(1,26)>7.75, P<0.01). TIME and STIMULATION 

interactions were not significant (all P>0.23). 

3.2.3 Recovery phase 

Cessation of Achilles tendon vibration resulted in a rapid and immediate 

recovery response, quantified by an anterior shift in COP that significantly overshot 

the COP observed during quiet standing prior to vibration (see Figure 1B for a typical 

example). This immediate anterior overshoot was followed by an oscillating recovery 

sway pattern that gradually resided. Although both groups showed similar posterior 

COPDISP during the vibration phase, the immediate anterior COPDISP as a result of 

termination of vibration significantly differed between groups (Figure 2A, right 

column) and was smaller in the active group (STIMULATION: F(1,26)=6.77, 

P<0.05). Similarly, COPSD and COPPATH were significantly lower in the active group 

(P<0.05 and P<0.01, respectively) reflecting a smaller impact of the disturbance to 

postural steadiness to the active group (Figure 2B and C, right column). Performance 

of postural steadiness improved across trials in both groups (TIME: F(2.52) = 

12.08/8.39/8.09, all parameters P<0.01, for COPDISP, COPSD and COPPATH 

respectively). None of the interactions between TIME and STIMULATION were 

significant (all P=0.10-0.58).    
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3.3. Current modeling 

Current modeling demonstrated that the montage used in the present study 

effectively targeted the cerebellum (see Figure 3 for details). The intensity of the 

induced electric field was maximal underneath and adjacent to the anode affecting 

primarily ventral and dorsolateral aspects of the cerebellum and the cerebellar vermis, 

with some spread to occipito-parietal regions. Additional effects were observed at the 

edges of the cathode, with highest EFI in the ventral prefrontal cortex. 

- insert Figure 3 here –

4. Discussion

The present study investigated for the first time the potential beneficial effects 

of anodal cerebellar tDCS on the control of adaptive postural balance during and 

immediately after a sensory perturbation in young healthy individuals. We 

demonstrate that the active cerebellar tDCS group performed significantly better in 

regaining and maintaining standing postural steadiness compared to the group that 

had received sham tDCS, both during the vibration phase and also the subsequent 

recovery phase.  

Achilles tendon vibration during quiet standing is an established paradigm to 

investigate adaptive postural control. Adaptation in response to the sensory 

perturbation typically results in gradual sensorimotor adaptation and improvement of 

performance indicated by decreased magnitudes of different COP parameters   eyte 

et al ,     , Paillard and  o , 2015). In the present study, both groups showed 

gradual improvement in standing balance performance during and following vibration 

across the three consecutive trials, which illustrates this adaptive process. Importantly, 

displacement in response to Achilles tendon vibration showed the weakest behavioral 

adaptation across trials in both groups, which suggests that the initial posterior 

displacement is largely driven by the abrupt and strong sensory disturbance. Contrary, 

cessation of the vibration stimulus only requires a corrective postural response (i.e., a 

system inherent process involving the cerebellum). Therefore, it is not surprising that 

ctDCS had stronger effects during the recovery phase, i.e., when additional sensory 

input had ceased. Moreover, despite similar gross displacement in the two stimulation 
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groups, lower path length (COPPATH) and reduced variability (COPSD) in the active 

ctDCS group suggest better fine tuning of postural control already during the 

vibration phase, which was maintained during the recovery phase.  

Notably, participants in the sham ctDCS group showed the expected pattern of 

gradual improvement due to learning over consecutive vibration and recovery trials. 

On the other hand, participants in the active ctDCS group showed significantly lower 

and more consistent COP values already during the first trial and this effect was 

maintained during subsequent trials. Moreover, the sham ctDCS group only reached 

the performance level of the active ctDCS group during the last of the three trials. 

This finding is in line with previous studies that demonstrated significantly improved 

locomotor and visuo-motor adaptation to perceptual disturbances with anodal 

compared sham ctDCS (Block and Celnik, 2013, Galea et al., 2009, Hardwick and 

Celnik, 2014, Jayaram et al., 2012). The faster and more efficient postural adaptation 

induced by active stimulation, warrants exploration of this type of intervention in 

combination with behavioral training in elderly individuals or patient populations 

with impaired postural balance (e.g., Parkinson’s disease or stroke). It needs to be 

noted that several recent studies failed to find positive effects of ctDCS on postural 

control (e.g., Steiner et al. 2016) or reported positive effects of inhibitory cathodal 

ctDCS (e.g., Inukai et al. 2016). However, the protocol used in the latter study 

substantially deviated from our study (e.g., regarding stimulation parameters, outcome 

measures, visual cues) and only assessed ctDCS effects on quiet standing 

performance (i.e., no disturbance requiring adaptive postural control was 

investigated). Likewise, while the study by Steiner et al. (2016) involved learning of a 

complex motor skill, the authors speculated that their healthy young subjects may 

have performed at “maximum possible learning level”, which may have prevented 

further improvement by ctDCS. Nonetheless, these studies highlight that multiple 

factors that are currently not well understood mediate ctDCS response (van Dun et al., 

2016). 

An important aspect in both experimental and clinical tDCS studies is the 

timing of the stimulation with regard to the intervention. For example, beneficial 

effects of motor cortex tDCS have been demonstrated when the stimulation was 

administered either prior to (Cabral et al., 2015) or during task performance (Nitsche 

et al., 2003, Stagg et al., 2011). Similarly, cerebellar tDCS has been shown to impact 

motor behavior or cognition when administered prior to or during task performance 
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(for review (van Dun et al., 2016)). With regard to other types of motor adaptation, 

the majority of studies reporting positive behavioral stimulation effects administered 

ctDCS during task performance, thereby exploring online effects of the stimulation 

(e.g., Galea et al., 2009, Hardwick and Celnik, 2014, Jayaram et al., 2012).  In the 

present study, we administered tDCS prior to the vibration and recovery phases in a 

seated position (partly for safety reasons, please see methods section), thereby 

exploiting the after effects of tDCS. Motor cortex tDCS effects have been 

demonstrated to outlast the end of the stimulation period by approximately 60-90 min 

(Nitsche et al., 2007). However, it is currently unknown whether the after effects of 

ctDCS follow the same time course as those observed after motor cortex stimulation. 

Nonetheless, our results suggest that this approach was sufficient to improve postural 

adaptation, which is also in line with previous studies demonstrating significant 

modulation of neurophysiological parameters and behavior when using offline 

protocols (for reviews see van Dun et al. (2016 and 2017)).  

Regarding the underlying neural mechanisms in the present study: A relatively 

large network of brain regions, including sensory-motor and premotor regions, the 

basal ganglia and thalamus, fronto-parietal regions and the cerebellum has been 

implicated in postural control and adaptation to postural disturbance (Lalonde and 

Strazielle, 2007). Parts of the cerebellum (i.e., anterior and posterior lobe, anterior 

vermis) and the prefrontal cortex are recruited during task conditions that impose 

challenges on postural control and require integration of proprioceptive information 

from the foot and ankle regarding body sway as in the present study (Diedrichsen et 

al., 2005, Goble et al., 2011, Ito, 2002, Ouchi et al., 1999, Winter, 1995). Here, the 

cerebellum is thought to mediate compensatory postural reactions by means of 

sensory feedback loops, but also anticipatory postural adjustments via feedforward 

mechanisms (Ioffe et al., 2007, Yanagihara, 2014). Importantly, our current modeling 

results suggest that both the lateral cerebellum and the vermis were directly affected 

by the current montage. 

However, it is important to note that conventional tDCS set-ups that use 

relatively large rubber pads like the one we used in the present study and, to the best 

of our knowledge, all previous studies that used ctDCS (for review see van Dun et al. 

(2017)) do not allow attributing stimulation effects to the target region alone. Indeed, 

for cortical montages, current spread to neighboring regions or regions in between the 

active and reference electrode has been demonstrated, as well as neural network 
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effects of tDCS in functionally connected regions (Kuo et al., 2013, Meinzer et al., 

2012). While ctDCS may result in more focal stimulation of the cerebellum when the 

return electrode is attached over extra cephalic regions or the cheek (Parazzini et al., 

2014, Rampersad et al., 2014), recent functional imaging studies have demonstrated 

similar widespread modulation of functionally connected brain regions by ctDCS 

(D'Mello et al., 2017, Turkeltaub et al., 2016). Likewise, the electric field induced by 

the montage that was used in the present study affected relatively large cerebellar 

regions, mostly in task-relevant ventrolateral and medial cerebellar regions, which 

likely resulted in modulation of activity in multiple functionally connected brain 

regions. Therefore, the exact neural mechanisms underlying our positive behavioral 

effects need to be determined in the future. 

There is also evidence for distinct roles of the cerebellum and the motor cortex 

in the process of acquisition and retention of adaptive motor learning. For example, 

Galea et al. (2011) demonstrated that cerebellar tDCS caused faster visuomotor 

adaptation, resulting in a rapid reduction in reaching movement errors. Stimulation of 

the primary motor cortex, however, resulted in augmentation of retention of the learnt 

adaptation. Our results similarly show an immediate improvement in postural 

steadiness in the cerebellar tDCS group, indicating rapid acquisition of adaptive 

motor skills. Future studies are thus required to tease apart the contribution of both 

regions to long-term maintenance of the immediate gains reported in the present 

study. 

5. Limitations

Achilles tendon vibration during standing postural balance is an elegant and 

well accepted paradigm to study postural adaptation in healthy individuals (Lackner 

and Levine, 1979). However, the fast habituation to repeated exposure to vibration, 

which is strongest after the first trial and can last for hours or even days (Rogers et al., 

1985, Thompson et al., 2007, Wierzbicka et al., 1998), limits the potential to test 

performance of postural steadiness in within-subject designs. Similar to previous 

studies that employed different adaptation paradigms (Hardwick and Celnik, 2014, 

Panouillères et al., 2015), we opted for a between group design and carefully matched 

participants for baseline demographic and physical activity variables. Moreover, no 

differences were found with regard to quiet standing COP parameters prior to tDCS 

and the gradual posterior displacement was comparable between the two groups. 
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Thus, while participants in the two stimulation groups were comparable with regard to 

those parameters, it needs to be acknowledged that we were unable to assess potential 

baseline differences in vibration susceptibility. However, the initial backward 

displacement during vibration was virtually identical in the two groups and the sham 

ctDCS group showed a gradual pattern of adaptation across trials during recovery, 

which is typical for the Achilles tendon paradigm. Contrary, the active ctDCS group 

showed maximal adaptation already on the first trial and maintenance of this effect 

over time. Those factors argue against the possibility that baseline differences in 

vibration susceptibility explain our results.  

While the present study demonstrated that cerebellar tDCS can improve 

standing postural balance, the results do not provide insights into the underlying 

mechanisms of these adaptations. This needs to be scrutinized in future studies using 

additional neurophysiological measures of motor system excitability. In addition, 

long-term effects of cerebellar tDCS and interactions with different types of motor 

adaptation or rehabilitation programs need to be investigated.  

6. Conclusions

In sum, the results of our study suggest that cerebellar tDCS is suited to induce 

short-term improvement of postural control even in absence of concurrent motor 

training. This may have implications for future studies aiming to enhance the 

effectiveness of training and rehabilitation programs in clinical populations with 

impaired postural control.   
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Figure legends 

Fig. 1. Overview of the protocol with the experimental trials following the 60 s of 

baseline quiet standing and 20 min of the seated active or sham tDCS. Participants 

were repositioned on the force platform with a blindfold and vibration devices (A) 

Three consecutive trials were performed all consisting of quiet standing (variable 

duration to prevent predictability of vibration onset, 8-15 s), 15 s of vibration and 25 s 

of recovery during which ground reaction forces and torques were recorded. (B) The 

center of pressure (COP) served as a surrogate for the trajectory of center of mass. A 

representative example of the COP signal of one participant during the three 

experimental phases (i.e., quiet standing, vibration and recovery phases) are shown.    

Fig. 2. Postural steadiness for the sham (open circles) and active (filled circles) 

cerebellar tDCS groups during 60 s of quiet standing and across three consecutive 

experimental trials. With COPDISP (A), COPSD (B) and COPPATH (C) for the baseline, 

vibration and recovery phases, respectively. Negative displacement indicates a 

backward shift of COP, while positive displacement indicates a forward shift of COP. 

Fig. 3. Illustrates current modelling results: (A) lateral views: left image = right 

hemisphere (B) dorsal (left) and ventral (right) views (C) anterior (left) and posterior 

(right) views. Electric field intensity (EFI: Volts/meter) is shown. 
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Tables 

Table 1 Overview of the mean reported adverse effects of each condition following 

completion of the session. 

Adverse effects SHAM ACTIVE P-value

Headache  1.00 ± 0.00 1.14 ± 0.52 0.31 

Neck Pain 1.07 ± 0.25 1.07 ± 0.26 0.96 

Scalp Pain 1.07 ± 0.25 1.07 ± 0.26 0.96 

Tingling 1.20 ± 0.40 1.79 ± 0.77 0.02* 

Itching 1.20 ± 0.40 1.29 ± 0.59 0.66 

Burning Sensation 1.13 ± 0.34 1.29 ± 0.59 0.41 

Skin Redness 1.07 ± 0.25 1.00 ± 0.00 0.34 

Sleepiness 1.33 ± 0.70 1.29 ± 0.59 0.85 

Trouble concentrating 1.00 ± 0.00 1.00 ± 0.00 1.00 

Acute mood change 1.00 ± 0.00 1.07 ± 0.26 0.69 
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