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A B S T R A C T   

People with Parkinson's disease (PD) develop postural imbalance and falls. Galvanic Vestibular Stimulation 
(GVS) may potentially improve postural balance in humans and hence reduce falls in PD. This systematic review 
and meta-analysis investigate the effects of GVS on postural balance in PD. 

Six separate databases and research registers were searched for cross-over design trials that evaluated the 
effects of GVS on postural balance in PD. We used standardized mean difference (Hedges' g) as a measure of effect 
size in all studies. 

We screened 223 studies, evaluated 14, of which five qualified for the meta-analysis. Among n = 40 patients in 
five studies (range n = 5 to 13), using a fixed effects model we found an effect size estimate of g = 0.43 (p <
0.001, 95% CI [0.29,0.57]). However, the test for residual heterogeneity was significant (p < 0.001), thus we 
used a random effects model and found a pooled effect size estimate of 0.62 (p > 0.05, 95% CI [− 0.17, 1.41], I2 
= 96.21%). Egger's test was not significant and thus trim and funnel plot indicated no bias. To reduce hetero
geneity, we performed sensitivity analysis and by removing one outlier study (n = 7 patients), we found an effect 
size estimate of 0.16 (p < 0.05, 95% CI [0.01, 0.31], I2 = 0%). 

Our meta-analysis found GVS has a favourable effect on postural balance in PD patients, but due to limited 
literature and inconsistent methodologies, this favourable effect must be interpreted with caution.   

1. Background 

Parkinson's disease (PD) is the second commonest neurodegenerative 
disease, and its prevalence is predicted to double in the next two decades 
[49]. Falls are a significant predictor in determining the quality of life of 
PD patients and are one of the main causes of hospitalisation in these 
patients [35]. Dopaminergic therapy, the mainstay of PD treatment, is 
effective in improving the cardinal PD features of tremor, rigidity and 
hypokinesia, but its effects upon imbalance in PD is inconsistent [1,13]. 
Despite the relative lack of effect of dopaminergic therapy upon falls in 
PD, Dopamine appears facilitatory upon other interventions for imbal
ance [52], explaining the rationale for testing balance interventions in 
PD patients who are on stable dopaminergic replacement in the ‘ON’ 
state. 

The notion that postural instability and gait dysfunction – including 

freezing of gait (FOG) - are components of a single deficit in PD (so- 
called ‘PIGD’: postural instability and gait disorder) [2,31] [16], is 
inaccurate, since much data support that notion that postural instability 
and gait are distinct both mechanistically as well as in clinical impact 
[7,11,14,24,38,57,60]. It follows that gait or postural imbalance out
comes should be considered separately in response to therapeutic 
interventions. 

The interest in using non-invasive brain stimulation techniques for 
modulating behaviour has included the use of transcranial direct-current 
stimulation (tDCS) in PD to improve balance [4,32,42,48]. Such studies 
however have reported mixed findings, and a recent meta-analysis 
showing inconclusive evidence for the impact of tDCS on postural and 
dynamic balance in PD [32]. Moreover, the underlying mechanism of 
action of tDCS for modulating the postural balance remains unclear. 

Galvanic vestibular stimulation (GVS) is another form of non- 
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invasive brain stimulation, in which an electrical current is delivered to 
the vestibular afferents through the electrodes placed over the mastoids. 
GVS can be used in supra-threshold manner, in which the stimulation 
level is higher than the cutaneous perceptual threshold, i.e., subjects can 
perceive being stimulated through non-vestibular sensory afferents 
[48,56]. Supra-perceptual (usually with direct current) GVS if also 
suprathreshold for vestibular activation cause a standing subject to sway 
in different directions depending on the polarity of electrodes [48]. 
More recently, GVS has been used in a sub-threshold manner, in which 
stimulation is imperceptible to subjects, i.e., lower than the cutaneous 
threshold and is typically not linked to sway modulation [47]; [58]. The 
specific type of GVS depends on the stimulation parameters such as 
types of waveform (e.g. Direct current (DC), sinusoid (AC), random 
noise), frequency band of the stimulation waveform (e.g. narrow band 
(0–30 Hz), broadband (white-noise)), or the electrode configuration (e. 
g. monopolar or bipolar) [32]. 

Despite its lack of effect upon healthy subjects' sway, sub-threshold 
GVS has been counterintuitively used as a potential treatment to 
enhance postural balance during steady standing in young [21] and 
elderly healthy volunteers [20], in patients with bilateral vestibular 
failure [59] and also in PD, with most studies using random noise GVS. 

GVS modulates the vestibular afferents [17,55], which connect to 
thalamus and basal ganglia [10,51]. A key vestibular node is the 
pedunculopontine nucleus (PPN) [10,54] a nucleus that has long been 
linked to balance and locomotion in animals, which provides the largest 
single cholinergic input to the thalamus. Importantly, cholinergic 
modulation is linked to imbalance and gait dysfunction although 
imbalance is linked to cholinergic PPN [6]; [8,22,38] whereas gait 
dysfunction is linked to cholinergic deficits in the basal forebrain nuclei 
[38]. Further, the PPN is highly vestibular responsive [3,60] and PPN 
cholinergic deficits are more linked to falls than basal forebrain 
cholinergic deficits, which, taken together, indicates a key role for the 
PPN in mediating vestibular-dependent mechanisms of postural balance 
and PD-related falls. That A previous study showed that GVS can 
modulate PPN connectivity in PD [10] suggests that GVS effects upon 
balance in PD may be mediated through activation of vestibular affer
ents that subsequently activates PPN-thalamic connections. 

The mechanism through which random noise GVS is thought to act is 
via stochastic resonance in which adding noise to a non-linear system 
enhances the detection of weak signals – in this case vestibular signals of 
head motion – and improves the fidelity of the vestibular signal used for 
postural control [36]. The random noise has an optimal range of 
postural balance improvement, reducing or adding further noise can 
degrade detectability of the weak stimulus producing an inverted-U 
response of balance performance, typical of a stochastic resonance 
phenomenon. Translating this to human studies using random noise GVS 
the stochastic resonance phenomenon could be the optimisation of the 
head movement transduction process via the vestibular organs and 
nerves. If so, this would assume that it is the enhanced head motion 
detectability that is thought to improve postural balance. Clinical 
studies using random noise GVS have used similar approach, where 
random noise stimulation intensity is increased in a graded manner to 
identify an optimal range to improve balance performance in patients 
[26,47] as well as healthy volunteers [20,21,37]; [58]. 

The potential promise of GVS as a treatment for reducing falls risk in 
PD through modulating postural balance is still unproven. Recent 
studies however show that GVS may promise as a possible clinically 
applicable non-invasive neuro-modulatory treatment for PD. Thus, the 
aim of this meta-analysis was to assess the current evidence for the effect 
of GVS upon postural balance in patients with PD. 

2. Methods 

2.1. Eligibility 

2.1.1. Inclusion criteria 

2.1.1.1. Types of studies. We included only cross-over trials that eval
uated the effects of GVS on postural balance in patients with PD. We 
excluded any conference proceedings or incomplete trials. 

2.1.1.2. Types of participants. We included trials that specified patients 
with PD as diagnosed by the UK Parkinson's Disease Bank or an equiv
alent clinical diagnosis regardless of time since diagnosis, medication 
status, age, or Hoehn and Yahr (H&Y) stage. We excluded trials that did 
not specifically focus on PD. 

2.1.1.3. Types of intervention. We included trials if they used GVS in 
patients with PD. The ‘placebo’ group is defined as a sham GVS group 
tested pre and post sham. GVS was included regardless of type of stim
ulation characteristics (direct current, alternating current, random 
noise, frequency bandwidth, intensity, electrode arrangement/size and 
correlation.) 

2.1.2. Exclusion criteria 
Review articles, case reports, study protocols, trials assessing con

ditions other than postural balance, or interventions other than GVS. We 
furthermore excluded studies that did not use GVS but alternative 
methods of non-invasive brain stimulation such tDCS, transcranial 
alternate current stimulation (tACS), or transcranial magnetic stimula
tion (TMS). 

2.2. Outcome measures 

The primary outcomes were any form of postural balance assess
ments while standing. We included the following postural balance 
measures: 1.root mean square (RMS) sway 2. Sway path 3. sway area, 4. 
sway velocity 5. Mean of centre of pressure (COP) 6. postural angles. In 
scenarios when postural balance was assessed on either hard or soft 
surfaces with eyes open or closed, we only used the eyes closed soft 
surface condition. Postural balance assessment during eyes closed over 
soft surface has for long been shown to be the most sensitive of these 
conditions for identifying poor balance in patients [5,14,27]. 

2.3. Electronic search 

We performed our systematic review and meta-analysis based on 
criteria given by the PRISMA statement (See Appendix). Our search 
strategy searched the following databases: MEDLINE (from 1993 to 20 
July 2020), Web of Science Core Collection, AMED (from 1993 to 1 Jan 
2020), Cochrane Central Register of Controlled Trials, Google Scholar 
(from 2004 to 10 April 2020), The Physiotherapy Evidence Database 
and Rehabdata. We conducted a comprehensive search strategy to focus 
on peer-reviewed articles that reported an effect of GVS on a postural 
balance in PD patients. We adapted our search strategy according to the 
database (see Appendix). We identified and searched the following 
ongoing trial and research registers: current controlled trials, clinicalt 
rials.gov, European Union Clinical Trials Register, World Health Orga
nization International Clinical Trials Registry Platform. 

2.4. Data collection and analysis 

2.4.1. Selection of studies 
Two review authors (MM and MP) read through the titles and ab

stracts identified in the electronic search. Studies were then selected 
according to the inclusion criteria, detailed above. Two review authors 
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(MM and MP) then individually read through the full papers and 
selected those studies that were relevant according to our exclusion 
criteria. 

2.4.2. Data extraction 
From the selected studies, three authors (MM, ZH, MP) indepen

dently extracted the relevant data from the same studies. A standardized 
data extraction table was designed and included information about the 
following: 

Study parameters: descriptive data, blinding, study-design, control 
condition. 

Participant characteristics: numbers, PD staging (H&Y, disease 
duration), UPDRS motor assessment and whether the study was con
ducted during ‘on’ or ‘off’ Levodopa medication. 

GVS parameters: type of noise, intensity, frequency bandwidth, 
duration, correlation, electrode (location, size and arrangement). 

Results: sample size, mean and variances pre- and post-GVS, mean 
difference. 

2.4.3. Assessment of risk of bias and trial quality 
We used the Risk of Bias 2 (RoB) for crossover trials using the 

Cochrane Collaboration Tool [50]. For each study, MM, ZH rated the 
risk of selection bias, performance bias, detection bias, attrition bias, 
reporting bias, and other biases. These were rated from low, high or 
uncertain based on the guidance provided by Cochrane. 

2.4.4. Dealing with missing information 
In the case of any missing information, we contacted the authors of 

the relevant studies with the details of the data required. If we were 
unable to receive a response or to receive the missing data that was 
required for analysis, we excluded this study. 

2.4.5. Meta-analytic techniques and statistical analyses 
We used standardized mean difference (Hedges' g) as a measure of 

effect size in all studies. Effect size calculations were performed using 
the method for within-subject study designs [9]. A positive effect size 
denotes improvement in measured parameters in response to stimula
tion and vice versa for a negative effect size. A Pearson's correlation 
coefficient (r), required for the effect size calculations of paired group 
(pre-post comparisons) designs, was calculated where raw data was 
available. If neither correlation coefficient was reported nor raw data 
was available, then correlation coefficient was imputed based on raw 
data available from the other studies included in the analysis. 

The meta-analysis was performed in JASP software [34]. Pooled 
effect-size was first estimated using a fixed-effects model. The hetero
geneity between each group was tested using the I2 test in JASP. >50% 
and significant residual heterogeneity (p < 0.05) was considered high 
heterogeneity. A random-effects model was applied if high heteroge
neity was observed. Sensitivity analysis was performed if there was still 
considerable heterogeneity, and to control for any imputed values. 

3. Results and discussion 

3.1. Study classification 

Fig. 1 shows the number of studies screened, included, and excluded. 

Fig. 1. PRISMA flow diagram – from a total of 275 identified research article using the appropriate screening and inclusion criteria the synthesis included five studies 
in total. 
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Our search resulted in 275 hits and after removal of duplicates, 223 were 
screened. 55 full-length articles were assessed and after excluding any 
conference proceedings, irrelevant study designs/interventions/pa
tients, we were left with 14 articles. Of these, five were eligible and 
included in the meta-analysis [28,41,43,45,53]. 

3.2. Study design and participant characteristics (Tables 1 and 2) 

3.2.1. Stimulation characteristics 
A total of n = 40 subjects were included in the analysis from five 

studies (Table 3) [28,41,43,45,53]. One [43] of the five studies used pre- 
fixed stimulus intensities of 0 mA, 0.1 mA, 0.3 mA, and 0.5 mA. Two of 
five studies [28,41] had similar protocols in which GVS stimulation was 
ramped up slowly to 0.7 mA and then stimulation was applied for 20 
min. The remaining two studies used stimulation intensities based on a 
subject's individual cutaneous perceptual thresholds [45,53]. 

All studies involve electrode placement over the mastoid processes, 
however, one study used two cathodes over mastoids with anode over 
the C7 vertebrae [43] and two studies also stimulated trapezius muscles 
in addition to mastoids [28]. Two of the studies [41,53] used monopolar 
stimulation, two used bipolar [28,45], and one [43] used bicathodal 
stimulation over the mastoids. The duration of the stimulation was 26 s 
[43], 60 s [53], 20 min [28,41], and up to 3 h [45]. 

One [43] of the five included studies did not specify the frequency 
band of the random noise in noisy GVS. Two studies [28,41] did not 
mention the choice of frequency band, possibly due to the use of Direct 
Current GVS, however, it was not explicitly mentioned. One study used 
white noise in 0.4–30 Hz band [53] and one other used 1/f noise in 0–30 
Hz band [45]. 

All five studies used PD patients who were assessed during the ON 
medication condition, while the OFF condition was also present in some 
studies. However, for the sake of homogeneity, only the results for the 
ON condition are included. 

3.2.2. Methodological quality 
RoB for crossover studies was used to assess the quality of RCTs and 

assess methodological areas for concern. Four of the five included 
studies were randomised, however no study mentioned the method of 
randomisation. There were no concerns identified by RoB due to carry 
over effects in four studies and some concern in one study (Fig. 2. DS). 
Two studies had some concern due to deviation from intended inter
vention while three studies were low risk (Fig. 2. D2). None of the 
studies had missing outcome data and thus all were considered low risk 
(Fig. 2. D3). Four studies had low concern for outcome measurement 
whereas one study had some concern (Fig. 2. D4). Two of the studies 
were considered high risk whereas three considered low risk for 
reporting correct results and pre-specifying the analysis performed 
(Fig. 2. D5). 

3.2.3. Overall effect of GVS on postural balance 
Using a fixed-effects model, we found an effect size estimate of g =

0.43 (p < 0.001, 95% CI [0.29,0.57]) (Fig. 3), with test for residual 
heterogeneity indicating significant heterogeneity between studies (p <
0.001). We thus used a random effects model and found the pooled effect 
size estimate to be 0.62 (p > 0.05, 95% CI [− 0.17, 1.41], I2 = 96.21%) 
(Fig. 4). The Egger's test was not significant and thus a funnel plot 
(Fig. 5) indicated no bias, however, heterogeneity was considerably high 
(I2 = 96.21%). The high heterogeneity was not unexpected considering 
the presence of a study with a large effect size (Hedge's g = 2.19) and 
small sample [41] in the pooled effect size estimate. To reduce hetero
geneity, we performed sensitivity analysis and, by removing the outlier 
study [41] with n = 7, we found the effect size estimate to be 0.16 (p <
0.05, 95% CI [0.01, 0.31], I2 = 0%), shown in Fig. 6. Note that the 
Egger's test was still not significant, suggesting the funnel plot indicated 
no publication bias after removal of the outlier (Fig. 7). 

After removing the outlier study to reduce heterogeneity, there was 
one study [45] for which the correlation coefficient (r) was imputed (r =
0.8). However, sensitivity analysis by imputing different ‘r’ values (r =
0.6 & r = 0.7) showed no change in pooled effect size estimate or its 
statistical significance. One study [43] used fixed stimulus intensities of 
0 mA, 0.1 mA, 0.3 mA, and 0.5 mA. We selected 0.5 mA intensity for 
pooling effect sizes as it was closest to the other studies optimal in
tensities [28,41,45,53]. However, to minimise bias, we performed a 
sensitivity analysis and found that there was little change in effect size 
estimate for both 0.1 mA (SMD = 0.12, p > 0.05, 95% CI [− 0.08, 0.32], 
I2 = 20.95%) and 0.3 mA (SMD = 0.15, p > 0.05, 95% CI [− 0.05, 0.36], 
I2 = 0%) and that both were not statistically significant (Fig. 8 and Fig. 9 
respectively). 

4. Discussion 

Our meta-analysis investigated the effects of GVS on postural balance 
outcomes in PD patients. We found that GVS has a favourable effect on 
the postural balance of PD patients, however, we advise caution in 
interpreting our findings as this meta-analysis is limited by the small 
number of studies, with small sample sizes, and high heterogeneity of 
stimulation protocols. None of the five studies included in the meta- 
analysis met the correct standards of a randomised controlled trial and 
only two of five studies were double-blinded. 

GVS protocols used between studies were inconsistent, thus 
decreasing the confidence in the evidence and increased heterogeneity. 
One [43] of the five studies used pre-fixed stimulus intensities of 0 mA, 
0.1 mA, 0.3 mA, and 0.5 mA. Two of five studies [28,41] had similar 
protocol in which the GVS stimulation was ramped up slowly to 0.7 mA 
and then the stimulation was applied for 20 min. Whereas, the 
remaining two of the five studies used stimulation intensities based upon 
subjects individual cutaneous perceptual thresholds [45,53]. Previous 
studies have shown that a subject-specific noisy GVS can improve the 
postural and dynamic balance in both patients [26,47] and healthy 
volunteers [20,21,37];[58]. Similar findings have also been reported in 

Table 1 
Study design, stimulation dosage and outcome measures used in the included 
studies.  

Study Study design Dosage Outcomes 

Trials of 
verum 
condition 

Time between 
trials  

Pal et al. 
[43] 

Single- 
blinded 
Non- 
randomised 
Sham- 
controlled 

6 trials of each 
intensity and 
condition (24 
total) 

No data Mean centre of 
pressure 
(Anterior- 
Posterior & 
Medial-lateral 
direction) 

Kataoka 
et al. 
[28] 

Double- 
blinded 
Randomised 
Crossover 
Sham- 
controlled 

1 trial 1 week 
between 
verum and 
sham 

Anterior trunk 
bending angle 

Samoudi 
et al. 
[45] 

Double- 
blinded 
Randomised 
Crossover 
Sham- 
controlled 

1 trial Crossover 
performed on 
separate days, 
time 

Sway (sway- 
path) 

Okada 
et al. 
[41] 

Single- 
blinded 
Randomised 
Sham- 
controlled 

1 trial 1 week 
between 
crossovers 

Anterior 
bending angles 

Tran et al. 
[53] 

Single- 
blinded 
Randomised 
Sham- 
controlled 

4 trials 60 s rest 
between trials 

Mean centre of 
pressure 
(Anterior- 
Posterior & 
Medial-lateral 
direction)  
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studies using fixed stimulation intensities for all subjects [25,48,56]. It is 
unclear which of fixed intensity GVS or subject-specific noisy GVS is the 
more effective in modulating posture, either in healthy or any patient 
groups since both types of GVS have reported improvement in postural 
balance measures. From the studies included in this meta-analysis, 
([45,53] used nGVS with subject specific (optimal) intensities but only 
[45] found improved postural balance in PD. Moreover, [43] using fixed 
intensity stimuli also found improved postural balance. Thus, more 
studies that compare stimulation types are required for better 
understanding. 

During our sensitivity analysis, we found no impact of imputing 
different correlation values on the effect size estimate or its significance 
suggesting there was unlikely to be a bias because of imputed correlation 
value. One study [43] had multiple stimulation intensities, however, we 
selected 0.5 mA intensity for pooling effect sizes as it was closest to the 
other studies included in the meta-analysis [28,41,45,53]. A sensitivity 
analysis was performed to minimise bias and we found that only 0.5 mA 
had resulted in overall statistically significant effect size estimate. The 
stimulus intensities of 0.1 mA and 0.3 mA resulted in an overall statis
tically insignificant effect size estimate; however, it is important to 

Table 2 
Study and participant characteristics.  

Study Participants Hoehn and Yahr stage Disease duration (years) UPDRS Medication (On or Off) 

Healthy Parkinsons disease 

Pal et al. [43] Number: 20 
Mean age: 36.9 y 
Sex (M:F): 9:11 

Number: 5 
Mean age: 70 Y 
Sex (M:F): 3:2 

Median: 2 
Range: 1–2.5 

5.0 (± 2.3) Not available On 

Kataoka et al. [28] N/A Number: 5 
Mean age: 69 Y 
Sex (M:F): 1:4 

Mean ± SD: 
3.33 ± 0.52 
Median: 3 
Range: 3–4 

11.2 (± 6.09) UPDR-3 only 
Mean: 25.4 
Range: 13–34 

On 

Samoudi et al. [45] N/A Number: 10 
Mean age: 61 Y 
Sex (M:F): 6:4 

Mean ± SD: 
2.4 ± 0.39 
Median: 2.5 
Range: 2–3 

7.1 (± 3.23) UPDR-3 only Mean: 31.2 
Range: 16–49 

On and Off 

Okada et al. [41] N/A Number: 7 
Mean age: 71 Y 
Sex (M:F): 3:4 

Mean ± SD: 
3.23 ± 0.49 
Median: 3 
Range: 3–4 

11.3 (± 4.35) UPDR-3 only 
Mean: 21 
Range: 6–32 

On 

Tran et al. [53] Number: 12 
Mean age: 67 Y 
Sex (M:F): 5:7 

Number: 13 
Mean age: 67 years 
Sex (M:F): 7:6 

Mean: 1.54 
SD: 0.78 
Median: Not available 
Range: Not available 

4.23 (± 2.62) UPDR-3 only 
Mean: 17.9 
Range: 4–32 

On  

Table 3 
Stimulation characteristics.  

Study Noise Intensity (mA) Frequency 
Bandwidth 

Duration DC 
Offset 

Location Electrode Configuration and 
Size 

Pal et al. [43] 1/f 0, 0.1, 0.3, 0.5 Not stated 26 s Not 
stated 

Mastoid and C7 vertebrae Bicathodal (two cathodal at 
mastoid and one anodal at C7) 
15 

Kataokaet al. 
[28] 

Not 
stated 

Ramped to 0.7 Not stated 20 min Not 
stated 

Mastoid and trapezius muscle OR 
ipsilateral-contralateral sides of trunk 
flexion 

binaural monopolar 
10.2 

Samoudi et al. 
[45] 

1/f Optimal Intensity (range: 
0.1–0.9 mA) 

0–30 Hz <3 h zero Mastoid Bipolar binaural 
24 

Okada et al. 
[41] 

Not 
stated 

Ramped to 0.7 (patient 
exception of A, B (0.2 mA, 
0.5 mA)) 

Not stated 20 min N/A Mastoid and trapezius Binaural monopolar 
10.2 

Tran et al. [53] White 
noise 

70% of cutaneous sensory 
threshold 

0.4-30 Hz 60s zero Mastoid (monopolar trials also had 
anodes on ipsilateral acromion) 

Bipolar and Monopolar 
Size: not stated  

Fig. 2. The Cochrane's risk of bias summary; review authors' judgements about each risk of bias item for each included study. This suggests overall concerns or high 
risk for all studies. D1 – Randomisation process, DS Bias arising from period and carryover effects, D2 Deviations from intended interventions, D3 Missing outcome 
data, D4 Measurement of the outcome, D5 Selection of the reported result. 
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Fig. 3. Forest Plot for Fixed Effects Model. Pooled effect size estimate using fixed effects model was g = 0.43 (p < 0.001, 95% CI [0.29,0.57]).  

Fig. 4. Forest Plot for Fixed Effects Model. Pooled effect size estimate using fixed effects model was g = 0.43 (p < 0.001, 95% CI [0.29,0.57]).  

Fig. 5. Funnel plot. The Egger's test was not significant (p < 0.05), which in
dicates publication bias was not present (note that this does not indicate the 
absence of publication bias). However, one of the studies [41] had quite large 
effect size (Hedge's g = 2.19), thus adding a visually observable publication bias 
in the funnel plot. 

Fig. 6. Forest Plot after Outlier Removal. After removal of the outlier study [41], pooled effect size estimate using random effects model was 0.16 (p < 0.05, 95% CI 
[0.01, 0.31], I2 = 0%). 

Fig. 7. Funnel Plot after Outlier Removal. Egger's test was not statistically 
significant and visual inspection of funnel plot also indicated publication bias 
was not present (note that this does not indicate the absence of publica
tion bias). 
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notice that actual effect sizes do not vary much with 0.1 mA (Hedge's g 
= 0.12), 0.3 mA (g = 0.15), and 0.5 mA (g = 0.16). 

All studies involve electrode placement over mastoid processes, 
however, one study used bicathodal stimulation over the mastoids with 
the anode placed on the C7 vertebra [43] and two studies also stimu
lated trapezius muscles in addition to mastoids [28]. It is unclear if 
differences in electrode positioning could have affected on the study 
outcomes considering all included studies stimulated mastoids. How
ever, contrary to the traditional stimulation configuration of bipolar 
electrode placement used in noisy GVS studies, two studies [41,53] used 
monopolar stimulation and one [43] used bicathodal stimulation over 
the mastoids. 

The duration of the stimulus also varied greatly. Some studies used 
durations as short as 26 s [43] or 60 s [53] whilst others used longer 
durations of 20 min [28,41] extending up to 3 h [45]. There is dispute in 
the literature over the duration for post-stimulation effects of short- 
duration galvanic vestibular stimulation. Some studies have noted a 
significant persisting effect post-stimulus lasting hours [19,20] while 
some studies have questioned the validity of these results due to unre
liable protocols [29,40]. 

Three [28,41,43] of the five included studies did not specify the 
frequency band of the noisy GVS and only two studies reported the type 
of noise as well as frequency band with one using white noise in 0.4–30 
Hz band [53] and other using 1/f noise in 0–30 Hz band [45]. The 
consensus is that this likely reflects a physiological basis with low- 
frequency range of 0-30 Hz is optimal for engaging the vestibular sys
tem [15]. However, studies have also reported the variable nature of 
outcome when using random noise stimulation without optimising for 
individual patients, since band-limited sinusoidal stimulus also showed 
varied outcomes in different frequency bands (< 30 Hz or > 30 Hz) [33]. 

From the five studies included in the meta-analysis, the pooled effect 
size was estimated from n = 40 samples from five studies, which was 
further reduced to n = 33 when an outlier study [41] was removed to 
reduce the heterogeneity. From the studies included in the meta- 
analysis, the maximum sample size of PD patients was 13 [53] with 
all other samples either 10 [45] or lower. In addition, none of the studies 
provided any justification of their selection of sample size or power 

calculations. This highlights the need for properly designed studies that 
fulfil all requirements of a RCT. 

Another important consideration was that only two studies used 
control groups (Table 2). It is a common practice to not compare the 
effect of pre-post GVS in patient cohorts with a pre-post healthy control 
group. Without a healthy control group comparison, however, the pre- 
post difference in patient groups may reflect only normal variance of 
data [39]. Only two studies [43,53] we assessed in this review compared 
controls and patient groups. 

There are mechanisms that support a clinical impact for GVS to 
improve postural instability in PD and therefore falls risk. Firstly, 
postural mechanisms controlling steady standing are relatively more 
vestibular dependent than gait, which involves more feedforward motor 
control and relatively less sensory feedback [14]. Second, prior studies 
[7,14,38] support a key role for the Pedunculopontine Nucleus (PPN), a 
major thalamic cholinergic input, in imbalance in PD. In contrast, the 
cholinergic basal forebrain nuclei (including the nucleus basalis of 
Meynert) mediate gait features such as its speed as well as being linked 
to freezing of gait (FoG) in PD. Importantly, PPN-linked cholinergic 
dysfunction and postural imbalance was more clearly linked to falls than 
gait impairment, including FoG. Taken together, these findings are 
consistent with the vestibular-dependent nature of postural deficits 
particularly since PPN neurones are heavily vestibular responsive [3] 
and PPN stimulation in humans modulates both postural control and 
higher order vestibular function [60]. Indeed, recent animal work con
firms the important role of PPN pathways gating thalamocortical circuits 
[24] that enhance interhemispheric connectivity, with multiple studies 
showing intracortical pathways (e.g. the inferior longitudinal fasiculus) 
being linked to postural control in PD [57] and non-PD [11] brain dis
ease patients. Taken together, these findings thus provide a logical basis 
for the use of vestibular stimulation techniques for improving postural 
control which may be mediated via PPN-linked thalamocortical path
ways that may enhance vestibular signalling in cortical circuits involved 
in postural control. Conversely, the data provide less support for using 
GVS in gait. 

This study was limited by the small sample and heterogeneity of 
participants that were included in this meta-analysis. The variability in 

Fig. 8. Forest Plot for Sensitivity Analysis for [43]. For intensity of 0.1 mA, pooled effect size estimate using random effects model was 0.12 (p > 0.05, 95% CI 
[− 0.08, 0.32], I2 = 20.95%). 

Fig. 9. Forest Plot for Sensitivity Analysis for [43]. For intensity of 0.3 mA, pooled effect size estimate using random effects model was 0.15 (p > 0.05, 95% CI 
[− 0.05, 0.36], I2 = 0%). 
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clinical status of the participants PD can be seen by the H&Y stage range 
and means (Table 2). But due to the limited numbers we cannot 
conclude in this present study the exact contributions of severity of PD 
based on clinical scoring on postural control. It should be noted however 
that although a patient may have a H&Y score indicating no clinical 
postural imbalance, this should not necessarily preclude the inclusion of 
such patients in GVS-balance studies since they may show a measurable 
improvement in postural control with GVS via laboratory-based pos
turography, as in so doing, provide a means for assessing the potential of 
the intervention for improving balance per se. Despite this between- 
study inconsistency, two studies [28,41] which demonstrated the 
largest effect sizes (g = 0.55 and g = 2.15 respectively) were also the two 
with the highest mean H&Y stages for PD patients at baseline (Fig. 3). 
Future studies should therefore try to compare how clinical character
istics of PD including H&Y could influence the effect of GVS. Finally, one 
must consider how postural balance measures in PD are interpreted. 
Early data initially suggested that patients with PD have increased sway 
[23] but it seems a majority of later studies find a decreased sway at 
baseline [12,30,46], and some studies suggesting this increased sway 
does indeed correlate with increased falls risk [18,44]. 

5. Conclusion 

In conclusion, the use of GVS in patients with PD shows an overall 
positive impact on postural balance, however the evidence is inconclu
sive for the following reasons: 1) low statistical power, 2) heterogenous 
stimulation parameters and methodologies, 3) lack of appropriate ran
domisation. This suggests that future research into this field would 
benefit from appropriately powered and randomised studies that assess 
appropriate outcome measures of postural control in Parkinson's 
disease. 
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Appendix A. Appendix 

A.1. Search strategy used for PubMed/MEDLINE and Google Scholar 

(“vestibular stimulation”[tw] OR “Galvanic Vestibular Stim
ulation”[tw] OR “GVS”[tw] OR stochastic[tw] OR “noisy vestibular 
stimulation”[tw] OR “stochastic galvanic vestibular stimulation”[tw] 
OR “stochastic vestibular stimulation”[tw]) AND (Parkinson[tw] OR 
“Parkinson's Disease”[tw] OR Parkinson's[tw] OR PD[tw] OR IPD[tw] 
OR “Lewy Body Parkinson's Disease”[tw] OR “Primary Parkinso
nism”[tw] OR “Paralysis Agitans”[tw] OR Parkinson's) AND (“rando
mised controlled trials” OR “randomized controlled trials” OR “random 
allocation” OR “controlled clinical trials” OR control* OR double-blind* 
OR single-blind* OR placebo OR “placebo effect” OR “cross-over” OR 
“cross-over study” OR therapies, investigational OR research design OR 
evaluation study* OR “randomized controlled trial”[pt] OR controlled 
clinical trial [pt] OR random*[tw] OR controlled adj5 trial* OR clinical* 
trial*[tw] OR cross-over[tw] OR crossover [tw] OR “Cross over”[tw] OR 
placebo*[tw] OR Sham[tw] OR controls[tw] OR assign*[tw] OR alter
nate[tw] OR allocat*[tw] OR counterbalance*[tw] OR multiple baseline 
[tw] OR versus[tw] OR ((control OR treatment OR experiment* OR 
intervention) adj5 (group* OR subject* OR patient*))[tw] OR (quasi- 
random* OR quasi random* OR pseudo-random* OR pseudorandom*) 
[tw] OR ((multicenter OR multicentre OR therapeutic) adj5 (trial* or 
stud*))[tw] OR ((control OR experiment* OR conservative) adj5 
(treatment OR therapy OR procedure OR manage*))[tw] OR ((singl* OR 
doubl* OR tripl* OR trebl*) adj5 (blind* OR mask*))[tw]) 

Types of databases: 
MEDLINE:  

• Search strategy above  
• 137 search results found  
• 20 screened  
• Found: Okada, katoaka, Samoudi, 

Web of Science Core Collection  

• “Vestibular stimulation, Parkinson's”  
• 68 results found  
• Duplicates: 21  
• 22 screened  
• Found: Tran, Pal 

AMED:  

• “Vestibular stimulation, Parkinson's”  
• 34 search results found  
• Duplicates: 20  
• 5 screened 

Cochrane Central Register of Controlled Trials  

• “Vestibular stimulation, Parkinson's”  
• 24 search results  
• Duplicates: 5  
• Screened: 5 

Google Scholar  

• Search strategy above  
• 10 results  
• 4 duplicates  
• Screened: 3 

The Physiotherapy Evidence Database 
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• “Vestibular stimulation, Parkinson's”  
• 1 result found  
• Duplicates: 1  
• 0 screened 

Rehabdata  

• “Vestibular stimulation, Parkinson's”  
• 1 result found  
• Duplicates: 1  
• 0 screened 

CINAHL - No access. 
Inspec - No access. 
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F. Gronau, M. Šmíra, S. Epskamp, D. Matzke, A. Wild, P. Knight, J.N. Rouder, R. 
D. Morey, E.J. Wagenmakers, JASP: graphical statistical software for common 
statistical designs, J. Stat. Softw. 88 (1) (2019) 1–17, https://doi.org/10.18637/ 
JSS.V088.I02. 

[35] E. Martignoni, L. Godi, A. Citterio, R. Zangaglia, G. Riboldazzi, D. Calandrella, 
C. Pacchetti, G. Nappi, D. Porazzi, F. Reverberi, G. Chiodelli, G. Guarneri, M. 
B. Zappacosta, G. Mariani, R. Freschi, F. Sasanelli, G. Molini, F. Shieroni, M. Di 
Costanzo, E. Magrotti, Comorbid disorders and hospitalisation in Parkinson’s 
disease: a prospective study, Neurol. Sci. 25 (2) (2004) 66–71, https://doi.org/ 
10.1007/S10072-004-0232-5. 

[36] F. Moss, L.M. Ward, W.G. Sannita, Stochastic resonance and sensory information 
processing: a tutorial and review of application, Clin. Neurophysiol. 115 (2) (2004) 
267–281, https://doi.org/10.1016/J.CLINPH.2003.09.014. 

[37] A.P. Mulavara, M.J. Fiedler, I.S. Kofman, S.J. Wood, J.M. Serrador, B. Peters, H. 
S. Cohen, M.F. Reschke, J.J. Bloomberg, Improving balance function using 
vestibular stochastic resonance: optimizing stimulus characteristics, Exp. Brain 
Res. 210 (2) (2011) 303–312, https://doi.org/10.1007/S00221-011-2633-Z/ 
TABLES/2. 

[38] M.L.T.M. Müller, R.L. Albin, V. Kotagal, R.A. Koeppe, P.J.H. Scott, K.A. Frey, N. 
I. Bohnen, Thalamic cholinergic innervation and postural sensory integration 
function in Parkinson’s disease, Brain 136 (11) (2013) 3282–3289, https://doi. 
org/10.1093/BRAIN/AWT247. 

[39] S. Nieuwenhuis, B.U. Forstmann, E.J. Wagenmakers, Erroneous analyses of 
interactions in neuroscience: a problem of significance, Nat. Neurosci. 14 (9) 
(2011) 1105–1107, https://doi.org/10.1038/nn.2886. 

M. Mahmud et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/J.PARKRELDIS.2008.03.010
https://doi.org/10.1002/MDS.20897
https://doi.org/10.1016/J.NEUROSCIENCE.2012.07.054
https://doi.org/10.1016/J.NEUROSCIENCE.2012.07.054
https://doi.org/10.1016/J.PARKRELDIS.2021.11.012
https://doi.org/10.1016/S0079-6123(08)64513-6
https://doi.org/10.1212/WNL.0B013E3181C1DED6
https://doi.org/10.1212/WNL.0B013E3181C1DED6
https://doi.org/10.1002/ANA.25430
https://doi.org/10.1002/ANA.25430
https://doi.org/10.1038/JCBFM.2012.60
http://refhub.elsevier.com/S0022-510X(22)00276-3/rf0045
http://refhub.elsevier.com/S0022-510X(22)00276-3/rf0045
https://doi.org/10.3389/FNINS.2018.00101/BIBTEX
https://doi.org/10.3389/FNINS.2018.00101/BIBTEX
https://doi.org/10.1093/BRAIN/AWAA386
https://doi.org/10.1002/MDS.21840
https://doi.org/10.1016/J.JNS.2017.04.011
https://doi.org/10.1016/J.JNS.2017.04.011
https://doi.org/10.3389/FNEUR.2017.00538/BIBTEX
https://doi.org/10.1152/JN.00035.2019
https://doi.org/10.1136/JNNP.2010.222042
https://doi.org/10.1136/JNNP.2010.222042
https://doi.org/10.1152/JAPPLPHYSIOL.00008.2004/ASSET/IMAGES/LARGE/ZDG0060431440009.JPEG
https://doi.org/10.1152/JAPPLPHYSIOL.00008.2004/ASSET/IMAGES/LARGE/ZDG0060431440009.JPEG
https://doi.org/10.1002/MDS.22358
https://doi.org/10.3389/FNEUR.2018.00900/BIBTEX
https://doi.org/10.3389/FNEUR.2018.00900/BIBTEX
https://doi.org/10.1038/srep37575
https://doi.org/10.1371/JOURNAL.PONE.0136335
https://doi.org/10.1371/JOURNAL.PONE.0136335
http://refhub.elsevier.com/S0022-510X(22)00276-3/rf0110
http://refhub.elsevier.com/S0022-510X(22)00276-3/rf0110
http://refhub.elsevier.com/S0022-510X(22)00276-3/rf0110
http://refhub.elsevier.com/S0022-510X(22)00276-3/rf0110
https://doi.org/10.1016/0022-510X(92)90111-W
https://doi.org/10.1016/0022-510X(92)90111-W
https://doi.org/10.1016/J.CELL.2022.02.006
https://doi.org/10.1016/J.CELL.2022.02.006
https://doi.org/10.1186/S12984-018-0407-6/FIGURES/3
https://doi.org/10.1186/S12984-018-0407-6/FIGURES/3
https://doi.org/10.1212/WNL.0000000000000215
https://doi.org/10.1212/WNL.0000000000000215
https://doi.org/10.1016/0196-0709(91)90120-5
https://doi.org/10.14802/JMD.15030
https://doi.org/10.14802/JMD.15030
https://doi.org/10.1038/s41598-020-59374-9
https://doi.org/10.1016/0003-9993(93)90070-Q
https://doi.org/10.1016/0003-9993(93)90070-Q
https://doi.org/10.1002/acn3.312
https://doi.org/10.1080/14737175.2021.1894928
https://doi.org/10.3389/FNEUR.2021.758122/FULL
https://doi.org/10.18637/JSS.V088.I02
https://doi.org/10.18637/JSS.V088.I02
https://doi.org/10.1007/S10072-004-0232-5
https://doi.org/10.1007/S10072-004-0232-5
https://doi.org/10.1016/J.CLINPH.2003.09.014
https://doi.org/10.1007/S00221-011-2633-Z/TABLES/2
https://doi.org/10.1007/S00221-011-2633-Z/TABLES/2
https://doi.org/10.1093/BRAIN/AWT247
https://doi.org/10.1093/BRAIN/AWT247
https://doi.org/10.1038/nn.2886


Journal of the Neurological Sciences 442 (2022) 120414

10

[40] M. Nooristani, M. Maheu, M.S. Houde, B.A. Bacon, F. Champoux, Questioning the 
lasting effect of galvanic vestibular stimulation on postural control, PLoS One 14 
(11) (2019), e0224619, https://doi.org/10.1371/JOURNAL.PONE.0224619. 

[41] Y. Okada, Y. Kita, J. Nakamura, H. Kataoka, T. Kiriyama, S. Ueno, M. Hiyamizu, 
S. Morioka, K. Shomoto, Galvanic vestibular stimulation may improve anterior 
bending posture in Parkinson’s disease, NeuroReport 26 (7) (2015) 405–410, 
https://doi.org/10.1097/WNR.0000000000000360. 

[42] G. Orrù, M. Baroni, V. Cesari, C. Conversano, P.K. Hitchcott, A. Gemignani, The 
effect of single and repeated tDCS sessions on motor symptoms in Parkinson’s 
disease: a systematic review, Arch. Ital. Biol. 157 (2–3) (2019) 89–101, https://doi. 
org/10.12871/00039829201925. 

[43] S. Pal, S.M. Rosengren, J.G. Colebatch, Stochastic galvanic vestibular stimulation 
produces a small reduction in sway in Parkinson’s disease, J. Vestib. Res. 19 (3–4) 
(2009) 137–142, https://doi.org/10.3233/VES-2009-0360. 

[44] M. Rossi, A. Soto, S. Santos, A. Sesar, T. Labella, A prospective study of alterations 
in balance among patients with Parkinson’s disease, Eur. Neurol. 61 (3) (2009) 
171–176, https://doi.org/10.1159/000189270. 

[45] G. Samoudi, M. Jivegard, A.P. Mulavara, F. Bergquist, Effects of stochastic 
vestibular galvanic stimulation and LDOPA on balance and motor symptoms in 
patients with Parkinson’s disease, Brain Stimul. 8 (3) (2015) 474, https://doi.org/ 
10.1016/J.BRS.2014.11.019. 

[46] J.M. Schmit, M.A. Riley, A. Dalvi, A. Sahay, P.K. Shear, K.D. Shockley, R.Y.K. Pun, 
Deterministic center of pressure patterns characterize postural instability in 
Parkinson’s disease, Exp. Brain Res. 168 (3) (2006) 357–367, https://doi.org/ 
10.1007/S00221-005-0094-Y/TABLES/2. 

[47] R. Schniepp, J.C. Boerner, J. Decker, K. Jahn, T. Brandt, M. Wuehr, Noisy 
vestibular stimulation improves vestibulospinal function in patients with bilateral 
vestibulopathy, J. Neurol. 265 (1) (2018) 57–62, https://doi.org/10.1007/S00415- 
018-8814-Y/FIGURES/1. 

[48] A.P. Scinicariello, K. Eaton, J.T. Inglis, J.J. Collins, Enhancing human balance 
control with galvanic vestibular stimulation, Biol. Cybern. 84 (6) (2001) 475–480, 
https://doi.org/10.1007/PL00007991. 

[49] D.K. Simon, C.M. Tanner, P. Brundin, Parkinson disease epidemiology, pathology, 
genetics and pathophysiology, Clin. Geriatr. Med. 36 (1) (2020) 1, https://doi.org/ 
10.1016/J.CGER.2019.08.002. 
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