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Abstract Successful interaction with the external environment requires a balance between novel or exploratory
and routine or exploitative behaviours. This distinction is
often expressed in terms of location or orientation of the
body relative to surrounding space: functions in which
the vestibular system plays an important role. However, the
distinction can also be applied to novel versus repetitive
production of any behaviour or symbol. Here, we investigated whether vestibular inputs contribute to the balance
between novel and routine behaviours, independently of
their effects on spatial orienting, by assessing effects of
galvanic vestibular stimulation (GVS) on a random number
generation task. Right-anodal/left-cathodal GVS, which
preferentially activates the left cerebral hemisphere
decreased the randomness of the sequence, while leftanodal/right-cathodal GVS, which preferentially activates
the right hemisphere increased it. GVS did not induce any
spatial biases in locations chosen from the number line.
Our results suggest that vestibular stimulation of each
hemisphere has a specific effect on the balance between
novel and routine actions. We found no evidence for
effects of non-specific arousal due to GVS on random
number generation, and no evidence for effects on number
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Introduction
Adaptive behaviours in a changing world require the ability
to balance exploration and exploitation (Cohen et al. 2007).
Exploration involves discovering new possibilities and
varying choices, while exploitation involves perseveration
and stereotyped behaviour. Thus, every behaviour is based
on a decision whether to exploit familiar but possibly suboptimal alternatives or to explore potentially more profitable ones (Sugrue et al. 2004; Daw et al. 2006). Often, both
exploration and exploitation are couched in terms of spatial
location and orientation with respect to the external environment. From an evolutionary perspective, searching
novel stimuli is a fundamental process motivating organisms to explore new environments. For example, balancing
exploration and exploitation is essential to all foraging
species: animals either explore the environment for new
food sources or exploit sources in the current location.
The vestibular system responds to linear and angular
acceleration providing continuous information to the brain
to update body position and to maintain orientation in the
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surrounding space (Berthoz 1996). Hence, it is essential for
all the interactions between the organism and the external
environment. Therefore, one might expect vestibular inputs
contribute to the balance between exploratory and
exploitative orienting behaviours. However, a very general
distinction, rather similar to the explore/exploit distinction
in spatial foraging, can also be identified in strategic control of almost any behaviour. Almost any behaviour or
choice can be changed in a novel way (akin to exploration)
or repeated in a routine, perseverative or stereotyped way
(akin to exploitation). The balance between innovation and
perseveration is generally considered a feature of executive
control by the frontal lobes (Norman and Shallice 1986).
Perhaps surprisingly, it has rarely been linked with the
explore/exploit distinction in foraging and reinforcement
learning. It remains unclear whether the vestibular system
could contribute to the balance of behaviour control in such
non-spatial, non-navigational contexts. Here, we used
galvanic vestibular stimulation (GVS) to investigate whether vestibular inputs to each hemisphere contribute to the
balancing between novel and stereotyped responses in
generating behaviour.
GVS is a non-invasive tool that directly stimulates the
vestibular receptors (Fitzpatrick and Day 2004), producing
complex oculomotor, perceptual and postural responses. It
is thought to stimulate the entire vestibular nerve, including
both otolith and semicircular canal afferents (Stephan et al.
2005). In the traditional bilateral bipolar GVS configuration, an anode and cathode are placed on the left and right
mastoid or vice versa. Perilymphatic cathodal currents are
thought to depolarize the trigger site and lead to excitation,
whereas anodal currents hyperpolarize it resulting in inhibition (Goldberg et al. 1984). Neuroimaging studies using
GVS have revealed widespread vestibular projections
reaching many areas of the cerebral cortex. Interestingly,
these areas are largely multisensory, such as the retroinsular cortex, the superior temporal gyrus, the temporoparietal cortex, the basal ganglia and the anterior cingulate
(Bense et al. 2001; Bucher et al. 1998). Further, left-anodal
and right-cathodal GVS induced unilateral activation of the
right-hemispheric vestibular system, while the opposite
polarity, that is, left-cathodal and right-anodal GVS, led to
a bilateral activation of both vestibular cortices (Fink et al.
2003). This may reflect right-hemisphere dominance for
vestibular processing in humans (Dieterich et al. 2003). A
recent review of lateralised effects of GVS on a battery of
cognitive tasks showed several hemisphere-specific effects.
Indeed, GVS was considered an important method for
inducing hemisphere-specific activations, and thus for
studying cerebral lateralisation (Utz et al. 2010a, b).
To investigate whether vestibular input could influence
the balance between novel and routine behaviour, we used
a standard random number generation paradigm in which
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participants were asked to generate sequences of numbers
as randomly as possible (Loetscher and Brugger 2007). The
ability to generate random numbers has been defined as a
basic cognitive function. Some authors suggested that the
generation of random digits is characterized by a ‘creativity
mechanism, while not truly random, [that] provides
novelty’ (Bains 2008). Therefore, the link between novelty
and randomness may be unsurprising since randomness can
be consider as a source of novelty, in contrast to the
recurrent generation of ‘obvious’ choices (Bains, 2008).
Further, random number generation has been extensively
used in neuropsychological and cognitive testing as a
measure of executive function, and quantitative measures
of the various aspects of executive function have been
developed (Peters et al. 2007). Neuroimaging studies
revealed that random number generation activates a distributed cortical network including the dorsolateral prefrontal cortex, the lateral premotor cortex, anterior
cingulate and inferior and superior parietal cortex (Jahanshahi et al. 1998, 2000). Many strategies might be used
during the generation of random sequences (Strenge and
Rogge 2010), but the inhibition of prepotent counting
behaviour is recognized as particularly important (Spatt
and Goldenberg 1993). Thus, random number generation
requires efficient and flexible cognition, since it involves
both suppressing stereotyped responses and generating
non-stereotyped responses (Daniels et al. 2003).
Several studies have demonstrated that numerical representations are spatially coded into a non-verbal mental
number line (Dehaene 1992; de Hevia et al. 2008). Spatial–
numerical interactions in random number generation
(Loetscher and Brugger 2007) revealed that small numbers
are implicitly associated with the left side of the space, and
larger numbers with the right side of the space, according
to the mental number line concept (Dehaene 1992; Galfano
et al. 2006). Results from random number generation tasks
also suggested that numbers were spontaneously remapped
to spatial locations along a number line (Strenge and Bohm
2004). In particular, participants may mentally visualize
the order of digits to facilitate the process of generation
(Towse 1998). Studies with right brain-damaged patients
(Rubens 1985) have demonstrated a strong effect of vestibular stimulation on spatial attention (Rubens 1985;
Utz et al. 2011). Recently, a contribution of vestibular
information to allocation of attention has also been suggested in healthy volunteers. Passive whole-body rotation
was found to influence the allocation of spatial attention
toward the side of rotation (Figliozzi et al. 2005). Further,
active head turning directed spatial attention to the corresponding side in mental number space (Loetscher et al.
2008). This study found that small numbers (i.e. located in
the left side of the mental number space) were generated
more often during leftward head turns as compared with
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rightward head turns. Similar results have been observed
using passive whole-body motion (Hartmann et al. 2011).
In contrast, Rorden et al. (2001) did not find shifts of
attention following caloric stimulation of the vestibular
system. However, differences between the types of vestibular stimulation used (see Lopez et al. 2012), and
therefore in the distribution of vestibular afferents stimulated, might explain the contrasting findings.
Based on the previous literature, we therefore had a
strong hypothesis that GVS could have spatial-type effects
in random number generation, and that these effects might
also be specific to the hemisphere stimulated. In particular,
vestibular stimulations that activated the right hemisphere
are known to enhance orienting to the left side of space
(Vallar et al. 1990). This stimulation might produce a bias
towards generating small numbers in random number
generation.
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GVS’ stimulation, based on that used by Lopez et al.
(2010), was applied using electrodes on the left and right
side of the neck (about 5 cm below the GVS electrodes),
with a left-anodal and right-cathodal configuration. This
causes a similar tingling skin sensation to real GVS, and it
functions as a control for non-specific alerting effects, and
for the knowledge that an unusual stimulation is occurring.
Other forms of sham GVS have also been proposed. These
include onset-only sham stimulation (Utz et al. 2010a, b),
in which all trials begin with GVS, but the stimulating
current is then gradually reduced to zero in the sham
condition. However, the advantages of this approach
become less compelling when the stimulation period is
relatively short, as in our study. We therefore preferred a
sham stimulation that produces similar cutaneous effects to
GVS, but does not affect the vestibular organ or afferents.
Random number generation task

Materials and methods
Participants
Twenty-four naı̈ve right-handed paid participants volunteered in the study (14 male, ages mean ± SD: 24.7 ± 4.91
years). Subjects with a history of vestibular or auditory disorders were excluded. Informed consent was obtained prior
to participation in the experiment. The experimental protocol
was approved by University College London research ethics
committee. The study was designed according to ethical
standards of the Declaration of Helsinki. Data from one
participant were discarded due to an inability to correctly
follow the instructions (see below).
Galvanic vestibular stimulation procedure
To reduce the postural consequences of vestibular input,
the experiment was conducted in a comfortable sitting
position. This also reduced the tendency to tilt towards the
anodal side during GVS (Day et al. 1997). Bipolar GVS
was used to deliver a boxcar pulse of 1 mA with 11 s of
duration, via a commercial stimulator (Good Vibrations
Engineering Ltd., Nobleton, Ontario, Canada). Carbon
rubber electrodes (area 10 cm2) were placed binaurally
over the mastoid processes and fixed in place with adhesive
tape. The areas of application were first cleaned with surgical spirit-soaked cotton wool and electrode gel was
applied to reduce the impedance. According to our convention, left-anodal and right-cathodal configuration is
named ‘L-GVS’, and predominantly stimulates the right
hemisphere. The inverse polarity, namely left-cathodal and
right-anodal configuration is named ‘R-GVS’, and predominantly stimulates the left hemisphere. A ‘PSEUDO-

Data from each participant were gathered in a single session. At the beginning of the session, participants received
verbal and written instructions about the task. Participants
were comfortably seated with a neutral head posture, that
is, neither tilted nor flexed. Participants were asked to keep
the eye opened during the task and direct the gaze to a
fixation point, thus avoiding strong illusory motion perception induced by vestibular stimulation. Participants
performed a random number generation task during
L-GVS, R-GVS or PSEUDO-GVS. The random number
generation task and analyses were based on standard
methods (Loetscher and Brugger 2007; Towse and Neil
1998). This task requires participants to generate a
sequence of 20 consecutive digits. In particular, participants were instructed to name the digits from 1 to 9 as
random as possible. The generation was paced by a series
of tones, at 2 Hz, lasting approximately 10 s. The beginning of each trial (i.e. each sequence) was signalled by a
different sound. Here, participants were instructed to consider three different tones as a ‘ready-steady-go’ signal and
to start the generation of digits after the last tone, that is,
‘go’ tone, but in concomitance to the first beat. Five hundred milliseconds after the ‘go’ tone, L-GVS, R-GVS or
PSEUDO-GVS was administered for 500 ms and then the
first beat was played. We considered the first 500 ms of
GVS or PSEUDO-GVS as the onset phase of the stimulation: during this phase, participants could potentially feel a
transient paraesthesia under the electrodes in all conditions,
which could distract them from the RNG task. Therefore,
the beats for pacing the RNG task began only after the
sensations of GVS were stabilized. Accordingly, the
generation of random digits started after this phase of
stimulation accommodation. L-GVS, R-GVS or PSEUDOGVS was delivered for 11 s. Three sequences lasting
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approximately 14 s for each type of stimulation were
repeated in a pseudo-randomized order. The order was
different in each participant. A rest period of few minutes
between different sequences was given to the participants
to avoid any discomfort induced by the stimulation.
Data analysis
The data were analysed by using dependent variables
previously established in the random number generation
literature, and linked with specific hypothetical cognitive
components of random number generation. Analysis of the
spatial component in the random number generation task
was assessed by calculating the percentage of large digits
(‘6’, ‘7’, ‘8’ and ‘9’) indicating preference for numbers at
the right side of the mental number line (Loetscher and
Brugger 2007). We also estimated the distribution of firstorder differences (FODs) (Towse and Neil 1998; Loetscher
and Brugger 2007), between successive numbers. FODs
varied between -8, that is, response ‘9’ followed by
response ‘1’ and ?8, that is, response ‘1’ followed by
response ‘9’. Positive values indicate ascending series, or
following a mental number line rightwards, whereas negative values indicate descending series, or following a
number line leftwards. Further, over-representation of
?1/-1 responses indicates that participants tend to adopt a
counting strategy during the generation of digits. Similarly,
increased 0 responses reflect the tendency to repeat a
number.
To calculate the quality of the randomness produced in
the random number generation task, we calculated the
redundancy score (R score) for each sequence. This reflects
sampling bias, by calculating deviations from the equiprobability of response alternatives. R score ranges from 0
(all alternatives generated equally frequently) to 100 (one
single alternative provided on all trials) (Towse and Neil
1998). We reasoned that low R score values would correspond to exploration or novel behaviour, and high values to
exploitation or routine behaviour. Finally, the random
number generation index (RNG-I) was applied to assess the
degree of equiprobability of pairs of consecutive responses.
RNG-I ranges from 0 (all sequential pairs equally frequent)
to 1 (perfect predictability of a digit from the preceding
digit) (Towse and Neil 1998). Both repetition and counting,
for example, would produce high values of RNG-I. An
open-source program was used to calculate R score and
RNG-I (http://www.lancs.ac.uk/staff/towse/rgcpage.html).
Percentages of large digits, FODs, R scores and RNG-I
indexes were estimated for each sequence and averaged
within each experimental condition, that is, L-GVS,
R-GVS and PSEUDO-GVS. We hypothesized that vestibular stimulation might influence random number generation in either of two distinct ways, and we accordingly
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expressed these hypotheses as planned contrasts. First, any
activation of the vestibular system might have a general
effect on cognitive processes underlying random number
generation, independent of the polarity of the stimulation,
and of any specific hemispheric effects. To test this generic
hypothesis, we compared the average of the L-GVS and
R-GVS conditions with the PSEUDO-GVS condition, for
each dependent variable. Second, we also tested the
hypothesis, according to which the effects of vestibular
stimulation on random number generation might be specific to the hemisphere primarily activated by the vestibular
stimulation. This specific hypothesis was tested by comparing L-GVS and R-GVS directly, for each dependent
variable. Hemisphere-specific effects might arise because
of potential hemispheric lateralization of specific cognitive
processes underlying random number generation, or
because one polarity of GVS might be stronger than the
other, or because of a combination of these factors
(Table 1).

Results
The mean data in each condition are shown in Table 2.
Generic vestibular effects on random number
generation
To directly investigate whether vestibular stimulation
influences random number generation, we computed a
generic vestibular effect, defined as (L-GVS ? R-GVS)/2,
and compared this with the PSEUDO-GVS condition, for
each dependent variable. Investigation of spatial effects in
random number generation did not reveal any differences
between vestibular stimulation and pseudo-stimulation.
The percentage of ‘large’ digits generated did not differ

Table 1 Hypotheses for the effects of vestibular stimulation on
random number generation and their corresponding contrast
coefficients
Stimulation condition
L-GVS
Generic hypothesis

R-GVS

PSEUDO-GVS

1

1

-2

1

-1

0

(Vestibular system activation
influences random number
generation)
Specific hypothesis
(Activating the vestibular
projections in the two
hemispheres has different
effects on random number
generation)
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Table 2 Mean scores in each stimulation condition
Stimulation condition
L-GVS

R-GVS

PSEUDOGVS

Measures of spatial bias
Large digits (%)

38.22 (5.41)

38.76 (4.43)

39.51 (4.72)

Negative first-order
differences (FODs)

9.07 (1.27)

9.01 (1.20)

9.01 (1.78)

Positive first-order
differences (FODs)

8.92 (1.36)

9.13 (1.42)

8.93 (1.87)

Redundancy score (R score)

4.27 (2.07)

5.31 (2.52)

4.85 (2.19)

Random number generation
index (RNG-I)

0.20 (0.07)

0.19 (0.08)

0.19 (0.07)

Measures of randomness

Measures of spatial bias and randomness (mean scores, SD) in L-GVS, R-GVS
and PSEUDO-GVS

between experimental conditions (t(22) = -0.935, p = 0.36)
(Fig. 1a). These results indicate that vestibular activation did
not elicit any general leftward or rightward preference in the
generation of number. Similarly, neither the sum of negative
FODs (Fig. 1b) nor the sum of positive FODs (Fig. 1c)
differed significantly between experimental conditions
(respectively, t(22) = 0.103, p = 0.919 and t(22) = 0.311,
p = 0.759). However, we note that due to the inability of
some participants to produce a sequence of exactly 20 digits,
the mathematical sum of FODs in our data is not 19 as
expected in the generation of 20 digits sequence, but slightly
below (see Table 2).
Testing the hypothesis of a generic vestibular effect on
measures of randomness did not reveal differences. No
generic vestibular effect was found in the redundancy score
(R score) (t(22) = -0.188, p = 0.853) (Fig. 1d) or RNG-I
index (t(22) = 0.354, p = 0.726) (Fig. 1e).
Specific polarity/hemisphere-dependent vestibular
effects on random number generation
According to our hemisphere-specific hypothesis, scores on
each variable were directly compared between L-GVS and
R-GVS conditions, to investigate differences in how vestibular projections in each hemisphere might influence the
cognitive processes involved in random number generation. No differences were found between experimental
conditions in the dependent variables used to investigate
spatial effects in random number generation. The percentage of ‘large’ digits generated did not differ between
L-GVS and R-GVS (t(22) = -0.583, p = 0.566), indicating the absence of a leftward or rightward preference
related to the experimental stimulation (Fig. 1a). In particular, R-GVS did not decrease the leftward bias, nor did
L-GVS decrease the rightward bias, as a hypothesis of
spatial-attentional shifts induced by GVS might predict.

Similarly, the use of ascending and descending strategies,
as assessed by FODs, did not differ between experimental
conditions (Fig. 1b, c). The sum of negative FODs did
not show any difference between L-GVS and R-GVS
(t(22) = 0.213, p = 0.833). Similar results were found
for the sum of positive FOD values (t(22) = -0.69,
p = 0.497). There were no obvious differences between
conditions in the frequency of any particular value of the
FODs variable (supplementary figure 1).
In contrast, measures of randomness revealed specific
differences between GVS polarities. The redundancy
score (R score) significantly differed between the two
polarities of stimulation (t(22) = -2.25, p = 0.035),
because R-GVS increased redundancy relative to L-GVS
(Fig. 1d). To investigate whether this effect reflected a
benefit or a cost, we additionally compared each individual stimulation condition with PSEUDO-GVS. We
found that neither mean was significantly different from
zero (p [ 0.05), suggesting that the effect lay fundamentally in the balance between the two experimental
stimulations, rather than an effect of just one polarity on
redundancy. Finally, RNG-I did not show a significant
difference between L-GVS and R-GVS (t(22) = 0.098,
p = 0.923) (Fig. 1e).

Discussion
The balance between exploratory or novel behaviour and
exploitative or routine behaviour is fundamental to successfully interact with the surrounding environment. Here,
we show that vestibular input, in general, did not interfere
with the cognitive processes involved in random number
generation. In contrast, specific polarities of vestibular
input, associated with activation of vestibular projections in
each hemisphere separately, had differential effects on
specific aspects of random number generation behaviour.
In particular, our data revealed hemisphere-specific modulation in the redundancy of behaviour: L-GVS specifically
decreased redundancy, or increased randomness, compared
with R-GVS which increased redundancy, or decreased
randomness. Other dependent variables showed no significant modulation by GVS condition. The redundancy
measure reflects the breadth of sampling from the entire
response space, while the RNG-I reflects predictable
sequential progression through the response space, due to
dependence of each number on the preceding number. We
found hemisphere-specific effects of GVS on the former,
but not the latter. Thus, hemispheric GVS appears to
influence the degree of novelty and variation in sampling
from the range of alternative responses, rather than the use
of transition rules, such as repetition or counting, between
successive actions.
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Fig. 1 Effects of GVS on spatial bias and randomness. a Preference
for large digits as a function of experimental condition. b Sum of
negative values indicating descending bias and c sum of positive

values indicating ascending bias in each experimental condition.
d Redundancy scores in each experimental condition. e RNG-I scores
in each experimental condition

In a previous study, TMS over left dorsolateral prefrontal cortex interfered with the normal tendency to avoid
a counting strategy (e.g. 1–2–3) in random number
generation tasks (Jahanshahi et al. 1998). Our FODs and
RNG-I measures did not provide any evidence in this
direction. It is noteworthy that repetition and counting
strategies are more likely to be associated with the generation
of longer sequences of digits. The sequences we used were
short (20 digits) relative to those used in other random
number generation studies (between 66 and 100 generated
numbers, Jahanshahi et al. 1998; Towse and Neil 1998;
Loetscher and Brugger 2007). These short sequences were
used because administering GVS or PSEUDO-GVS for long
periods can cause uncomfortable tingling or pinpricking
sensation in the skin surface below the attached electrodes.
Binaural galvanic vestibular stimulation produces
polarity-dependent differences in a percept described as a
‘‘virtual rotation vector’’ (Day and Fitzpatrick 2005) as
well as sensory and cognitive functions in both healthy
volunteers and brain-damaged patients (Utz et al. 2010a,
b). L-GVS mimics an inhibition of the left ear and an
activation of the right ear vestibular systems, decreasing

the firing rate of the vestibular nerve on the left side and
increasing it on the right side (Fitzpatrick and Day 2004;
Goldberg et al. 1984). Neuroimaging studies have revealed
asymmetrical cortical vestibular projections, suggesting
that the core region of the vestibular network is primarily
located in the non-dominant right hemisphere in righthanded subjects (Dieterich et al. 2003). However, these
conclusions were based mostly on monaural stimulation
methods. Fink et al. (2003) used fMRI to study the
effects of bipolar GVS. They found that left-anodal and
right-cathodal stimulation, corresponding to our L-GVS,
produced unilateral activation of the right-hemispheric
vestibular projections, while the opposite polarity, that is,
left-cathodal and right-anodal GVS, corresponding to our
R-GVS, activated both left and right hemispheres (Fink
et al. 2003).
Two alternative mechanisms could explain the vestibular modulation of random number generation. First, R-GVS
and L-GVS might diffusely activate an entire cerebral
hemisphere by vestibular input. Vestibular stimulation can
produce non-specific increases in cortical excitability of the
contralateral hemisphere (Utz et al. 2010a, b). If the two
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hemispheres further differ in their contributions to
exploratory and exploitative behaviour, then this might
account for the effects we observe. Crucially, the right
hemisphere was shown to dominate in suppressing repetitive behaviours (Sandson and Albert 1987), since right
brain-damaged patients show more repetitive behaviour
than patients with comparable lesions in the left hemisphere. Goldberg et al. (1994) proposed a principle of
hemispheric lateralization based on cognitive novelty and
cognitive routine: the right hemisphere is critical for the
generation and exploratory processing of novel cognitive
situations, while the left hemisphere is critical for processing based on pre-existing representations and routine
cognitive strategy (Goldberg et al. 1994). In their series,
patients with left frontal lobe lesions showed generative
and exploratory reasoning in ambiguous cognitive tasks,
while patients with right frontal lobe lesions showed perseverative and routine responses (Goldberg et al. 1994).
Our results are consistent with the idea that hemispheric
GVS similarly influences the balance between generative
and repetitive behaviours. Thus, in the random number
generation task, L-GVS would promote randomness by
facilitating novel, generative or exploratory behaviour
controlled by the right hemisphere, while R-GVS would
reduce randomness by facilitating routine, stereotyped
behaviour controlled by the left hemisphere.
Alternatively, vestibular input might specifically project
to cortical areas within each hemisphere that are involved in
random number generation. Vestibular modulation of cognitive control of behaviour has not been discussed previously, as far as we are aware. In fact, one comprehensive
study of cognitive effects of vestibular stimulation reported
‘‘some evidence of a small adverse effect of GVS on the
Stroop test’’ (Dilda et al., 2012, p 281), but offered no
interpretation. However, perceptual studies show that vestibular stimulation directly influences alternation patterns of
binocular rivalry (Miller et al. 2000). Miller et al. (2000)
hypothesized that each hemisphere is responsible for one of
the competing percepts in binocular rivalry situations, and
that the alternations induced in the perceptual level correspond to the hemispheric alternations (Miller et al. 2000).
Furthermore, neuroimaging studies identified the right
fronto-parietal cortex as the core area involved in binocular
transitions experienced during rivalry (Lumer et al. 1998).
Similarly, the generation of random numbers activated the
dorsolateral prefrontal cortex, the lateral premotor cortex,
the anterior cingulate and the inferior and superior parietal
cortex (Daniels et al. 2003; Jahanshahi et al. 1998, 2000).
Given the unique multimodal nature of the vestibular system and its strong projections in the right hemisphere, we
cannot exclude the possibility that vestibular signals reach
specific cortical areas involved in the generation of
explorative behaviours in the right fronto-parietal cortex.
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Our data do not provide any evidence of a purely spatial
effect. However, previous reports suggested that vestibular
stimulation causes strong modulations of spatial attention
in right brain-damaged patients (Rubens 1985; Utz et al.
2011). Additionally, GVS was shown to interfere with
spatial processing on two spatial tasks: a spatial matchto-sample memory task and a perspective transformation
task (Dilda et al. 2012). Similarly, Figliozzi et al. (2005)
showed that vestibular inputs could produce spatiotopic
shifts of attention, even under central fixation in vestibularocular reflex suppression conditions. The random number
generation task has been applied to explore the properties
of number space because of its strong relation with the
mental number line (Loetscher and Brugger 2007). A
spatial component in the generation of random number has
been suggested, with spatial-attentional asymmetries in
numerical processing supporting the presence of pseudoneglect in number space in healthy volunteers (Loetscher
and Brugger 2007). This account would predict orientation
towards left hemi-space, that is, an increased generation of
small numbers, during L-GVS, and towards right hemispace, that is, an increased generation of larger numbers,
during R-GVS.
In line with this prediction, active head turns (Loetscher
et al. 2008) and also passive body motion (Hartmann et al.
2011) were reported to influence numerical cognition. The
influence was interpreted as a shift in spatial attention
along the mental number line. In particular, this evidence
showed that leftward head/body motion facilitated the
generation of small digits, whereas rightward head/body
motion facilitated the generation of large digits. In contrast,
we found no evidence concerning drifts of spatial attention
to the side of the mental number line contralateral to the
hemisphere activated by the GVS. Since vestibular cortical
activations induced by whole head–body rotatory accelerations and GVS are quite different, it is difficult to directly
compare the previous results with those we report here.
Although GVS produces mild illusory self-motion (Lobel
et al. 1998; Barnett-Cowan and Harris, 2009; Trainor et al.
2009), a strong ‘‘virtual rotation vector’’ has been described (Day and Fitzpatrick 2005). This suggests that purely
vestibular activation is not sufficient to interact with spatial
representation in healthy participants does not have strong
spatial effects. This suggestion is also supported by a lack
of vestibular-induced modulation of visual spatial attention
in healthy participants (Rorden et al. 2001). Alternatively,
the strength of our stimulation might have been insufficient
to shift spatial attention. However, there is evidence that
even low-intensity GVS can modulate neglect and tactile
extinction (Utz et al. 2011; Kerkhoff et al. 2011). In fact,
we employed a low-intensity galvanic vestibular stimulation (1 mA) as it circumvents merely cueing effects that
occur with high-intensity stimulation: we did not want
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strong tactile sensation under one or both electrodes to cue
participants to the left or right side. Further, a clear balance
response is evoked by GVS at 1 mA, as used here. Such
balance responses confirm that our levels of GVS were
sufficient to activate vestibular afferents (Day and
Fitzpatrick 2005). Finally, the lack of spatial effect in our
data could arise if our participants used a non-spatial
method of random number generation. Further studies are
needed to clarify the role of vestibular inputs in higher
order spatial and attentional representation.
Interestingly, the present findings are fully in agreement
with data recently observed in neurological patients. A
speculation based on prior literature would predict that
patients affected by hemispatial neglect after right parietal
lesions might evidence a large-number bias in random
number generation, thereby neglecting digits from the left
side of the mental number line (Loetscher and Brugger
2009). However, Loetscher and Brugger (2009) showed
that there were no differences between hemispatial neglect
patients and healthy control participants in the generation
of small numbers, that is, digits located in the left side of
the mental number line. Importantly, left hemispatial
neglect patients reported a drastic stereotyped behaviour
compared with controls. In particular, the observed stereotyped behaviour was not reflecting an excessive counting strategy, but an enhanced redundancy (Loetscher and
Brugger 2009).
Finally, our data suggest novel interpretations of effects
induced by vestibular stimulation in neglect patients. Traditionally, the dramatic transitory improvement in visuospatial exploration following vestibular stimulation
described in neglect patients had been interpreted as a
reallocation of the spatial attention toward the neglected
side of space (Utz et al. 2010a, b). The present findings
suggest that vestibular stimulation might not merely produce displacement in spatial attention, but also generation
of more novel behaviours. Since we did not test neglect
patients, we can only speculate on this point. However,
exploratory behaviour induced by L-GVS might include
more visuo-spatial scanning, that is, increasing the overall
number of saccades, both in the left and right hemi-space.
Thus, the increased leftward exploratory behaviour would
simulate a reallocation of the attention in the left hemispace inducing a remission of visuo-spatial neglect, while
any increased rightward behaviour would be unremarked,
perhaps because of ceiling effects. We believe future
studies could address this hypothesis by measuring the
direction of spontaneous saccades following vestibular
stimulation in neglect patients. Any component of the
vestibular effect due to modulation of exploratory behaviour could be measured as an increase in orienting behaviour towards both left and right space, while any spatial
component could be measured as an increase in leftward
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saccades over and above rightward saccades. We speculate
that both components may be present, but that different
lesion sites may affect primarily the exploratory or the
spatial components.
To conclude, we have shown that galvanic vestibular
stimulation interacts with the generation of novel/exploratory versus routine/exploitative responses. The vestibular
system plays a fundamental role in the active relation with
external environment, but it remains unclear whether our
results reflect a specific vestibular influence on those areas
involved in cognitive control, or a more diffuse hemispheric activation caused by vestibular stimulation.
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