
Abstract Recent studies have shown that responses to
surface galvanic vestibular stimulation (GVS) show sub-
stantial interindividual variation. Between-subject vari-
ability may be due to individual differences between
subjects, or to the poor reliability of the test, or to differ-
ences in test details, or to host factors. The aim of the
present study was to compare variability between and
within subjects in binocular 3-D eye-movement respons-
es to long-duration, maintained, large-amplitude, bilater-
al, bipolar, surface GVS. Subjects were seated and re-
strained, and in one condition fixated a small, centrally
located visual target; in the other condition, testing was
carried out in complete darkness. Surface GVS of 5 mA,
with a rectangular waveform was delivered bilaterally
for 5 min while eye movements were measured using
computerised video-oculography (VTM). In the first ex-
periment, ten subjects participated in both conditions in
one session, and in the second experiment, two subjects
participated in both conditions for a total of five repeated
sessions. The stimulation was well tolerated by all sub-
jects and produced a change in torsional position with
the upper pole of both eyes rolling towards the anode
and away from the cathode in all subjects in both condi-
tions. Although little vertical nystagmus was evident in
either condition, most subjects showed relatively strong
horizontal nystagmus (slow phases towards the anode) in
darkness. This study confirms previous observations that
the torsional response to GVS is highly variable between
subjects, whilst also showing for the first time that eye-
movement responses to GVS show good within-subject
repeatability. This study also demonstrates considerable
between-subject variability in the relative ratios of re-
sponse components (torsional and horizontal nystagmus,
torsional position), whereas the relatively small within-
subject variability can be characterised more by changes

in the overall amplitude of the eye-movement response.
Subjects show idiosyncratic oculomotor response pat-
terns to GVS, varying slightly in absolute magnitude be-
tween sessions. Thus, GVS may be a more reliable stim-
ulus than may have been anticipated from the literature.
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Introduction

For over 200 years it has been known that delivering cur-
rent across the head produces sensations of dizziness
(Kayan et al. 1974). Whether this surface galvanic stimu-
lation acts peripherally or centrally has been a matter of
considerable debate (Goldberg et al. 1982, 1984), how-
ever, it is widely accepted that surface galvanic stimula-
tion delivered to the mastoids activates at least some part
of the vestibular system. For this reason, galvanic vestib-
ular stimulation (GVS) has been the focus of continued
studies seeking to determine its usefulness in a clinical
diagnostic setting (Pfaltz 1969; Coats 1972; Watanabe et
al. 1985).

Early studies focused on the eye-movement response
to GVS using nystagmography, however, the results
were highly variable (Straub and Thoden 1992). Investi-
gation in this area turned more and more to the effects of
GVS on postural responses, such as GVS-induced body
sway (see, for example, Coats 1973; Magnusson et al.
1991), and EMG responses to GVS in normals and in
people with vestibular deficits (see, for example, Britton
et al. 1993; Watson et al. 1998b). Again, the overall high
variability of the results of GVS initially led some re-
searchers to discount the utility of GVS as a test of pe-
ripheral vestibular function at all (Blonder and Davis
1936; Pfaltz and Richter 1965). In addition, the delivery
of GVS has sometimes been too noxious for subjects to
tolerate without considerable discomfort, resulting in
many researchers questioning whether GVS could ever

H.G. MacDougall (✉ ) · A.E. Brizuela · A.M. Burgess
I.S. Curthoys
Department of Psychology, University of Sydney, 
NSW 2006, Sydney, Australia
e-mail: hamish@psych.usyd.edu.au
Tel.: +61-2-93515953, Fax: +61-2-93512603

Exp Brain Res (2002) 144:69–78
DOI 10.1007/s00221-002-1038-4

R E S E A R C H  A RT I C L E

Hamish G. MacDougall · Agatha E. Brizuela
Ann M. Burgess · Ian S. Curthoys

Between-subject variability and within-subject reliability 
of the human eye-movement response to bilateral galvanic (DC) 
vestibular stimulation
Received: 5 September 2001 / Accepted: 16 January 2001 / Published online: 5 March 2002
© Springer-Verlag 2002



be an appropriate clinical tool for the assessment of ves-
tibular function (Blonder and Davis 1936).

Recent refinements in the delivery of GVS have,
however, greatly reduced the level of discomfort pro-
duced. The use of large surface electrodes and generous
quantities of conductive medium (such as electrode
paste or gel) greatly reduces the likelihood of GVS
causing discomfort or resulting in burns to the skin. In
addition, the characteristics of the stimulus appear to
play an important role in whether the stimulus produces
noxious subjective responses, such as overpowering
sensations of spinning or falling, nausea or metallic tast-
es in the mouth. These subjective responses to GVS
mostly appear to accompany onset or rapid changes in
the amplitude of current delivered (Hlavacka and
Njiokiktjien 1985; Magnusson et al. 1990; Johansson
and Magnusson 1991; Watson et al. 1998a) as well as
being mediated by the absolute magnitude of the stimu-
lus (Zink et al. 1997, 1998). Thus, high-velocity impuls-
es at large current amplitudes delivered through elec-
trodes with small surface area may be quite noxious to a
subject, whereas slowly increasing the current from ap-
proximately zero to the same large amplitude and main-
taining that level of stimulation over a long duration
(>30 s) is tolerated well by most subjects (Watson et al.
1998a). Using these refinements, Watson et al. (1998a)
showed that long-duration GVS could be delivered com-
fortably and that it caused a maintained change in ocular
torsional position (OTP) with the upper pole of both
eyes rotating away from the cathode and/or towards the
anode, regardless of whether the stimulus was delivered
bilaterally or unilaterally.

However, uncertainty still exists regarding the reli-
ability of the GVS-induced responses. Studies have
shown that GVS causes substantial individual variations
in regional cerebral blood flow to vestibular cortical ar-
eas (Lobel et al. 1998) and in torsional eye-movement
responses (Kleine et al. 1999; Schneider et al. 2000).
This variability appears to limit the potential of surface
GVS as a diagnostic tool. However, studies have rarely
attempted to identify the source of between-subject vari-
ability. This may be because experiments using GVS can
be demanding for subjects, as the stimulus can be nox-
ious enough to deter subjects from participating in multi-
ple sessions.

When response differences are found between sub-
jects, one of the first sources of variability that must be
suspected is that arising between tests. In other words,
between-subject variability may be due to individual dif-
ferences between subjects, or to differences in test de-
tails between sessions, such as electrode placement and
resistance, current delivery, or even host factors such as
arousal or changes in response bias in resolving ambigu-
ous sensory input (Lobel et al. 1998). The aim of the
present study was to examine the 3-D eye-movement re-
sponses to long-duration, maintained, large-amplitude,
bilateral, surface GVS. In particular, this study sought to
compare between- and within-subject variability in ocu-
lomotor responses to surface GVS.

Measurement of torsional eye movements using tech-
niques such as scleral search coils is problematic due to
coil slippage (especially during blinks; Bockisch and
Haslwanter 2001). To overcome such potential artefacts,
the present study used a robust and sensitive method 
of computerised video-oculography (VTM; Moore et 
al. 1991, 1996) to measure binocular eye movements
during unobstructed vision. This avoids the inherent con-
founds when one or both eyes are occluded (Howard and
Templeton 1966), for example, by video cameras.

The presence of a fixation light is known to drastically
affect the eye movements of normal subjects. In addition
to largely suppressing horizontal and vertical nystagmus,
the presence of a fixation light has been shown to slightly
reduce torsional eye movements (Enright 1990). In addi-
tion, Smith et al. (1995) have shown that, during on-cen-
tre rotation without fixation, the unsuppressed horizontal
nystagmus tends to reduce or ‘dump out’ the centred OTP
response. The present study investigated the response to
GVS in both complete darkness and fixation conditions.
Results obtained in darkness permit an analysis of the
complex, 3-D eye-movement response to GVS, whereas
the results obtained with a fixation light allow the isola-
tion of predominantly stable, torsional components. Last-
ly, the present study uses long-duration (5 min) main-
tained galvanic stimulation in order to investigate the
variability of the long-term decay and adaptation seen in
previous studies (Watson et al. 1998a).

Materials and methods

Subjects

Ten subjects (four males and six females; mean age 28.7 years, SD
11.5 years) volunteered to participate in this study. All ten subjects
participated in experiment 1: variability. Two of these subjects
(one male, aged 32 years, and one female, aged 20 years) also par-
ticipated in experiment 2: repeatability. No subject reported any
history of vestibular dysfunction. All procedures were approved
by the appropriate institutional ethics committees and all subjects
gave informed written consent.

Galvanic stimulation

Galvanic stimulation was delivered via surface electrodes of ap-
proximately 1,000 mm2, individually cut from electrosurgical plat-
ing (3 M) generously coated with electrode gel and placed over
each mastoid process (see, for example, Watson et al. 1998a).
Stimulation electrode placement was bilateral (cathode applied to
one mastoid and anode to the other). This kind of bilateral deliv-
ery is preferable where there is no reason to expect asymmetry of
response from each side (unlike patient testing, which would re-
quire unilateral comparisons). Further, bilateral stimulation was
chosen because it is, in effect, twice as strong as unilateral stimu-
lation, thereby generating larger eye-movement responses which
allow more effective analysis (improved signal:noise ratio). A cus-
tom-designed isolated current stimulator was used to deliver the
desired current from a battery source over a prolonged period. Pri-
or to the test commencement, the stimulator was manually preset
to deliver a current level of 5 mA (this was monitored continuous-
ly), then left at this level and switched off (see procedures). When
ready to test, the stimulator was switched on, thereby delivering a
5-mA square-wave galvanic stimulus.
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Procedure

Prior to the commencement of the test session proper, the elec-
trodes were attached to the mastoids of the subjects. Once subjects
were seated comfortably, they were given a practice session to en-
sure comfortable toleration of the stimulus. The stimulator was
connected, switched on (at 0.6 mA) and then gradually increased
to 5 mA (over approximately 10 s), left at 5 mA (approximately
15 s) and then switched off. During this practice session, subject
tolerance of the stimulus was verbally verified. In this way we en-
sured that all subjects were able to tolerate both the maximal level
of stimulation (5 mA) and a square-wave change of 5 mA in stim-
ulation (offset at end of practice). In addition, we asked subjects to
describe any illusory sensations of movement in order to satisfy
ourselves that the stimulus was effective. Drops of pilocarpine
(used to constrict the pupil for video-oculography) were then ad-
ministered to subjects’ left and right eyes. A rest period of 20 min
between the practice session and the commencement of the test al-
lowed the pilocarpine to take effect, and ensured that subjects re-
covered fully from the practice stimulus.

Following the rest period, subjects donned the video headset
required for continuous eye movement recording (see below).
Subjects were seated such that Reid’s line (the line joining the in-
ferior margin of the orbit and the upper margin of the external au-
ditory meatus) was held about 7° nose up relative to earth horizon-
tal. This is a standard position that is both comfortable and allows
for comparable orientation of the otoliths across subjects. Head
and shoulders were held firmly by padded supports.

Stimulus polarity was cathode left-anode right (CLAR) in all
trials. In the first condition (FIX ON) subjects fixated a light that
was positioned 80 cm straight ahead (i.e. centred both vertically
and horizontally). Eye-movement recording commenced 2 min
prior to the onset of GVS. The constant-current stimulator was
then switched on, delivering 5 mA CLAR with square-wave onset.
The stimulus was left at this level for 5 min and was then switched
off (square-wave offset). Eye-movement recording continued for
another 5 min. Subjects were allowed at least 15 min rest before
commencing the second condition (FIX OFF), in which the se-
quence was repeated, except that the fixation light was extin-
guished at the commencement of the eye-movement recording and
subjects were asked to maintain their direction of gaze as if the
fixation light were still present.

These procedures were used for both experiment 1 and experi-
ment 2. For experiment 2, subjects returned to participate in four
additional repeat test sessions each (in addition to their original
session, which formed part of experiment 1). Repeat sessions were
separated by at least 1 day and no more than 3 months.

Eye movement measurement and analysis

Eye movements were recorded using video recording techniques
described previously (Moore et al. 1991, 1996). The resolution of
this method is 0.1° of ocular torsion and the sampling rate was
30 Hz (NTSC frame rate). The pupils of both eyes were constrict-
ed by 2% pilocarpine hydrochloride (Chauvin Pharmaceuticals,
UK), and the eyes were illuminated with infrared light sources.
Half-silvered (“hot”) mirrors (Coolbeam; OCLI, Santa Rosa) re-
flected a close-up image of the iral pattern onto a lipstick-sized
CCD camera (Panasonic WV-CD1E) while permitting the subject
unobstructed vision. The cameras, mirrors and infrared light
sources were mounted on thermoplastic masks (SanSplint; Smith
and Nephew) individually moulded to the subject’s face and held
in place by Velcro straps. This tight-fitting but comfortable “wrap-
around” mask minimised camera slippage relative to the eye, and
our measures of eye position at the start and end of the test show
that there was no detectable camera slippage.

All data were recorded onto VHS videotape using two VCRs
and analysed after the test session. Eye position and velocity were
processed for three dimensions, giving a total of six possible mea-
sures (horizontal, vertical and torsional eye position, and horizon-
tal, vertical and torsional slow-phase eye velocity), however, re-

sults for horizontal and vertical eye position were not included in
all analyses, as these responses are under the voluntary control of
subjects. The right-hand rule was used so that clockwise ocular
torsion (where the upper pole of the eye rotated towards the sub-
ject’s right shoulder) is positive and counterclockwise ocular tor-
sion is negative. At the start of each condition, reference images of
both eyes were recorded while the subject gazed at the fixation
point. The average value of the response measured during this pe-
riod was taken as the baseline measure for each dimension for a
particular subject and arbitrarily given the value of 0° (position
measures) or 0°/s (velocity measures).

Results

Experiment 1: variability

General findings

The long-duration, 5-mA stimulus was well tolerated by
all subjects. Surface GVS produced eye-movement re-
sponses in all subjects. In response to the onset of GVS,
the OTP of all subjects rotated in the positive direction
(i.e. upper pole of the eye rotated towards the anode and
away from the cathode). The change in eye position gen-
erally reached a maximum magnitude soon after stimu-
lus onset (Fig. 1 region A), and then tended to decay,
eventually reaching a tonic OTP (Fig. 1 region B). With
the offset of GVS, the OTP of all subjects reversed di-
rection (i.e. the upper pole of the eye rotated away from

71

Fig. 1 The 3-D eye-movement traces for a subject during 5-mA
cathode left-anode right (CLAR) surface galvanic vestibular stim-
ulation (GVS) in the FIX ON condition. The results of both eyes
are shown (right eye: solid traces, left eye: dashed traces), show-
ing a high degree of binocular conjugacy in the response to GVS.
The vertical grey bars indicate the regions of interest (A “onset”,
B “maintained”, C “overshoot” and D “final”). The orange hori-
zontal bars represent the presence and strength of the galvanic
stimulus. OTP Ocular torsional position, HSPV horizontal slow
phase velocity(SPV), VSPV vertical SPV, TSPV torsional SPV



the anode and toward the cathode), reaching a peak off-
set response (Fig. 1 region C) before returning to base-
line levels by the end of the trial (Fig. 1 region D). The
amplitude of OTP change to GVS offset was similar in
magnitude to that for GVS onset, that is, the magnitude
of a subject’s decay of OTP is similar to that of their
adapted overshoot of OTP (see Fig. 1). Surface GVS
also produced torsional nystagmus, with slow phases di-
rected towards the anode and away from the cathode.

Four measures were used to summarise all subjects’
3-D oculomotor responses. The average of 30 s of data
10 s after the onset of GVS was calculated (“onset”, cor-
responding to region A in Fig. 1). Similarly, 30 s of data
10 s after the offset of GVS was averaged (“offset”, cor-
responding to region C in Fig. 1). The “maintained” re-
sponse was calculated as the average of 30 s of data
commencing 250 s after the onset of GVS (correspond-
ing to region B in Fig. 1), and the “final” response was
calculated as the average of 30 s of data commencing
250 s after the offset of GVS (corresponding to region D
in Fig. 1). Figure 2 shows the average response and asso-
ciated 95% confidence intervals for horizontal, vertical
and torsional slow phase velocity (SPV) and OTP, for all
subjects in experiment 1. Averages and 95% confidence
intervals for the four time periods of interest, as de-
scribed above, are also shown in Fig. 2.

In the FIX OFF condition (Fig. 2 left half) there was a
substantial change in OTP and torsional SPV in response
to GVS, as described above. In addition, GVS produced
horizontal nystagmus, with the SPV directed towards the
anode and away from the cathode (Fig. 2). In this condi-
tion there was very little vertical velocity response ob-
tained to GVS. There was no significant change in verti-
cal eye position, but there was a deviation in horizontal
eye position, towards the anode and away from the cath-
ode (i.e. to the right in this instance) in response to GVS

onset in darkness, with a corresponding overshoot in
horizontal position at stimulus offset. Horizontal and
vertical eye position responses are not analysed any fur-
ther, due to subjects being directed by the experimenter
to return their gaze to a central position when there was
no fixation light present.

In the FIX ON condition (Fig. 2 right half), the fixa-
tion light suppressed horizontal and vertical eye move-
ments to negligible levels, thus making it possible to iso-
late the torsional position and velocity components of
the eye-movement response evident in all subjects. Al-
though the magnitude of the OTP response tended to be

72

Fig. 2 Average eye-movement responses and associated 95% con-
fidence intervals for (rows) OTP, horizontal SPV, vertical SPV and
torsional SPV for all ten subjects in the FIX OFF (left half) and
FIX ON (right half) conditions (columns). The averages for the
time periods of interest (“onset”, “maintained”, “overshoot” and
“final”, in chronological order) are superimposed as vertical black
lines. The horizontal bars indicate the presence and the strength of
the galvanic stimulus. Note that, since confidence intervals are
calculated using n=10 (subjects) in this figure, the range indicated
by the confidence intervals is not directly comparable to that
shown in Fig. 4

Table 1 Average (and standard error of the mean in parentheses)
of the time constant (seconds) for the decay of the eye-movement
response to the onset and offset of galvanic vestibular stimulation
(GVS) in darkness (FIX OFF) and with fixation (FIX ON). Re-
sults are shown for those measures showing a statistically signifi-
cant decay of response to GVS, i.e. ocular torsional position
(OTP), and horizontal and torsional slow phase eye velocity
(HSPV and TSPV, respectively). The time constant for OTP in
darkness is not shown, as there was no statistically significant de-
cay in this condition (see Fig. 2). The number of subjects whose
data were included in the calculation is indicated beneath each re-
sult. (NA Not applicable)

FIX OFF FIX ON

Galvanic Galvanic Galvanic Galvanic 
onset offset onset offset

OTP NA NA 66 (±10) 113 (±24)
n=7 n=8

HSPV 98 (±10) 159 (±32) 84 (±15) 109 (±29)
n=8 n=10 n=8 n=10

TSPV 114 (±36) 113 (±25) 41 (±17) 58 (±13)
n=9 n=9 n=7 n=8



larger with fixation than in darkness, this difference was
not statistically significant (P>0.05), due to the high de-
gree of variability between subjects. With fixation, GVS
also produced a change in ocular torsional velocity, with
the slow phase directed towards the anode and away
from the cathode. Again, although the magnitude of tor-

sional SPV tended to be smaller with fixation than in
darkness, the difference was not statistically significant
(P>0.05) due to the considerable variability in responses.

A modified Prony method (Osborne and Smyth 1995)
was used to fit exponentials in order to determine time
constants for the decay of response to the onset and off-
set of the galvanic stimulus (Table 1). Our algorithm as-
sumed that, at the end of a sustained period of stimula-
tion (or long after stimulus offset), the response had de-
cayed to an asymptotic value (the “maintained” or “fi-
nal” response), but there were no constraints on these
values. Horizontal and vertical eye position were not in-
cluded in this analysis, nor were time constants calculat-
ed for OTP (in darkness) or for vertical SPV (in either
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Fig. 3 Individual 3-D eye-movement traces for all ten subjects
during 5 mA CLAR surface GVS in darkness (FIX OFF, left half)
and during fixation (FIX ON, right half). Subjects 1 through 10
are arranged in numerical order, top to bottom then left to right.
Due to the high degree of conjugacy of the oculomotor response to
GVS (Fig. 1), traces here show the left-eye response only, for clar-
ity. The orange horizontal bars represent the presence and the
strength of the galvanic stimulus



condition), as these responses showed no significant de-
cay. In addition, individual subjects were excluded from
these calculations if their response did not show substan-
tial decay. Time constants for those responses which
showed a significant decay were of the order of 1.5 min.
Calculating the time constant of decay in data of this
kind can be problematic. The relationship between the
galvanic vestibular stimulus and complex eye-movement
responses is not as straightforward as observed in elec-
tronic or thermal systems. A number of factors influence

the adequacy of the fit, including the fact that eye-move-
ments come from multiple sources and different compo-
nents interact in complex ways. Time constants derived
from this kind of data can be no more than approxima-
tions and little can be concluded from comparisons be-
tween the various eye-movement components, between
the conditions of fixation or between stimulus onset and
offset.

Between-subject comparisons

Notwithstanding the similarities just described, the eye-
movement response to GVS tended to vary markedly
across subjects. The peak values of OTP and horizontal
and torsional SPV varied greatly across subjects. In addi-
tion, the proportions of these eye-movement components
show no consistent relationship between subjects
(Fig. 3). In addition, although subjects tended to demon-
strate similar rates of decay and adaptation of torsional
eye movements to GVS, the magnitudes of the decay and
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Fig. 4 Average eye-movement responses and associated 95% con-
fidence intervals for OTP, horizontal SPV, vertical SPV and tor-
sional SPV for two subjects over five repeats each (rows), in the
FIX OFF (left) and FIX ON (right) conditions (columns). The av-
erages for the time periods of interest (“onset”, “maintained”,
“overshoot” and “final”, in chronological order) are superimposed
as vertical black lines. The horizontal bars indicate the presence
and the strength of the galvanic stimulus. Note that, since confi-
dence intervals are calculated using n=5 (repeats per subject) in
this figure, the range indicated by the confidence intervals is not
directly comparable to that shown in Fig. 2



adaptation varied substantially across subjects. Further-
more, there seems to be no simple relationship between
the magnitude of decay/adaptation and the magnitude of
the peak amplitudes of the eye-movement components,
even within subjects (Fig. 3).

Experiment 2: repeatability

As in experiment 1, four measures (“onset”, “main-
tained”, “offset” and “final”) were used to summarise
subjects’ 3-D oculomotor responses. Averages and 95%
confidence intervals for these measures are shown in
Fig. 4, superimposed on the continual averages and 95%
confidence intervals for horizontal, torsional and vertical
SPV, and OTP.

Once again, responses to GVS varied between sub-
jects. There was substantial difference between the two
subjects in the peak values of OTP and horizontal and
torsional SPV. In addition, there was considerable differ-
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Fig. 5 The 3-D eye-movement response traces for two subjects
(columns) in five repeated sessions (rows) during 5 mA CLAR
surface GVS in darkness (FIX OFF, left half) and during fixation
(FIX ON, right half). As the responses were highly conjugate, on-
ly the left-eye traces are shown here, for clarity. The orange hori-
zontal bars represent the presence and the strength of the galvanic
stimulus



ence between the two subjects in the ratios of the magni-
tudes of these eye-movement components.

Within-subject comparisons

There was some variability in oculomotor responses to
GVS within subjects. Each subject’s peak values of OTP
and horizontal and torsional SPV varied somewhat be-
tween trials. There was also some within-subject vari-
ability in the relative proportions of these eye-movement
components. The variability observed within subjects
was, however, much less marked than the variability ob-
served between subjects. The relatively large between-
subject variability and relatively small within-subject
variability can be seen in the raw data in both the
FIX OFF and FIX ON conditions (Fig. 5), and is summ-
arised in Fig. 6. 

Between- vs within-subject variability

Analysis of variance was carried out for experiment 1
(the factor being “Subject”) and individually for each
subject in experiment 2 (the factor being “Repeats”). A
comparison of the results of these analyses showed that
the F ratios of the results of experiment 1 were, on aver-
age, 2.6 times greater than the F ratios for experiment 2.
This indicates that the magnitude of response alone var-
ies more than twice as much between subjects as it does
within subjects over repeated trials. We have been unable
to quantify satisfactorily the difference in variability in
the relative ratios of response components between sub-
jects to within subjects, however, Fig. 6 shows the reli-
ability of within-subject responses over repeated trials
when compared to between-subjects responses. For ex-
ample, subject 4 shows a large OTP change in response
to GVS (in darkness) in all repeats, and this response is

accompanied in all repeats by a relatively minimal
amount of nystagmus in all three dimensions. In compar-
ison, subject 6 shows a larger overall response to GVS
onset (in darkness), with a large OTP response accompa-
nied by substantial horizontal and torsional SPV but with
negligible vertical nystagmus. The ten normal subjects in
experiment 1 show a wide variety of patterns of respons-
es to GVS onset (in darkness), from those with systemat-
ic changes predominantly in SPV (for example, sub-
jects 5 and 9), from those with systematic changes pre-
dominantly in eye position (for example, subject 4), to a
combination of these (for example, subjects 3 and 7).
Further, subject 4 shows both little decay and little over-
shoot of the response to onset of GVS, either in darkness
or with fixation (Fig. 5), in all repeats, whereas subject 6
shows both significant decay and overshoot in eye-
movement response to GVS in both conditions (Fig. 5)
in all repeats. Again, the ten normal subjects in experi-
ment 1 show variability in the amount of decay and over-
shoot of their eye-movement response (Fig. 3), from
those who show almost no decay at all and minimal
overshoot (for example, subjects 3 and 4), to those who
show a relatively moderate amount of decay and over-
shoot (for example, subjects 1 and 8), to those whose re-
sponse decays almost to zero during GVS followed by a
relatively large overshoot on offset of GVS (for example,
subject 7).

Discussion

The present study has confirmed previous findings that
there is substantial between-subject variability in re-
sponses to GVS. The results of the present study also
show that oculomotor responses are more reliable within
subjects than might have been anticipated and that,
therefore, GVS may be more reliable than previously
thought. This was able to be shown because of the im-
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Fig. 6 Amplitude of the 
3-D eye-movement response
components (indicated by dif-
ferent colours: black OTP, red
horizontal SPV, green vertical
SPV, blue torsional SPV) to sur-
face GVS in ten subjects (‘vari-
ability’) and two subjects over
five repeated trials (‘repeatabili-
ty’) at a representative moment
(“onset” response in darkness).
A comparison of eye-movement
response components within
subjects (right half) shows re-
peatability of the relative ratios
of these components and little
within-subject variability in
magnitude between trials. How-
ever, greater variability can be
seen between subjects (left half),
both in terms of overall magni-
tude and in terms of the relative
ratios of response components



provements in GVS delivery techniques, eye-movement
recording system and stimulus parameters employed in
this study. Other research has tended to highlight only
the large between-subject variability in responses to
GVS, and this is probably because, in general, studies
have tested different subjects at each session, rather than
testing the same subjects over repeated sessions.

The variability that can be seen within subjects seems
to be characterised by changes in the overall amplitude
of the eye-movement response. That is, the magnitudes
of OTP, torsional SPV and horizontal SPV may all in-
crease or decrease together from trial to trial, but do not,
within any subject, seem to vary independently of one
another. In other words, the pattern of responses, or ratio
of eye-movement response components, is consistent
within a subject. The variability which does occur on re-
peated presentations is most likely a result of subject
arousal or fatigue, or inconsistencies in test administra-
tion such as the placement of electrodes, irregularities in
current level, etc.

Since there is this within-subject variability in the
gain of the response, at least as much variability in gain
must be present between subjects. However, variability
in gain is expected to be greater overall between subjects
than within subjects. This is because between-subjects
comparisons also include another potential source of
overall gain variability between subjects (viz. subject
sensitivity to GVS). Our results show that the variability
is greater between subjects than within. However, the
difference in variability between Between-Subject and
Within-Subject comparisons is much greater than has
typically been seen in response to natural stimuli. Re-
sponses to natural stimuli (such as head rotation) tend to
have smaller variability due to individual differences be-
cause subjects do not tend to differ greatly in factors af-
fecting the response, such as the orientations of their ca-
nals (Schneider et al. 2000).

The variability between subjects is not only larger
than that within subjects, but also of a different kind. Be-
tween-subject variability comprises the small changes in
gain, which result from such factors as subject sensitivi-
ty, but also large differences in the ratio of eye-move-
ment response components. This leads to the conclusion
that there is some factor that varies across individuals
but is unchanging within individuals and contributes sig-
nificantly to the variability in GVS responses. Since re-
sponses to natural stimuli show little between-subject
variability, then these responses cannot be affected by
the source of large intersubject variability seen here.

These results lend weight to the suggestion that large
between-subject variability in response to GVS is affect-
ed by some factor that varies across individuals. The
present results show that the response to GVS is reliable
within subjects. Therefore, the factor influencing vari-
ability between subjects in GVS is relatively unchanging
within subjects. That is, eye-movement responses to
GVS are affected by individual differences to a greater
degree than other influences (such as differences be-
tween test sessions or subject sensitivity).

Individual differences in responses to GVS are remi-
niscent of individual differences in responses to caloric
vestibular stimulation. For example, Proctor and Glackin
(1985) found greater variability across subjects than day-
to-day variability within subjects for caloric and postro-
tatory test scores. Responses to stimuli like calorics and
GVS may be more variable across individuals because
there has been no advantage to evolving a useful re-
sponse to them. This is in contrast to natural stimuli,
such as tilts and rotations, to which normal humans show
a similar, beneficial compensatory response. In addition,
calorics and GVS are quite different to natural stimuli
because they can stimulate endorgans in unusual ways,
producing patterns of activity in various endorgans
which would be impossible to match with natural stimu-
li. Individuals can be expected to interpret the resulting
ambiguous or contradictory patterns of sensations in dif-
ferent ways. Another source of variability may arise
from the fact that subjects have had no experience with
these novel stimuli.

Responses to caloric stimulation are also thought to
be influenced by individual differences in morphology of
the vestibular system. The structure and orientation of
the organs in the temporal bone, and characteristics such
as density/pneumatisation of the temporal bone, are be-
lieved to influence thermal conductivity, which is crucial
to differences in the pattern of eye-movement response
in the caloric vestibular test. One study estimated that
23% of variability in responses to calorics in a normal
population could be attributed to a combination of ana-
tomical characteristics (pneumatisation of the petrous
and buttress areas of the temporal bone and dimensions
of the auditory canal) affecting heat flow in the vestibu-
lar system (Proctor 1982). Similarly, individual differ-
ences in the morphology of the vestibular system entail
individual differences in impedance throughout the ves-
tibular system, thus affecting how the current delivered
at the surface influences each endorgan, and the resulting
pattern of eye-movement responses.

The present study showed that 3-D eye-movement re-
sponses to long-duration, maintained, large-amplitude,
bilateral, surface GVS show good within-subject repeat-
ability, while confirming that there is substantial be-
tween-subject variability, both in the size of the response
and in the ratio of response components. This is perhaps
due to individual differences in morphology, resulting in
idiosyncratic patterns of stimulation of the endorgans
and concomitant eye-movement responses. Thus, GVS
may be a more reliable stimulus than has been anticipat-
ed from the literature.
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