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1. Vestibular-dependent responses in leg muscles following transmastoid galvanic stimulation
have been well characterized. Here we describe the properties of vestibulocollic responses
evoked by transmastoid galvanic stimulation.

2. In twelve healthy human subjects we examined the averaged responses in unrectified
sternocleidomastoid (SCM) EMG evoked by transmastoid stimulation using current pulses of
4 mA intensity and 2 ms duration. In ten subjects we also examined the effects of unilateral
vestibular stimulation with the indifferent electrode at the vertex. In further experiments we
studied the effects of different levels of background muscle activation, head position, current
intensity and current duration. We compared these responses with click-evoked vestibulocollic
responses in SCM.

3. A dlearly defined biphasic response, beginning with a surface positivity, was recorded in the
SCM ipsilateral to the side of cathode placement in all subjects. We refer to this as the
p13/n23[g] (galvanic) response, given the close similarity, in terms of waveform and
latencies, to the previously described click-evoked p13/n23 vestibulocollic response. The
amplitude of this response was linearly related to background muscle activation, current
intensity and current duration, but independent of head position. Unilateral galvanic
stimulation revealed the p13/n23 [g] response to be solely generated by the cathode.

4. A biphasic response beginning with a surface negativity (n12/p20 [g]) contralateral to the
cathode was seen in all subjects and was generated by both the cathode contralaterally and
the anode ipsilaterally.

5. Both the p13/n23 [g] and n12/p20 [g] potentials were abolished by selective vestibular nerve
section and unaffected by severe sensorineural deafness.

6. We conclude that galvanic stimulation evokes short-latency vestibulocollic reflexes. These
vestibulocollic reflexes have properties that are distinct from those described for galvanic-
evoked vestibular reflexes in leg muscles, and which may be related to their differing
physiological roles.

Galvanic (DC) stimulation has long been used as a non-
mechanical means of activating the vestibular apparatus
(Camis, 1930), probably by a direct action on vestibular
nerve endings (Goldberg et al. 1984; Watson & Colebatch,
1997). The powerful postural effects of low current intensity
stimulation have been extensively reported (e.g. Coats &
Stoltz, 1969; Britton et al. 1993; Fitzpatrick et al. 1994;
Day et al. 1997). A characteristic feature of the sway
induced by galvanic stimulation is that its direction is
determined by the orientation of the head in relation to the
feet (Nashner & Wolfson, 1974; Lund & Broberg, 1983). The
effects of galvanic stimulation upon leg muscle EMG have
also been reported (e.g. Nashner & Wolfson, 1974; Iles &

Pisini, 1992; Britton et al. 1993). These EMG responses
show a similar dependence on head orientation (Nashner &
Wolfson, 1974; Tokita et al. 1989) and are also strongly
influenced by postural task (Britton et al. 1993; Fitzpatrick
et al. 1994); in particular, responses can only be recorded in
muscles that are performing a postural task. The prominence
of postural effects suggests an action on otolith pathways
(Walsh, 1964), but it is still uncertain whether galvanic
stimulation acts selectively on a subpopulation of vestibular
afferent fibres, such as those innervating the otolith organs,
or on afferents arising from all vestibular end-organs.
Recent studies of galvanic-evoked eye movements have
provided support for a preferential action on otolith afferents
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by demonstrating that ocular torsion is the predominant
oculomotor effect of low-intensity galvanic stimulation (Zink
et al. 1997; Watson et al. 1998a).

The neck receives vestibular projections that are more
potent than those to the limbs, and a specific pattern of
vestibulocollic connections is present for differing vestibular
end-organs (Wilson et al. 1995; Uchino et al. 1997).
Vestibulocollic reflexes occurring at short latency have been
recorded in man in response to clicks (Bickford et al. 1964;
Colebatch et al. 1994), head taps (Halmagyi et al. 1995) and
also to sudden head dropping (Ito et al. 1995). Vestibulocollic
reflexes evoked by galvanic stimulation in man have not
been previously described.

Our study was designed to investigate vestibulocollic reflexes
induced by galvanic stimulation. Assuming such reflexes
could be recorded, we wished to define their physiological
properties and to compare them with vestibulocollic reflexes
evoked by clicks, and also with vestibular-dependent
reflexes in leg muscles.

A brief report on galvanic-evoked vestibulocollic responses
in two patients before and after selective vestibular nerve
section has already been published (Watson et al. 19985).

METHODS

All subjects and patients gave informed, written consent and were
studied using techniques approved by the local ethics committee.
For all experiments, averaged responses to 256 stimuli delivered at
55" were recorded using both unrectified and rectified EMG of
sternocleidomastoid (SCM) bilaterally. The reflex responses were
measured from the unrectified average, while the rectified average
was used to quantify the level of tonic activation (see ‘EMG
recording and analysis’ below). Activation of SCM was achieved by
head elevation from the semi-reclined position (unless specifically
indicated). Clicks were delivered through calibrated headphones
(TDH49, Telephonics Corp., NY, USA). Current stimulation (model
DS2A, Digitimer Ltd, UK) was via 600—-900 mm? electrodes, cut
from electrosurgical plating (3M, St Paul, USA), placed over the
mastoid processes bilaterally and secured with adhesive tape. Due
to the very short onset latency of vestibulocollic reflexes (typically
8 ms; Colebatch et al. 1994) we have used a short duration (2 ms) of
galvanic stimulation. For responses in leg muscles, short-duration
galvanic stimuli evoke smaller, but otherwise similar, effects to
those following longer duration stimuli (Watson & Colebatch, 1997,
1998). A series of different experiments were performed.

Responses to transmastoid galvanic stimulation

In twelve normal subjects (aged 22—44 years; six females, six males)
we recorded responses in SCM following transmastoid galvanic
stimulation and clicks to each ear. A current of 4 mA intensity and
2 ms duration was passed between electrodes placed over the two
mastoid processes (both combinations of electrode placement were
used, i.e. cathode left—anode right and cathode right—anode left).
Preliminary experiments showed that the use of these stimulation
parameters resulted in clear EMG responses, and was well
tolerated. Clicks of 100 dB (normal hearing level (NHL): referenced
to the normal level of perception for clicks of this duration)
intensity and 0-1 ms duration were also delivered to each ear in
turn in a pseudorandom sequence; see Colebatch et al. (1994) for
details.
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Responses to lateralized galvanic stimulation

In ten of these subjects we also performed ‘unilateral’ galvanic
stimulation. For these experiments the cathode and then the anode
were placed over each mastoid process in turn, while the indifferent
electrode (of opposite polarity) was placed at the vertex. A standard
9 mm silver electrode was used at the vertex. This montage allows
separate stimulation of each vestibular apparatus (Watson &
Colebatch, 1997). A current of 4 mA intensity and 2 ms duration
was used.

Effects of tonic muscle activation and head position

In five subjects the transmastoid stimulation parameters were kept
constant (4 mA, 2 ms; cathode left in each case), while the level of
background SCM activation was systematically varied between
trials. Hach subject was studied with at least five levels of tonic
activation while sitting upright and exerting forehead pressure
against a padded support, with rectified and smoothed EMG
displayed as a horizontal line on an oscilloscope. The subjects were
given a target level of EMG to maintain during the data collection.
In four of these subjects, at least two levels of activation were also
obtained while supine, by varying the degree of head elevation. In
three of these subjects the effect of head rotation was also
investigated, using the same stimulus parameters, during a
separate session. While sitting upright, each of these three subjects
was studied with at least four levels of tonic activation with the
head straight (as described above), and at least two levels of
activation with the head rotated both to the left and to the right.
During both left and right head rotation, activation of the left SCM
(always ipsilateral to the cathode) was obtained by isometric head
rotation to the right, with the subject’s chin pressing against the
hand of one of the experimenters.

Recovery cycle and interaction between galvanic and click
stimulation

In five subjects the effect of varying interstimulus intervals on the
response amplitudes was explored using a test-conditioned response
paradigm. Transmastoid currents of 2 ms duration and either 3 mA
(two subjects) or 4 mA (three subjects) intensity were used (adjusted
to give a response similar in amplitude to 95 dB clicks in the same
subject). Clicks of 95dB (NHL) were used, rather than 100 dB
clicks, to reduce the loudness of dual stimuli at short intervals. At
least six interstimulus intervals (30, 40, 50, 100, 200 and 300 ms)
were used in each subject. Data were collected first for unilateral
clicks and then for transmastoid galvanic stimulation with the
cathode placed on the same side. When interstimulus intervals of
greater than 100 ms were used, the repetition rate for the pairs of
stimuli was 1s™, while for interstimulus intervals of 100 ms or
shorter, a repetition rate of 3 5™ was used.

In five subjects the interaction between galvanic- and click-evoked
responses was determined using submaximal responses of similar
amplitude to each stimulus type. Responses were recorded
following clicks (90 or 95 dB) to one side, transmastoid stimulation
(3 or 4 mA, 2 ms) with the cathode placed on the same side as the
click, or a combination of both given simultaneously. Eleven
experiments were performed in the five subjects: three in one
subject and two each in the remainder. The response to combined
stimulation was compared with the response obtained by
algebraically summing the traces of the responses to the separate
stimuli.

Current intensity and duration

In ten subjects the current intensity of transmastoid stimulation
was varied between runs while the duration was kept constant at
2 ms. For each subject and each polarity of stimulation, responses
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were obtained for between five and eleven current intensities, with
the maximum current used ranging between 6 and 10 mA,
depending on the level tolerated by each subject. The minimum
current used was 1 mA in eight subjects and 0-5 mA and 2 mA in
one subject each. In five subjects the current duration of
transmastoid stimulation (one electrode polarity only) was varied
(0-5—4 ms) while the current intensity was maintained constant at
either 4 mA (three subjects) or 6 mA (two subjects).

Patients with vestibular neurectomy or sensorineural
deafness

Four patients (age range 40—70 years; two females, two males) were
studied, in each of whom unilateral vestibular nerve section
(vestibulocochlear in two) had been performed between 2 and
6 years previously as treatment for vertigo due to unilateral
Méniere’s disease. Two additional patients (also reported by Watson
et al. 1998b) were studied after vestibular nerve section and with
the use of unilateral galvanic stimulation. Three patients (age range
26—66 years; one female, two males) with severe unilateral
sensorineural deafness were also studied. Both transmastoid and
unilateral galvanic stimulation (4 mA, 2 ms) as well as 100dB
(NHL) clicks were used in all patients.

EMG recording and analysis

The active recording electrodes (Red Dot, 3M, St Paul, USA) were
placed over SCM bilaterally, 60—80 mm above reference electrodes
placed over the medial portions of the clavicles. This placement of
recording electrodes was slightly (20—30 mm) lower than that used
in previous studies of click-evoked vestibulocollic responses

Figure 1. Technique of trace subtraction used
to minimize stimulus artifact

Each trace represents an average (n = 256) of
unrectified EMG from the right sternocleidomastoid
(SCM). In this and all subsequent figures, negative
potentials at the active electrode are shown as an
upward deflexion. The two superimposed traces in 4
and the single trace in B show responses to
transmastoid stimulation (4 mA, 2 ms) with the
cathode on the right mastoid. The continuous trace in
A is the average with tonic SCM activation and the
dashed trace is the average with SCM relaxed. Both
traces show stimulus artifact, but the reflex response
only occurs with activation. B, trace obtained by
subtracting the relaxed average from the active one:
the p13/n23 [g] response appears free of stimulus
artifact. C, p13/n23 [c] response to right-sided clicks
for comparison.
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(Colebatch et al. 1994) due to the placement of an earth electrode,
which encircled the neck and was cut from electrosurgical plating
(3M). Both unrectified and rectified EMG were amplified and
bandpass filtered (8—1600 Hz). EMG was sampled (3:2 or 5:0 kHz)
for 20 ms before to 100 ms after stimulus delivery, using a 1401 plus
analog-to-digital converter and Sigavg software (Cambridge
Electronic Design, Cambridge, UK) on a PC computer.

In preliminary experiments we found stimulus artifact to be a
significant problem, even with the neck-encircling earth electrode,
but we were able to overcome this using a combination of two
techniques, one based upon physiology and the other electronic.
Click-evoked vestibulocollic responses can only be recorded in
tonically active muscles, and the amplitude of responses is directly
proportional to the level of background muscle activation (Colebatch
et al. 1994; Lee et al. 1995). We were able to confirm that galvanic-
evoked responses in SCM have the same property (see below). Thus
the averaged EMG when stimulation is applied during relaxation
consists of stimulus artifact only, while the average performed
during tonic activation consists of stimulus artifact plus the reflex
response. For each study performed during tonic muscle activation
(the ‘active’ trace), we also performed a matching study with the
same stimulus parameters during relaxation (the ‘relaxed’ trace). By
subtracting the ‘relaxed’ trace from the ‘active’ trace, once data
collection was complete, we obtained traces in which reflex
responses were apparent and in which the artifact was cancelled out
(Fig. 1). This method applies only if the artifact is relatively small
so that the amplifiers are working within their linear range and are
not saturated. Because the artifact did sometimes overload the
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amplifiers, an electronic device was used to minimize it around the
period of galvanic stimulation (typically beginning 0-2 ms before
stimulus onset and finishing 0-5 ms after stimulus termination).
With the use of this device, an electronic input ‘clamp’, it was
nearly always possible to obtain traces suitable for subtraction. In
all studies with galvanic stimulation and most studies with clicks
(the latter purely for consistency), both the electronic clamp and the
technique of trace subtraction described above were used.

Analysis

Peaks in averaged unrectified EMG were described by mean latency
preceded by lower case letter, e.g. ‘p13/n23’ representing a
myogenic response with an initial positivity at 13 ms followed by a
negativity at 23 ms (Colebatch et al. 1994). We have retained the
notation p13/n23 used in previous studies, despite the latencies in
the present study being slightly longer (almost certainly due to the
lower placement of the recording electrodes described above).
Where click and galvanic stimulation resulted in similar EMG
responses occurring at a similar latency, we have used the same
notation for each, using a lower case letter in square brackets to
indicate the stimulus modality, e.g. for galvanic ‘p13/n23 [g] and
for click ‘p13/n23[c]. Response amplitudes in unrectified EMG
were measured peak-to-peak, and then divided by the mean of
the rectified EMG for the 20 ms preceding the stimulus onset.
This gives a value for response amplitude independent of the level
of background muscle activation, since the peak-to-peak amplitude
is directly proportional to the level of background muscle activation
(see below). All values are given as means * s.p. Statistical
comparisons were made using Student’s ¢ tests and linear
correlation analysis.
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RESULTS

Transmastoid galvanic stimulation and clicks

All twelve normal subjects showed initial positive—negative
biphasic p13/n23 responses unilaterally following trans-
mastoid galvanic stimulation, click
stimulation (Fig. 2). The p13/n23 response was only present
in the SCM ipsilateral to the cathode (p13/n23[g]) or
ipsilateral to the side of click delivery (p13/n23 [c]). Onset
latencies ranged from 6+7 to 9-8 ms (n = 12) for p13/n23 [g]
and from 6-8 to 9'9ms (n=12) for p13/n23[c]. The p13
and n23 peak latencies were 0:6—0'8 ms shorter following
galvanic stimulation (14:04+1-79 and 224 + 1-88 ms,
respectively) than following clicks (14:6 + 1:79 ms, P = 0-06;
2324+ 1-84ms, P<005, respectively). The pl13/n23
response amplitudes (expressed as a ratio of the background
EMG, see above), averaged for all twelve subjects, were 1-2
for 4 mA, 2 ms transmastoid galvanic stimulation and 1:5
for 100 dB clicks (n.s). There was a weak correlation
between the amplitudes of the responses to the two
modalities of stimulation (r* = 0:17, P=0-05, n = 24). The
amplitude of the p13/n23 response in the right SCM was
divided by the sum of the amplitudes of the p13/n23
responses in right (R) and left (L) SCM (R/(R + L)) to obtain
a measure of the symmetry of the p13/n23 response
amplitude to ipsilateral cathodal or click stimulation: the
range was 0:41-0-59 for p13/n23[g], and 0:35—-0:59 for

as well as after

Figure 2. Averaged responses to transmastoid
stimulation and clicks for a normal subject

A, responses to galvanic stimulation (4 mA, 2 ms;
cathode right, anode left); B, responses to right-sided
clicks (100 dB). The vertical dashed lines show the time
of stimulus onset, while the horizontal dashed lines
show the period over which the EMG signal was
clamped to minimize stimulus artifact. Note that each
trace is the result of subtracting an average (n = 256)
obtained with SCM relaxed (stimulus artifact only)
from an average with SCM activated (reflex response
plus artifact) to remove artifact (see Fig. 1). A
p13/n23 [g] response is present in the top trace in 4
recorded from the right SCM (), which is very similar
to the p13/n23 [c] response in the top trace in B (*).
A n12/p20 [g] response is present in the bottom trace
of A recorded from the left SCM (+), and a very small
response at the same latency may be present in the
bottom trace of B.
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p13/n23 [c], with neither being significantly different from
0:5. The p13/n23 response amplitudes were significantly
correlated between the two sides for both galvanic stimulation
(r*=059, P<001, n=12) and for clicks (r® =084,
P <0:0001, n=12).

In addition to the p13/n23[g] response on the side of the
cathode, a biphasic negative—positive response (n12/p20 [g])
was observed in all subjects following transmastoid galvanic
stimulation in the other SCM, i.e. ipsilateral to the anode
(Fig. 2). With clicks a crossed response of similar form and
latency was seen in only six of the twelve subjects. Later
responses were frequently seen, which varied considerably
in latency and amplitude between subjects (Fig. 2). These
late responses had similar waveforms in both SCMs,
independent of the side of stimulation, and our evidence
suggests that these are not of vestibular origin (see below).

Lateralized galvanic stimulation

Unilateral cathodal stimulation (ten subjects) evoked
responses similar to those following transmastoid stimulation
with the cathode on the same mastoid process, with a
p13/n23 [g] response in the SCM ipsilateral to the cathode
and a n12/p20 [g] response in the contralateral SCM (Fig. 3).
The p13/n23[g] response following unilateral cathodal
stimulation did not have significantly different latency or
amplitude to that following transmastoid galvanic
stimulation, and no p13/n23 [g] responses were observed
after unilateral anodal stimulation, implying that the

Figure 3. Responses to unilateral galvanic
stimulation in a normal subject

Same subject as in Fig. 2: averaged responses (n = 256)
in unrectified EMG from right and left SCMs to right-
sided unilateral galvanic stimulation (4 mA, 2 ms).

A, responses to unilateral cathodal stimulation (anode at
vertex); B, responses to unilateral anodal stimulation
(cathode at vertex). The vertical dashed lines show the
time of stimulus onset, while the horizontal dashed lines
show the period over which the EMG signal was clamped
to minimize stimulus artifact. A p13/n23 [g] response is
seen in the ipsilateral SCM with cathodal stimulation,
with a crossed n12/p20 [g] response in the contralateral
SCM. With right-sided anodal stimulation, a small
n12/p20 [g] is seen ipsilaterally, which resembles the
crossed response to unilateral cathodal stimulation. No
short-latency response is seen in the left SCM with
right-sided anodal stimulation.
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cathodal electrode is exclusively responsible for the
p13/n23 [g] response to transmastoid stimulation. The
(ipsilateral) p13/n23[g] response following unilateral
cathodal stimulation was significantly larger than the
corresponding (contralateral) n12/p20 [g] response (mean
1-1 wvs. 064, respectively; P < 0-00001, n = 20). Although
no p13/n23 [g] responses were observed in either SCM after
unilateral anodal stimulation, a n12/p20 response was
recorded in the SCM ipsilateral to the side of anode
placement (Fig. 3). The amplitude of the crossed n12/p20 [g]
response following unilateral cathodal stimulation was
significantly larger than that of the uncrossed n12/p20 [g]
response following unilateral anodal stimulation (mean 0:64
vs. 029, respectively; P <001, n=20). These findings
imply that the n12/p20[g] response to transmastoid
stimulation is generated by both the cathode and the anode.
Consistent with this conclusion, the sum of the amplitudes
of the crossed n12/p20[g] response and the uncrossed
n12/p20 [g] response in the one SCM (0-93) was not
significantly different from the amplitude of the n12/p20 [g]
response recorded following transmastoid stimulation (0-92,
P =09, n=20). Onset latencies for the n12/p20 response
were generally difficult to determine, due to overlap with
stimulus artifact, but values ranged from 6:1 to 11:4 ms
(n="T) for cathodal stimulation, and from 8:0 to 84 ms
(n = 2) for anodal stimulation. The mean peak latencies for
the n12/p20[g] response following unilateral cathodal
stimulation of 12:8 +2:8 and 205+ 1'9ms were not
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Right SCM

Left SCM
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Anode right

Right SCM
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significantly different from those following unilateral anodal
stimulation of 13:1 £ 17 and 19:1 £ 1-0 ms. Although the
latency of the negative peak is closer to 13 ms than 12 ms,
we used the notation ‘n12’ because in this study its latency
is approximately 1 ms shorter than the p13 [g] latency.

Effects of background muscle activation and head
position

In all five subjects there was a strong linear correlation
between background muscle activation and pl13/n23[g]
response amplitude (r* =0-90-0:97, P<0-005 in every
case), without any evidence of saturation at the higher
activation levels (Fig. 4). In no instance was the y-intercept
significantly different from zero. There were no significant
differences between the amplitudes of p13/n23 [g] responses
in the different head positions when allowance was made for
tonic activation levels (Fig. 4).

Recovery cycle and interaction between galvanic and
click stimulation

No significant change in p13/n23 amplitude was found with
interstimulus intervals varying between 30 and 300 ms, for
either galvanic or click stimulation (Fig. 5).
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The p13/n23 response following simultaneous galvanic and
click stimulation was always smaller than the algebraic sum
of the traces for the separate p13/n23[g] and p13/n23 [c]
responses, in all subjects (overall 1:5 ws. 1:9, respectively;
P < 0:0001).

Effects of varying current intensity and duration

In all ten subjects (twenty sides), the p13/n23 [g] response
amplitude increased with increasing current intensity,
although there was apparent saturation at the highest
current intensities in some. Over the linear range, which
included between five and eleven data points, correlation
coefficients (r*) were between 0:72 and 0:99 (P <0-05 in
each case), with fifteen out of the twenty responses showing
a correlation coeflicient of greater than 0-9 (P < 0-001 for
each of these). The gradients of the lines of best fit varied
considerably, between 0:10 and 0:54, but in no case was the
y-intercept significantly different from zero. In 8 out of 20
responses the pl13/n23[g] response amplitude showed
saturation, with current intensities between 4 and 7 mA.
The p13/n23[g] response saturated at an amplitude
between 1:2 and 23, amplitudes that were the same or
larger than that for the same subject’s p13/n23 [c] response

Figure 4. Relationship between p13/n23 [g] response
amplitude and background SCM activation

A, selection of averaged responses (n = 256) of the unrectified
EMG of left SCM to 4 mA, 2 ms current (cathode left, anode
right) in a single subject, with the level of prestimulus mean
rectified EMG for the same muscle shown on the left. B, graph
of response amplitude (peak-to-peak amplitude, uncorrected for
different levels of activation) versus the mean rectified EMG for
the same subject. The circles represent the averages performed
with the subject sitting, and the squares represent those with
the subject reclined; filled symbols indicate averages shown in
A. The linear relationship shown here was typical and similar
results were obtained with head rotation.
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to 100 dB clicks. The n12/p20 [g] response amplitudes
showed similar changes with increasing current intensity,
but with lower correlation coefficients between intensity
and amplitude in most subjects than for the p13/n23[g]
response. In two subjects who showed saturation of the
pl3/n23 response at a current intensity of 4 mA, the
n12/p20 response in the opposite SCM continued to
increase linearly with increasing the current intensity to
6 mA, the highest current used in these subjects.

All five subjects showed an increase in p13/n23 [g] response
amplitude with increasing current duration from 0-5 ms. In
two subjects, p13/n23[g] response amplitude saturation
occurred at a current duration of 2:5ms, while in three
subjects no saturation was evident with increasing current
duration to 4 ms, the maximum used. Linear correlation
coeflicients ranged between 0:89 and 0-98 (P < 0-01 in each
case) for the data points prior to apparent saturation. The
y-intercept was not significantly different from zero in any
of these subjects.

Patients with vestibular neurectomy or sensorineural
deafness

None of the six patients studied after unilateral vestibular
nerve section showed p13/n23 [g] or n12/p20 [g] responses
with unilateral cathodal or anodal stimulation to the side of
nerve section (Fig. 6). All six patients showed well-formed
p13/n23 responses following ‘cathodal’ or click stimulation

Galvanic

25 ms !

50 ms

100 ms
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to the side of the intact nerve (Fig. 6). Most of the patients
also showed n12/p20 [g] responses with either unilateral
cathodal (five patients) or unilateral anodal (four patients)
stimulation of the intact nerve; as in normal subjects,
cathodal stimulation produced a crossed n12/p20 [g] response
and anodal stimulation produced an uncrossed n12/p20 [g]
response. Prominent late responses were seen in SCM
bilaterally following galvanic stimulation (transmastoid or
unilateral directed to either side) in three of the patients,
including one of the patients with unilateral vestibulo-
cochlear nerve section. This patient showed prominent
later responses with unipolar galvanic stimulation, but no
cochlear-dependent  ‘n34/p44’ with  click
stimulation given to the side of nerve section (Colebatch et
al. 1994). The patients with severe sensorineural deathess all
showed normal p13/n23 and n12/p20 responses following
galvanic and click stimulation.

responses

DISCUSSION

The earliest responses in SCM induced by galvanic
stimulation over the mastoid processes are abolished by
selective vestibular nerve section (see also Watson et al.
1998b) and are unaffected by profound sensorineural
deathess. While the stimulus would have also activated
cutaneous receptors, which are known to evoke short-
latency reflexes in SCM (Di Lazzaro et al. 1995), such
responses differ fundamentally from the responses we have

Clicks

50 ,u:V|

25 ms

Figure 5. Recovery cycle for a normal subject, for galvanic stimulation and clicks

Averaged responses (n= 256) for unrectified EMG of right SCM. Interstimulus interval is shown above
each average. The vertical dashed lines show the time of stimulus delivery. No significant effect of
interstimulus interval on the amplitude of the second response was found across the range of intervals
studied, up to 300 ms, for either type of stimulus. The galvanic stimulus was a transmastoid current of
3 mA, duration 2 ms, with the cathode right. The click intensity was 95 dB, given to the right ear.
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described both in beginning later (onset latency, 13 ms) and
in having an identical waveform bilaterally following
unilateral (trigeminal) stimulation. We conclude that the
short-latency responses we have described following galvanic
stimulation represent vestibulocollic reflexes.

The site of action and afferents excited by galvanic
stimulation

Galvanic stimulation has been shown to act upon the most
distal part of the vestibular nerve, the ‘spike trigger zone’,
in animal studies, with cathodal stimulation increasing and
anodal stimulation decreasing resting discharge levels in
several animal species, including the thornback ray
(Lowenstein, 1955) and the squirrel monkey (Goldberg et al.
1984). Our finding of opposing effects for cathodal and
anodal stimulation (see also Watson & Colebatch, 1997), as
well as the finding of a linear relationship between current
intensity and response amplitude, with a very low threshold,
supports an action at the same site in humans. As a result of
the high resting discharge rate of the vestibular afferent
fibres, small current changes at the spike trigger zone are
potentially able to modulate firing rate, in contrast to the
threshold current level that would be required to initiate an
action potential in a myelinated nerve fibre. While no
selectivity for afferents arising from a specific vestibular
end-organ has been shown in direct recordings in the

Transmastoid, cathode left

Right SCM Right SGM

Left SCM Left SCM

3
50 uV

20 ms

Unilateral, cathode left
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squirrel monkey (Goldberg et al. 1984), both the potent
effects on posture in man and the effects on ocular torsion
(Zink et al. 1997; Watson et al. 1998a) support a preferential
action upon otolith afferents, at least at relatively low current
intensity levels. Given that clicks are likely to specifically
activate saccular afferents (Townsend & Cody, 1971;
Didier & Cazals, 1989; McCue & Guinan, 1994; Murofushi
et al. 1995, 1996), the close similarities between responses
evoked by galvanic stimulation and by clicks in both SCM and
the soleus muscle (Watson & Colebatch, 1998) also supports
a degree of selectivity of low-intensity galvanic stimulation
for otolith, including saccular, afferents. It should be noted,
however, that prominent horizontal nystagmus has been
described in humans when higher current intensities were
used, suggesting that more intense galvanic stimulation
may additionally activate canal afferents (Pfaltz, 1970).

Pathways mediating galvanic-evoked vestibulocollic
reflexes

Using unilateral stimulation we have shown that the short-
latency EMG response in SCM evoked by transmastoid
galvanic stimulation can be resolved into three components.
First, the cathode produces a p13/n23[g] response in the
SCM ipsilateral to the side of stimulation. Second, the cathode
also produces a ‘crossed’ n12/p20 [g] response in the SCM
contralateral to the side of stimulation. Third, the anode
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Right SCM

%

ey e

i
Left SCM |
]

W’\/

]
t
-
|
|
|

Figure 6. Galvanic stimulation after selective right vestibular nerve section

The patient was studied 2 months after selective vestibular nerve section: averaged responses (n = 256) to
galvanic stimulation (5 mA, 2 ms) in unrectified EMG of both SCM muscles. The traces on the left show
responses to transmastoid stimulation with the cathode on the intact (left) side. The middle traces show
responses to unilateral stimulation with the cathode on the intact (left) side, and the traces on the right
show responses to unilateral stimulation with the cathode on the sectioned (right) side. The vertical dashed
lines show the time of stimulus onset, while the horizontal dashed lines show the period over which the
EMG signal was clamped to minimize stimulus artifact. The response to transmastoid stimulation (both
p13/n23[g] in left SCM and n12/p20 [g] in right SCM) is the result of the action of the cathode on the

intact (left) side. No responses were observed with unilateral stimulation on the sectioned (right) side.
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produces an ‘uncrossed’ n12/p20 response in the SCM
ipsilateral to the side of stimulation. The latter two effects
summate to produce the n12/p20[g] response to trans-
mastoid stimulation. Figure 7 shows a diagram of the
pathways that we propose to account for each of these
responses. The majority of vestibulocollic projections lie in
the medial vestibulospinal tract (Wilson & Maeda, 1974; Sato
et al. 1996), but at least some, such as ipsilateral saccular
projections to extensor muscles in the cat (Uchino et al. 1997),
lie in the lateral vestibulospinal tract. The p13/n23[c]
response has been shown to correspond to a brief period of
motor unit inhibition in single unit histograms (Colebatch &
Rothwell, 1993), and its onset latency is consistent with a
disynaptic vestibulocollic reflex pathway (Colebatch et al.
1994). These conclusions are likely to apply equally to the
p13/n23 [g] response. Considering that the cathode has an
excitatory effect upon primary afferent discharge rate, and
also that primary afferents are predominantly excitatory on
the vestibular nucleus (e.g. DeVito et al. 1956), the projection
from the vestibular nucleus to the ipsilateral SCM moto-
neurones must be inhibitory. In addition, our observations
indicate that excitability recovers within 30 ms at both
central synapses. On the other hand, given that the n12/p20
responses are of opposite type to the p13/n23 response,
they are likely to reflect excitation of SCM motoneurones.
Because the crossed n12/p20 [g] response following cathodal
stimulation has an onset latency similar to the p13/n23 [g]
response, it is likely to be mediated by a disynaptic crossed
excitatory pathway. The uncrossed n12/p20[g] response
due to the action of the anode is also likely to be mediated
by a disynaptic excitatory pathway. Considering that the
anode has an inhibitory effect on primary afferent
discharge, the excitation of SCM motoneurones could be
explained by the inhibition of a tonically active inhibitory

Figure 7. Proposed reflex pathways subserving short-
latency responses following galvanic stimulation
Excitatory pathways are shown unfilled and inhibitory
pathways are shown filled. Vestibular primary afferent neurones
have a high resting discharge rate that is increased by the action
of the cathode and decreased by the action of the anode. The
p13/n23 [g] response is generated by an ipsilateral inhibitory
projection. Inhibition of the same projection (due to the action
of the anode on the same side) generates the uncrossed n12/p20
response. The crossed n12/p20 [g] response (evoked by the
cathode) is generated by a crossed excitatory pathway. These
pathways are most likely to lie in the medial vestibulospinal

tract (MVST).
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projection, i.e. by disinhibition. DeVito et al. (1956) showed
in cats that if the resting discharge rate of a neurone in
Deiter’s nucleus was altered by cathodal stimulation of the
vestibular nerve, then anodal stimulation of the same nerve
would almost always produce an opposite change in that
neurone’s discharge rate. Thus the simplest explanation for
the uncrossed n12/p20 [g] response is disinhibition via the
same (inhibitory) projection that mediates the p13/n23 [g]
response. The smaller amplitude of the uncrossed n12/p20 [¢]
response evoked by the anode compared with the p13/n23 [g]
response evoked by the cathode is consistent with previous
observations in animals (Goldberg et al. 1984) and humans
(Halmagyi et al. 1990; Watson & Colebatch, 1997) that
larger responses follow excitation than follow inhibition of
vestibular nerve discharge. We failed to observe a crossed
inhibitory (p13/n23) response after anodal stimulation,
which might have been predicted from these putative path-
ways, as a result of disfacilitation of the crossed excitatory
pathway. This probably indicates that the crossed pathway
is less potent than the ipsilateral one. Crossed vestibulocollic
responses in normal subjects to click stimulation are
generally small or absent, only becoming prominent when
there is hypersensitivity of the vestibular apparatus to
sound (Colebatch et al. 1998).

The physiological role of galvanic-evoked
vestibulocollic reflexes

Descending volleys in vestibulospinal pathways have more
potent effects upon neck motoneurones than upon the
muscles of the limbs in the cat, with strong monosynaptic
projections to neck motoneurones and largely polysynaptic
projections to hindlimb motoneurones (Wilson & Yoshida,
1969). In the cat, stimulation of each individual canal
produces a pattern of muscle excitation that is generally

Right vestibular nuclei

Otolith

MVST?

Right SCM Left SCM




596 S. R. D. Watson and J. G. Colebatch

consistent with a role in resisting imposed head
displacements (Wilson & Maeda, 1974). Loss of vestibular
function causes instability of the head and abolishes the
normal head and body righting responses to falling (Money
& Scott, 1962). Although vestibulocollic reflexes evoked by
head displacements have been described in humans (e.g. Ito
et al. 1995; Keshner et al. 1995), the contribution of such
reflexes to head stabilization in man appears to be relatively
limited (Bronstein, 1988; Corna et al. 1996).

In the cat, afferents arising from both types of otolith
receptor, the sacculus and utriculus, project to neck
motoneurones by disynaptic and trisynaptic pathways in
the cat (Sato et al. 1995; Uchino et al. 1997). The otolith
organs are sensitive to linear acceleration, including gravity,
and thus can signal head orientation with respect to gravity
(Fernandez & Goldberg, 1976). Their discharge may therefore
contribute not only to head stabilization in response to
perturbations, but also to determining head orientation with
respect to the vertical, i.e. orienting or righting reflexes.

Like click-evoked vestibulocollic reflexes, the size of the
galvanic-evoked vestibulocollic reflex was directly related to
the level of tonic motoneuronal discharge. In the present
study the effects of head position were explicable purely by
changes in tonic muscle activity, with no significant change
in latency or waveform between the different head postures
studied. This result clearly differs from previous findings for
vestibular-dependent leg muscle responses. In leg muscles,
the EMG response evoked by galvanic stimulation has two
components, the ‘short-latency’ response beginning at
around 50 ms and the ‘medium-latency’ response beginning
at around 100 ms (Britton et al. 1993; Fitzpatrick et al.
1994). Both of these components reverse in type (an
excitatory response becoming an inhibitory one, and vice
versa) when the head is rotated from one side to the other.
Click-evoked vestibular reflexes in leg muscles are very
similar to the short-latency response to galvanic stimulation
and show similar modulation with change in head position
(Watson & Colebatch, 1998). It has been estimated that a
delay of approximately 30 ms occurs between vestibular
nerve activation by galvanic stimulation and the onset of the
descending volley in the spinal cord that mediates the
short-latency response (Britton et al. 1993), suggesting a
polysynaptic pathway in contrast to the disynaptic nature
of the vestibulocollic reflex, and similar to findings in the
cat (Wilson & Yoshida, 1969). The contrasting properties of
vestibular reflexes recorded in the neck and leg muscles are
likely to relate to the differing roles of vestibular signals in
physiological control in these muscle groups. The modulation
of vestibular responses by head position is consistent with
their playing a role in stabilizing the body (Nashner &
Wolfson, 1974). Vestibulocollic reflexes are thought to
stabilize the head in space (Wilson et al. 1995) and this
differing role may explain their relative independence of the
position of the head in relation to the body.
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