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Eye blink reflexes to sudden free falls: a clinical test of
otolith function
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SUMMARY Conventional neuro-otological tests measure only semi-circular canal function and not
otolith function. A clinically acceptable test of otolith function was developed. Previous studies
suggested that muscle responses which occur less than 100 ms after release into free-fall are part
of a startle reflex originating in the otoliths. With a couch capable of producing sudden, safe,
comfortable free-falls it was shown that in normal subjects orbicularis oculi muscle responses
(that is eyeblinks) invariably began within 45 ms of this stimulus and confirmed that these
eyeblink reflexes are part of a generalised startle reflex, as they cross-habituate with eyeblink
reflexes elicited by supraorbital nerve stimulation. Eyeblink reflexes to free-fall may prove a

useful clinical test of otolith function.

The human vestibular system comprises three pairs
of semi-circular canals and two pairs of otolith
organs-the utricle and the saccule. Despite past
efforts to develop clinical tests for each vestibular
organ, only tests of horizontal semi-circular canal
function have so far gained general acceptance. The
otoliths respond to linear acceleration and it there-
fore seemed obvious to try and use changes in gravi-
tational force to stimulate the otoliths. Previous
reports suggested that early muscle response to sud-
den free-fall originate in the otoliths.1-3 We have
therefore tried to reproduce these results in patients
and normal subjects in a way that could be useful in
neuro-otological diagnosis.

Materials and methods

Apparatus
Each subject and patient lay on a 10 cm thick, foam rubber
mattress, inside a specially constructed wooden couch
(fig 1). The foot of the couch pivoted about an axle, join-
ing a pair of bicycle wheels; the head of the couch could be
elevated by a winch and pulley arrangement and secured in
an elevated position with a nautical snatch cleat. Upon
releasing the cleat, the head of the couch (and the head of
the patient) dropped freely through a vertical height of 12
cm (angular displacement of 0-06 rad). At this point the
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fall was decelerated by strong rubber straps which brought
the apparatus to rest in two or three oscillations. The total
downwards displacement of the couch when first released,
including the breaking phase depended upon the weight of
the individual, for example approximately 80 cm (0.4 rad)
for a 60 kg, 170 cm female subject. As measured by
recordings from the accelerometer the peak downwards
acceleration was attained in 5 ms and lasted for 15 ms.
Patients and subjects all thought that the apparatus gave a
smooth, comfortable ride.

Subjects and patients
Five young volunteers with clinically normal visual, audit-
ory, and neurological function were the control subjects.
Five patients without any evidence of horizontal or vertical
semi-circular canal function comprised the "canal-
defective" group. None had nystagmic responses to ice
water caloric stimulation or to 2000/s2 impulsive rotation;
all five experienced head movement induced oscillopsia
but had normal hearing. One of the five had lost canal
function during treatment with intravenous gentamicin;
the cause of the canal failure in the other four patients was
unknown. Two other patients, both with endolymphatic
hydrops due to congenital syphilis were also tested: neither
had any evidence of canal function, one had no hearing at
all and the other had some residual hearing.

Protocol
The subjects or patients lay comfortably in the couch with
the head elevated about 20° from the horizontal plane
(fig 1). In this position the plane of the horizontal canals
and the utricular maculae are oriented vertically and grav-
ity is acting in shear on the utricle. One pair of Ag-AgCl
skin electrodes recorded the latency of the orbicularis oculi
EMG (that is eyeblinks) from each side; a third pair sup-
ramaximally stimulated one supraorbital nerve. In some
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Fig 1 The experimental apparatus is shown in elevated position:
continuous lines and lowest position during dropping: dotted lines

subjects and patients the surface EMG of other muscles
such as stemomastoid and quadriceps was also recorded.
(A linear accelerometer (Endevco Model 2265C with a
bandwidth > kHz) attached to the head of the bed
recorded the fall). During the initial experiments subjects
were blindfolded and listened to 75 dB white noise through
headphones; later we found that blindfolding and sound-
masking made no difference to the results, so the study was
conducted in dim light with standard laboratory back-
ground noise.
The couch would be unpredictably released into free-fall

by an assistant standing behind it. There was at least one
minute between drops and each drop was preceded or fol-
lowed by a shock to the supra-orbital nerve. The interval
between the drop and shock was varied between 10 and
800 ms. When the shock followed the drop, the timing was
controlled using a variable delay stimulator triggered by
the initial high frequency transient from the accelerometer.
No automatic method of timing the interval between the
stimuli when the shock preceded the drop was available
and this had to be controlled in a hit and miss fashion by
the operator who triggered the stimulator and jerked the
cleat in sequence. In fact, with a little practice, one could
become adept at producing various time delays and a fair
sample of the range required could be attained within a few
trials.

Results

Supraorbital nerve shock
Supraorbital nerve shock produced two well-
recognised EMG components:4 an ipsilateral early
component starting 10-15 ms after the shock (R1)
and a bilateral later component starting 35-45 ms
(R2). The R2 component causes the observable blink
and is therefore called the eyeblink reflex. The
latency to the onset of the R2 component in normal
subjects was 36-8 + 5.4 ms (113 trials) and 37.4 +
5-3 ms (37 trials) in the seven patients. There is no
significant difference between the results in these
two groups.

Sudden free-fall
In a total of 179 drops, each normal subject invari-
ably showed orbicularis oculi EMG activity starting
within 45 ms of the drop (39.3 + 5-6 ms) (fig 2). In
some drops, but not in others, EMG activity was
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Fig 2 Orbicularis oculi EMG response is ofa normal
subject and to supraorbital nerve shock and to sudden drop.
Acceleration equals output oflinear accelerometer attached
to head ofcouch. EMG is from surface ofright and left
orbicularis oculi. Top traces: a shock to the left supraorbital
nerve (stimulus artefact indicated by filed arrow) is
followed by an ipsilateral R, response (open arrow) and a
bilateral R2 response starting at about 40 ms after the
stimulus. A sudden drop 180 ms after the supraorbital nerve
shock fails to elicit any EMG response in either orbicularis
oculi. Bottom traces: a sudden drop is foUlowed about 40 ms
later by the onset ofEMG activity in both orbiculares oculi.
A supraorbital nerve shock 200 ms after the drop (stimulus
artefact indicated by closed arrow) is followed only by
ipsilateral R, response (open arrow) and no R2 response in
either orbicularis oculi.
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also detected in quadriceps femoris and sternomas-
toid. In a total of 50 drops each canal-defective
patient invariably showed orbicularis oculi EMG
activity starting within 45 ms of being dropped (40.0
+ 4-1 ms). There is no significant difference bet-
ween the results in these two groups. Neither patient
with congenital syphilis showed any orbicularis oculi
EMG response within 100 ms of being dropped.

Refractory period
For 250-300 ms after a shock-induced eyeblink
reflex neither normal subjects nor canal-defective
patients showed a drop-induced eyeblink reflex: that
is, there was never a drop-induced eyeblink reflex
under 250 ms and invariably a normal, drop-
induced eyeblink reflex over 300 ms. Similarly, after
a drop-induced eyeblink reflex, neither normal sub-
jects nor canal-defective patients showed a shock-
induced reflex for 250-300 ms (fig 2). In contrast,
both patients with congenital syphilis showed nor-
mal latency shock-induced eyeblink reflexes within
250 ms of being dropped, at all latencies measured.
The R, component of the shock-induced reflex was,
as expected, unaffected by a preceding drop.

Discussion

In animals, bilateral labyrinthectomy or bilateral
vestibular neurectomy both abolish early EMG
responses to free-fall, whereas plugging of semi-
circular canals does not, indicating by exclusion that
the EMG response originates in the otoliths.3 Our
results also can best be explained by assuming that
the orbicularis oculi EMG response to free-fall
originates in the otolith. Normal responses in the
five canal-defective patients, indicates that unless
the vestibulo-ocular reflex and the responses to
free-fall originate in a completely different set of
receptors on the crista ampullaris, the response to
free-fall cannot originate in the semi-circular canals.
One of these five patients had lost canal function
from amino-glycoside toxicity and it is known that
the otolith receptors are less vulnerable to aminog-
lycosides than the semi-circular canal receptors.4 It
is therefore not unexpected that otolith function was
preserved in this patient. The cause of absent canal
function was not known in the other four patients
but the otolith epithelium may have been spared just
as in the patients with aminoglycoside toxicity.
Absent eyeblink reflexes to free-fall in the two
patients with congenital syphilis suggests that their
otoliths were, unlike the otoliths of the canal defec-
tive groups, not spared. The temporal bone pathol-
ogy in congenital syphilis supports this suggestion:
there is hydrops of the utricle and saccule, as well as
atrophy of the organ or corti, cristae, cochlear and
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vestibular nerves.5 These explanations also seem
valid for the four patients Greenwood and Hopkins
studied."2 In two of their patients loss of canal func-
tion was due to aminoglycosides and in two the
cause was unknown. Two had no canal responses
and no EMG response to free-fall and two had nor-
mal canal and free-fall responses. Interestingly, we
re-studied one of the latter group (WB) and found
that he had lost all evidence of canal function but
still had normal eyeblink responses to free-fall.
The results of the cross habituation experiments

confirmed previous suggestions that the eyeblink
reflex to free-fall is part of the startle reflex, elicited
in this case by vestibular stimulation." 2 The eyeblink
is the most durable component of the startle reflex:
for example, it is present even in experienced pistol
shooters each time they fire.6 The startle reflex has
inhibitory as well as excitatory components: after
one startle reflex has been elicited there is a refrac-
tory period during which a further stimulus will not
elicit further response.' Fox studied the excitatory
and inhibitory components of the eyeblink reflex to
loud tone-bursts and to painful electric shocks.' He
found that with either stimulus, after initial EMG
activation there is a much longer inhibitory period
during which the eyeblink reflex to a subsequent
stimulus of the same or different modality is com-
pletely blocked. In our experiments a shock-induced
eyeblink reflex was followed by a 250-300 ms
refractory period during which a drop could not
induce an eyeblink reflex. These results, identical
with Fox's tone-bursts and shocks, confirm previous
suggestions that there is a common polysynaptic
brainstem circuit for startle reflexes and that this
circuit has access to auditory, somato-sensory, ves-
tibular and visual inputs.A-"
Here we have devised a clinical technique utilising

this brainstem circuit to test, albeit grossly, the
integrity of otolith inputs. We have found relatively
preserved otolith function in some patients who
have no evidence of semi-circular canal function.
The technique could now be used to test residual
otolith function in patients who have lost canal func-
tion through labyrinthine injury.
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