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The effect of posture on the normal and
pathological auditory startle reflex
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Abstract

The effect of posture on the EMG pattern
of the normal auditory startle reflex was
investigated. The startle response to an
unexpected auditory tone was studied in
eleven normal subjects when standing,
and in six normal subjects when sitting
relaxed or tonically plantar flexing both
feet. Reflex EMG activity was recorded in
the tibialis anterior and soleus about
twice as frequently when standing, than
when sitting relaxed. In addition, the
median latencies to onset of reflex EMG
activity in the tibialis anterior and soleus
were about 40 and 60 ms shorter during
standing, than when sitting relaxed. No
short latency EMG activity was recorded
in the calf muscles during tonic plantar
flexion of the feet; while sitting. The effect
of posture on the EMG pattern of the
pathological auditory startle reflex was
studied in five patients with hyperek-
plexia. In three patients the latency to
onset of reflex EMG activity in the tibialis
anterior was shorter when standing, than
when sitting relaxed. The EMG pattern
of the reflex response to sound was
studied in detail in two of these patients
and consisted of up to three successive
components. The expression of each
EMG component depended on the pos-
tural set of the limbs. In particular, a
distinct short latency component was
found in posturally important muscles
following auditory stimulation. This
short latency component was not re-
corded when sitting relaxed. It is con-
cluded that the EMG pattern of the
physiological and pathological auditory
startle response is not fixed, but may
change with the postural stance of the
body. This finding supports the theory
that the normal startle reflex and the
abnormal startle reflex in hyperekplexia
have a common brainstem origin.

We have recently defined the electromyo-
graphic pattern of the normal auditory startle
response in humans.' The order of recruit-
ment of muscles suggests that the activity
responsible for the startle response originates
in the caudal brainstem, and is conducted up
the brainstem and down the spinal cord by
relatively slowly conducting efferent pathways.
We have also investigated the electromyo-
graphic pattern of the abnormal startle
response in certain patients with familial and

acquired startle disorders.? In these patients
we have shown that the pattern of muscle
recruitment in the abnormal startle response
is very similar to that in the physiological
auditory startle response, and may therefore
represent activity in the same brainstem
efferent system. We have used the term
hyperekplexia to describe those patients with
a startle syndrome due, pathophysiologically,
to an exaggerated normal startle reflex.’

The exact functional importance of the star-
tle reflex to humans remains unclear. Landis
and Hunt® stressed the relative immutability
of the startle response, despite changes in
posture and activity, and as a result the
auditory startle reflex has been considered
little more than a basic and stereotyped alert-
ing response.*

There is, however, some evidence to sug-
gest that the auditory startle reflex in humans
may be more than a simple stereotyped flexion
reflex. EMG activity may be recorded in
extensor muscles during the startle reflex,' and
Rossignol® found that the activity recorded in
extensor muscles increased during or after
tonic extension of the relevant joint.

We show that the electromyographic pat-
tern of the normal and abnormal auditory
startle reflex may vary with posture. We sug-
gest therefore that the physiological impor-
tance of the auditory startle reflex in humans
lies in the rapid accomplishement of a defen-
sive stance with maximum postural stability.

Subjects
The response to auditory stimulation was
investigated in a total of eleven healthy
subjects (mean age 30 years, range 18 to 47
years old), and five patients with hyperekplexia
and a pathologically exaggerated startle reflex.
The diagnoses in the five patients were
hereditary hyperkplexia in cases 1 and 3, post-
anoxic encephalopathy in case 2, probable
multiple sclerosis in case 4, and encephalo-
myelitis with rigidity, the ‘“‘Jerking stiff person
syndrome” reported by Leight et al° in case 5.
Their clinical details and basic neuro-
physiological findings have been described
previously (reference 2, cases 1, 8, 3, 5 and 7
respectively).

Both the normal subjects and the patients
gave their informed consent to the electro-
physiological studies.

Methods

Electromyogram (EMG) recordings were
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made using bipolar silver/silver chloride elec-
trodes placed 2 cm apart longitudinally over
the muscle bellies. Magnetic stimulation of
the cortex was performed with a 9cm
diameter circular stimulator coil using a
Novametrix Magstim 200. Auditory startle
responses were recorded by triggering the
computer at the time of delivery of an
auditory tone burst of 1000 Hz frequency,
50 ms duration and 124 dB presented bin-
aurally through earphones. The sampling rate
was 2000 Hz per channel. The latency to
onset of reflex EMG activity was measured by
visual inspection of the computer display of
unrectified records of single trials. The latency
of the initial voltage sustained above the back-
ground level of EMG activity was taken to be
the start of reflex EMG activity.

In experiments on healthy subjects the
reflex EMG activity in the sternocleidomas-
toid, tibialis anterior and soleus was recorded
to an unexpected auditory tone repeated ran-
domly about every 15 minutes. Eleven
subjects were tested while standing with their
feet close together. Reflex EMG activity was
recorded in the calf muscles of eight of the
subjects on standing, and of these, two
subjects were tested while sitting relaxed, two
while sitting tonically plantar flexing both feet,
and four subjects were tested under all three
conditions. Subjects kept their eyes closed
during each condition. Four to six trials were
recorded under each condition, usually over
more than one session. The order of condi-
tions was varied between subjects.

In the experiments on patients with
hyperekplexia the auditory tone was repeated
randomly about every three minutes.

Medians and ranges were recorded. Statis-
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Figure 1 The effect of sitting and standing on the pattern
of EMG activity in the normal auditory startle response.
The median and interquartile range of the latency to onset
of reflex EMG activity elicited by an unexpected auditory
stimulus (a 50 ms duration tone of 1000 Hz and 124 dB)
1s shown for eleven healthy subjects when standing, and
six healthy subjects when sitting relaxed. There was no
significant difference in the latency to onset of reflex EMG
activity in sternocleidomastoid (SCM) between sitting
and standing. There was, however, a significant difference
in latency to onset of EMG activity between standing and
sitting in tibialis anterior (TA) and soleus (p = 0-0051
and 0-0002 respectively ). Reflex EMG activity in the
various muscles was recorded in only some trials. The
number of trials in which reflex EMG activity was
recorded in each muscle, and the percentage of the total
number of trials in which responses were present in each
muscle, are shown at the bottom of the figure. Reflex EMG
activity to unexpected auditory stimulation was recorded
in tibialis anterior and soleus more frequently when
standing, than when sitting.
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tical analysis was performed using the Mann-
Whitney U test.

Results

THE EFFECT OF STANDING ON THE AUDITORY
STARTLE RESPONSE IN NORMAL SUBJECTS

The auditory startle response was recorded in
eleven subjects, while standing, and in six of
these subjects, while sitting relaxed. Reflex
EMG activity was recorded in the calf muscles,
in at least one trial, in eight subjects, while
standing, and three subjects, while sitting
relaxed. Figure 1 shows the median latencies to
onset of reflex EMG activity in sterno-
cleidomastoid, tibialis anterior and soleus, and
the percentage of the total number of trials in
which reflex EMG activity was recorded in each
muscle, following auditory stimulation while
standing and sitting.

The percentage of trials in which reflex EMG
activity was recorded in sternocleidomastoid,
and the latency to onset of reflex EMG activity
in this muscle did not differ between standing
and sitting. In contrast, reflex EMG activity
was recorded in the tibialis anterior and soleus
about twice as frequently when standing, than
when sitting relaxed. In addition, the median
latencies to onset of reflex EMG activity in
tibialis anterior and soleus were about 40 and
60 ms shorter during standing, than when
sitting relaxed. The difference in latency to
onset of EMG activity in tibialis anterior and
soleus between standing and sitting was sig-
nificant (p = 0-0051 and 0-0002 respectively).

Standing involved both a change in postural
set and an increase in the level of background
EMG activity in the lower limbs. (There was
no change in the level of background EMG
activity recorded in sternocleidomastoid
between sitting and standing, and it is likely
that the muscles of the neck were posturally
important during both sitting, with the head
unsupported, and standing). An attempt was
made to control for the increase in background
EMG activity in the lower limbs by asking six
of the subjects to tonically plantar flex both
ankles while sitting, by pushing their toes into
the floor. Under this condition there was, again,
no significant change in the percentage of trials
in which reflex EMG activity was recorded in
sternocleidomastoid (58%), or in the median
latency to onset of reflex EMG activity in this
muscle (55 ms, range 44 to 76-6 ms). However,
reflex EMG activity ‘was recorded in the calf
muscles in only three out of 23 trials under this
condition, and this was of long latency (range
173 to 191 ms). Figure 2 illustrates the effect of
unexpected auditory stimulation in a normal
subject while standing, sitting relaxed and
sitting tonically plantar flexing both ankles.

THE EFFECT OF STANDING ON THE
PATHOLOGICAL AUDITORY STARTLE RESPONSE
The effect of standing on the abnormal startle
response was investigated in five patients with
hyperekplexia. Figure 3 compares the latency
to onset of reflex EMG activity in the tibialis
anterior while sitting and standing. When
sitting the latency to onset of the reflex EMG
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Figure 2 The EMG response to auditory stimulation in
the normal subject when standing. Record 2A shows the
short latency reflex EMG activity in soleus elicited by
unexpected auditory stimulation in a normal subject when
standing. Short latency reflex EMG activity was absent
when sitting, while tonically plantar flexing both ankles
(2B), or when sitting relaxed (2C). Each record consists
of the average of the rectified EMG activity in five trials.
A 124dB tone of 50 ms duration was given at the start of
each trial. The horizontal and vertical calibration lines
represent 20 ms and 0-1 mV respectively.

response in the tibialis anterior was short
(about 85 ms) and similar to that recorded in
normal subjects when standing. When cases 3,
4, and 5 were standing the latency to onset of
reflex EMG activity in the tibialis anterior
shortened significantly still further (p = 0-05in
each case). In cases 1 and 2 there was no change
in latency while standing.

The response to auditory stimulation in cases
1, 2 and 3 consisted of a single uninterrupted
burst of EMG activity in the trunk and limb
muscles of 100 to 400 ms in duration, whether
standing or sitting. In cases 4 and 5, however,
the response to auditory stimulation consisted
of several clearly definable components of
EMG activity. The change in these EMG
components with different postures, and at rest,
was studied in more detail.

THE EFFECT OF POSTURE ON THE PATHOLOGICAL
AUDITORY STARTLE REFLEX IN CASES 4 AND 5
The EMG pattern of the reflex response to
auditory stimulation was investigated in cases 4
and 5 while sitting relaxed, standing unsuppor-
ted, and sitting tonically plantar flexing both
ankles. Examples of the reflex EMG responses
recorded under the three different test condi-
tions are shown in figs 4 and 5. Up to three
clearly definable successive components were
present in the reflex EMG response, under the
different test conditions. These three compon-
ents will be termed A, B and C. The median
latencies of each component are shown for
representative muscles in the table.

The effects of the different test conditions
differed between the three components. When
sitting relaxed (top records in figs 4 and 5), the
reflex EMG response to auditory stimulation in
both patients consisted of two separate succes-
sive components, B and C. When standing
(middle records in figs 4 and 5) a third compon-
ent of very early latency was recorded in trunk
and lower, but not upper, limb muscles. In
addition, although the B component remained
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on standing, the C component became much
smaller or disappeared.

The reflex response to auditory stimulation
was also investigated as cases 4 and 5 sat
pushing their feet into the ground. In this
situation (bottom records in figs 4 and 5) the
level of background EMG activity recorded in
the trunk and lower limb muscles equalled or
exceeded that recorded in these muscles on
standing. Despite this, the effect of tonic
activity when sitting was intermediate between
the effect of sitting relaxed and that of standing.
Thus the A component was visible, but small,
and the B and C components were almost the
same as when sitting relaxed.

In a further set of experiments the upper
limbs were made posturally important to see
whether this would bring out an early latency A
component in the arm muscles. Case 4 was
asked to crouch on his hands and knees, with
his centre of balance slightly forwards. Case 5
was asked to stand on a soft pillow, with her
eyes shut, while steadying herself by holding on
to a fixed support with the right hand. In both
patients, an A component appeared in the reflex
response to auditory stimulation in the biceps,
triceps, and the forearm flexors and extensors
(The intrinsic hand muscles were not recorded
from during this experiment). The B compon-
ent remained in the arm muscles whether the
upper limb was used posturally or not. The C
component was diminished in size or absent.
The bottom biceps record in fig 4 shows the
effect of crouching on all fours upon the pattern
of reflex EMG activity in case 4. The early
latency A component did not appear in the
reflex EMG response to sound recorded in the
upper limbs when case 5 was asked to make a
tight fist with the right hand, while standing
normally.

In summary, the A component was recorded
when a muscle was posturally active, and to a
lesser extent when the muscle was tonically

Standing

120'1 Case 2 [] sitting
1004 Cesel Case 4
Case 3
Case 5
804

Latency (ms)
g

204

0
No of responses' 10 8 95 8 6 610 6 6
p value NS NS 0-05 0-05 0-05

Figure3 The effect of sitting and standing on the latency
to onset of reflex EMG activity in the tibialis anterior in
the abnormal auditory startle response. The median and
interquartile range of the latency to onset of reflex EMG
activiry in tibialis anterior is shown for five patients with
hyperekplexia, while standing and sitting. There was a
significant difference in the latency to onset of reflex EMG
activity in tibialis anterior between standing and sitting in
cases 3,4 and 5. The number of trials in which reflex

EMG activity in tibialis anterior was recorded in each
patient is shown at the bottom of the figure. The auditory
sdtémulus was a 50 ms duration tone of 1000 Hz and 124
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Figure 4 The EMG pattern of the reflex response to auditory stimulation in the biceps brachii, lumbar paraspinal
muscles and abductor hallucis brevis in case 4. The upper three records show the reflex EMG activity in response to
auditory stimulation in each muscle when sitting, relaxed. This consists of two major components marked B and C
respectively. The middle three records show the reflex EMG activity when standing. A large short latency A component
is seen, preceding the B component in the lumbar paraspinal muscles and abductor hallucis brevis. The C component is
greatly diminished in biceps brachii and has disappeared in the lumbar paraspinal muscles and abductor hallucis brevis.
The lower three records show the reflex EMG activity in response to auditory stimulation when sitting, pushing both feet
into the ground. A small short latency A component is visible in the lumbar paraspinal muscles and abductor hallucis
brevis. The B and C components are relatively unchanged in all three muscles, compared to sitting relaxed. The
differences between the reflex EMG patterns on standing and sitting, pushing the feet into the floor, occur despite
comparable levels of background EMG activity. The bottom left record shows the reflex EMG activity in biceps brachii
in response to auditory stimulation when crouching on all fours, with the centre of balance shifted slightly forwards. A
short latency A component is now seen, preceding the B component in biceps brachii. The C component is absent. Each
record consists of four superimposed single trials of unrectified EMG activity. The auditory stimulus, a 50 ms duration
tone of 1000 Hz and 124 dB, was delivered at the beginning of each trial. The total sweep duration of each trial was

200 ms. Each vertical calibration bar represents 1 mV.

activated. The A component was not recorded
when sitting relaxed. The B component
remained unchanged whether the patient was
stitting or standing. The C component was
recorded when sitting, but was diminished or
absent on standing or during postural use of the
arm. It was not affected by tonic activation of
the muscle.

All three reflex components in cases 4 and 5
were characterised by a difference in latency to
onset of EMG activity between the biceps and
tibialis anterior, which exceeded that recorded
in the same patient following magnetic stimula-
tion of the motor cortex (table). In addition, in
case 4, the differences in latency to onset of
EMG activity between the biceps and the
intrinsic hand muscles for components B and
C, and between the tibialis anterior and the
intrinsic foot muscles for components A, B and
Cwere very long, compared with the differences
in latency following magnetic stimulation of
the motor cortex (table).

Discussion

THE EFFECT OF POSTURE ON THE NORMAL
AUDITORY STARTLE REFLEX

In arecent investigation of the normal auditory
startle response,’ we found that the reflex EMG
activity elicited by unexpected auditory
stimulation in normal subjects who were sitting
was infrequently recorded in the muscles of the

lower limbs, and when recorded, was of
relatively long latency (in excess of 100 ms).
Here we have shown that when normal subjects
are standing, reflex EM@G activity is recorded in
the muscles of the lower limbs about twice as
frequently as when sitting, and that such reflex
EMG activity is of much shorter latency, than
when sitting. These changes are the con-
sequence of the change in postural set of the
lower limbs on standing, and not due to the
increased level of background EMG activity
present during standing. Unexpected auditory
stimulation during tonic plantar flexion of both
feet in the sitting subject did not shorten the
latency of the reflex response recorded in the
calf muscles, and did not increase the frequency
of such responses.

THE EFFECT OF POSTURE ON THE ABNORMAL
AUDITORY STARTLE REFLEX

The effect of standing on the abnormal startle
response was also studied. In three out of five
patients with familial or symptomatic hyperek-
plexiathere was a significant shortening of reflex
latency in the tibialis anterior while standing.
This effect of posture on the pattern of EMG
activity in the abnormal startle reflex was
studied in detail in cases 4 and 5. In these two
patients the reflex response to sound consisted
of up to three successive components (A, B and
C) of EMG activity. The expression of the
three EMG components in the reflex response
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Figure 5 The EMG pattern of the reflex response to
auditory stimulation in the lumbar paraspinal muscles in
case 5. The upper record shows the reflex EMG activity in
response to auditory stimulation when sitting, relaxed.
This consists of two major components marked B and C
respectively. The middle record illustrates the reflex EMG
activity when standing. A large short latency A
component is seen, preceding the B component. The C
component, however, has disappeared. The lower record
illustrates the reflex EMG activity in response to auditory
stimulation when sitting, pushing both feet into the
ground. A small short latency A component is visible. The
B and C components are relatively unchanged, compared
to sitting relaxed. The differences between the reflex EMG
patterns shown in the middle and lower records occur
despite comparable levels of background EMG activity.
Each record consists of three superimposed single trials of
unrectified EMG activity. The auditory stimulus, a 50 ms
duration tone of 1000 Hz and 124 dB, was delivered at
the beginning of each trial. The total sweep duration of
each trial was 200 ms.

of amuscle was dependent on the postural set of
that muscle. Thus following an auditory
stimulus, the earliest latency (A) component
was not recorded at rest, but was recorded
when the muscle was posturally important.
Conversely, the C component, which was well
formed at rest, was greatly diminished in size or
absent when standing or crouching on all fours.
The change in the EMG pattern of the reflex
response to sound with postural activity was
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striking in cases 4 and 5, and not simply the
effect of increased background EMG activity.

Similarities between the various EMG com-
ponents recorded in cases 4 and 5 suggest that a
common efferent system was responsible for
each component of the reflex response to
auditory stimulation. In particular, the dif-
ference in latency to onset of reflex EMG
activity between the biceps and tibialis anterior
for each of the three EMG components was
relatively long compared with the difference in
latency between the same two muscles recorded
following magnetic stimulation of the motor
cortex (see table 1). This suggests that each of
the three components of reflex EMG activity
was subserved by a moderately slowly conduct-
ing spinal efferent pathway. Another point of
similarity between the three EMG components
was the disproportionately long relative laten-
cies of the three components in the intrinsic
hand and foot muscles in case 4, even when
allowance was made for slow conduction in
spinal efferent pathways.

WHAT IS THE BASIS FOR POSTURALLY INDUCED
CHANGES IN THE PATTERN OF EMG ACTIVITY IN
THE AUDITORY STARTLE REFLEX?

Animal  experiments,”® and electro-
physiological evidence in humans' indicate that
the physiological startle reflex originates in the
lower brainstem. Acquired startle disease in
humans is frequently associated with brain-
stem pathology,”'* and the pattern of muscle
recruitment in the abnormal startle response in
hyperekplexia is very similar to that recorded in
the physiological startle response.'? These
observations suggest that the physiological
startle reflex, and the pathological startle reflex
in hyperekplexia represent physiological and
pathological activity in the same brainstem
efferent system.? The spinal projections of this
system are relatively slowly conducting,'? and
bear some similarities to the relatively slowly
conducting pathways subserving the efferent

The latencies to onset of the A, B and C components of the reflex EMG response to auditory stimulation in cases 4 and 5

Case 4
A B C
Cortical
Latency (MS) Median Range N Median Range N  Median Range N stimulation
Biceps 31 30-35 5 57 54-69 10 102 97-116 10 11
FDI N/A 91 79-101 8 123 113-134 10 24
FDI-Biceps N/A 34 21 13
Lumbar paraspinals 38 3342 7 63 58-72 10 106 101-113 10 N/A
TA 57 54-61 6 84 79-93 10 130 127-136 7 131
TA-Biceps 26 27 28 20
AHB 70 66-77 9 102 97-105 8 145 132-155 7 42
AHB-TA 13 18 15 11
Case 5
A B Cc
Cortical

Median Range N Median

Range N  Median  Range N stimulation

Biceps 36 31-42 5 52
Rectus Abdominis 45 43-47 5 65
TA 60 46-67 6 78
TA-Biceps 24 26

46-61 6 N/A 11

50-67 8 N/A N/A

72-79 6 114 112-117 4 25
N/A 14

The median latencies to onset of EMG activity in the A, B and C components elicited by auditory stimulation (a 50 ms duration
tone of 1 Kz and 124 db) in cases 4 and 5. Median latencies and the differences between these latencies in representative pairs of
muscles are compared with the latencies (and differences in latencies) recorded following magnetic stimulation of the motor cortex
in each case. Abbreviations: first dorsal interosseous (FDI), tibialis anterior (TA), abductor hallucis brevis (AHB), not available

(N/A).
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limb of the spino-bulbo-spinal reflex in
animals." The latter pathways form the basis of
the audio-spinal reflex, believed to underlie the
auditory startle reflex in animals.?

In this investigation we have shown that both
the normal and abnormal auditory startle
responses have complex EMG patterns
dependent on the postural set of the limbs.
Other reflex patterns may also be dependent on
the postural set of a limb or muscle.'?'

The mechanism by which the EMG pattern
of the pathological and physiological auditory
startle response changes with posture is
unclear. However, it may be relevant that
among normal subjects and in patients with a
pathologically exaggerated startle reflex there
were three different latencies of response under
different conditions. The longest latency to
onset of reflex EMG activity in the tibialis
anterior, about 120 ms, was recorded in normal
subjects when sitting relaxed. When normal
subjects were standing the latency to onset of
reflex EMG activity in the tibialis anterior was
shorter, about 85 ms, and similar to that recor-
ded in hyperekplexic patients when sitting
relaxed. The shortest latency to onset of reflex
EMG activity, about 60 ms, was recorded in
the tibialis anterior when some hyperekplexic
patients stood (cases 3, 4 and 5).

The possibility that the startle response in
the limbs may, under different circumstances,
have three preferred latencies was strength-
ened by the finding of three discrete EMG
components of similar latency (about 60, 80
and 120 ms for the A, B and C EMG compon-
ents in the tibialis anterior) in cases 4 and 5. In
these two patients the similarities between
these three EMG components suggested that a
common efferent system was responsible for
each component of the reflex response to
auditory stimulation. In particular, each com-
ponent of the pathological auditory startle
response utilised a moderately slowly conduct-
ing spinal efferent pathway, and was therefore
consistent with activity in the efferent limb of
the spino-bulbo-spinal reflex arc. Assuming, on
this evidence, that a single efferent system is
responsible for EMG components of differing
latency, one possible explanation for differences
in bsolute latency in the normal and exag-
gerated startle reflexes is that the startle res-
ponse is the result of up to three basic waves of
activity in bulbo-spinal efferent pathways. Pos-
tural and other influences may then operate
independently on each wave of efferent activity.
In the resting normal subject only the long
latency component of the startle response is
recorded in the lower limbs. When the normal
subject stands, postural influences allow
expression of the middle latency component.
In many patients with hyperekplexia, disin-
hibition or facilitation of the startle response
allows expression of the middle latency com-
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ponent when sitting relaxed. The earliest com-
ponent of startle activity is most readily recor-
ded in the lower limbs when postural influences
combine with pathological disinhibition or
facilitation in the standing hyperekplexic
patient. The net effect is a shortening of the
absolute latency of the reflex response to sound
on standing in both normal subjects and
patients with hyperekplexia.

The structures which mediate postural
influences on activity in the bulbo-spinal
efferent pathways in the startle response are
unknown. Nor can these be the only influences
on the activity in these pathways, as some
normal subjects and some patients with exag-
gerated startle reflexes fail to adapt to changes in
posture.

In conclusion, both the physiological and
pathological auditory startle reflex have a com-
plex EMG pattern dependent on the postural
set of the limbs. This supports previous
arguments® suggesting a common origin for the
normal and abnormal startle responses. More
importantly, however, these results indicate
that the auditory startle response is not
immutable. Its physiological importance may
then lie in rapidly accomplishing a defensive
stance with maximum postural stability.
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