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ABSTRACT
The studies involved in this thesis were undertaken to investigate postural stability during
auditory and visual stimuli and assess the effect of hyperventilation (HV) on postural
mechanisms.
Recording techniques included a force platform and an electro-magnetic head motion
recorder (for body sway measurements), transcutaneous carbon dioxide tension
measurements, surface electromyography and electro-oculography. The research strategy
involved establishing relationships between the physical characteristics (frequency,
intensity, direction) of the stimuli used (eg visual, proprioceptive) and the physical
characteristics of the sway pattern elicited (amplitude, velocity and direction).
HYPERVENTILATION EXPERIMENTS: Initially postural instability after voluntary HV
was documented. The HV effects were more intense with eyes closed. HV preferentially
increased low frequency oscillations, and this effect was present both in healthy and
labyrinthine defective subjects.
Additional experiments were undertaken in order to clarify by which mechanisms HV can
interfere with balance control. Neurophysiological studies showed that the electrically
evoked sural nerve action potential increased its amplitude whereas the scalp
somatosensory evoked potentials decreased during HV. In contrast, no significant effects
of HV on short-latency vestibulo-spinal responses were detected (click-evoked vestibulocolic EMG response). The hypothesis that the vestibulo-cerebellum might also be affected
by HV was also investigated by recording ocular-motor functions mediated by this neural
structure (vestibulo-ocular reflex suppression and smooth pursuit eye movements). Ocular
performance, however, was unchanged by HV.
VISUAL MOTION EXPERIMENTS: The question investigated was if the main direction
of a visually evoked postural response can be re-oriented as a function of eye-in-orbit and
head-on-trunk position. The visual motion stimulus used consisted of a large disc rotating
around the line of sight. Subjects viewed the rotating disc with various combinations of
eye and neck deviations. It was found that the plane of motion of the visual stimulus with
respect to the body modulated the direction of postural reactions. The findings indicate
that signals of the eye-in-orbit and head-on-trunk position are used in the visual control
of postural sway. It is argued that these signals are of proprioceptive origin.
AUDITORY EXPERIMENTS : Changes in postural stability during sounds of different
frequency and intensity were examined with and without visual input. It was shown that
increased loudness tended to increase lateral sway; sound frequency influenced anteriorposterior sway. Vision had a significant stabilising effect on most sway parameters.
The work undertaken for this thesis has 1) identified a potential role for eye and neck
proprioceptors in visuo-postural control, 2) described postural sway under different sound
characteristics, 3) shown that HV decreases postural stability and 4) that the effects of HV
on balance control are selective, i.e., certain postural mechanisms are affected by HV
whereas others not.
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C hapter O n e : Introduction

1. General Introduction

Postural adjustments underlying the maintenance of equilibrium result from feedforward
control and from the integration of different sensory information (proprioceptive,
vestibular and visual).

This integration takes part within the central nervous system,

resulting in motor responses which control postural sway and maintain the centre of
gravity over its base of support. Since standing is a dynamic event, a small amount of
postural sway (physiological body sway) is a normal and constant process. During the
course of a normal day, a person is asked to maintain postural and balance control in
order to function independently. Feedback by sensory systems - vestibular, visual and
proprioceptive - in response to different stimuli is essential for this purpose. The belief
that postural equilibrium may be retrained by modem rehabilitation techniques has
stimulated interest in identifying ’high risk’ destabilising stimuli and conditions that effect
postural control mechanisms.

In this thesis, postural stability is examined as a manifestation of corrective mechanisms
associated with the maintenance of upright stance. Static posturography - still developing
as a practice of assessing balance function and growing in clinical use - is mainly used
for this purpose. Other methods, complementary to posturography, such as recording eye
movements, vibration thresholds and evoked potentials are also used. More specifically
this thesis explores three neglected aspects of postural control in response to three
different stimuli:

a.

after voluntary hyperventilation;

b.

in response to moving visual targets in different eye-in-orbit and head-ontmnk angular positions; and

c.

in response to sounds differing in loudness and frequency.
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The first study of this thesis describes the unsteadiness induced after voluntary
hyperventilation in normals and vestibular subjects (Chapter 2). This is followed by an
attempt to identify the neurophysiological basis provoking such unsteadiness using
technics such as somatosensory evoked potentials and nystagmographic analysis (Chapter
3).

Although the relationships between sound, vision, proprioception and human equilibrium
have been considered, most of the studies in this area have been concerned with whether
or not such effects exist and have not clarifyed the relationships between the physical
characteristics of the stimuli and the sway parameters. Another objective of the thesis is
therefore to examine how different auditory, visual and proprioceptive cues affect the
ability of normal people to regulate their balance control.

In Chapter 4 the question of whether the position of the eyes in the head and of the head
on the trunk influence the direction of visually elicited postural reactions was examined.
Previous studies dealing with visuo-postural control in man have not considered the
importance of the contribution of the ocular and cervical proprioceptors.

Chapter 5 identifies possible sound characteristics liable for postural instability.

A

practical application of revealing specific destabilising critical sound bands (groups of
frequencies) may help in the prevention of industrial accidents.

Finally an overview of this thesis as well as some suggestions for future work are
presented in Chapter 6.

More detailed consideration of the above topics taking into account the current literature,
the main aims and hypotheses of this thesis are provided in the next paragraphs of this
intoduction.
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1.1 Hyperventilation and Equilibrium

Hyperventilation is ventilation in excess of metabolic needs (Lum 1976, Conway et al.
1988, Holland 1991). It is observed under certain emotional and stressful conditions in
which the coordination of respiratory control may break down (Wientjes 1992). This type
of break down is characterized by exaggerated ventilatory activity, which causes more
carbon dioxide to be eliminated from the body than is produced by metabolic processes.
Rapid, deep breathing with a high inspiratory flow rate is typical of increased arousal
(Dudley et al. 1964). After voluntary hyperventilation, it may take several minutes for
the alveolar partial carbon dioxide pressure to assume its steady state. This is because
carbon dioxide is stored in the body in the form of bicarbonate in the blood and interstitial
fluid and it takes some time to reach an equilibrium (West 1985).

Hyperventilation may elicit somatic and psychological symptoms, such as cardiac and
respiratory complaints, dizziness, tingling sensations, in addition to feelings of confusion,
anxiety, and panic (Grossman and Wienties 1989). Indeed, papers with a comprehensive
view of the dizzy patient indicate hyperventilation as one of the most common causes of
dizziness (Drachman and Hart 1972, Hanson 1989). The psychosocial consequences of
the syndrome are obvious since it can itself give rise to heightened anxiety, leading to an
escalating cycle of symptoms and fear of what they might signify.

Hyperventilation has been used as a provocation test for eliciting vertigo and nystagmus.
Drachman and Hart (1972) analysed 104 patients with complaints of vertigo and found
that a patient’s complaint of chronic dizziness could be reproduced by hyperventilation
in nearly 25% of those patients studied. Despite the extensive use of the hyperventilation
provocation test in clinical practice very little is known about the mechanisms of its
action. Its diagnostic value is mainly based on the reproduction of the symptoms caused.
Researchers, such as Spinhoven et al. (1993) have questioned the validity of the
hyperventilation provocation test and the concept of hyperventilation syndrome. They
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believe that the hyperventilation provocation test is an non-specific stressor during which
anxious patients may anticipate an anxiety attack.

The first attempt to confirm the sensation of dizziness after hyperventilation objectively,
by nystagmus, was made by Monday and Tétreault (1980). They observed that there was
a significant increase in the number of positions in which nystagmus was elicited in
healthy subjects after 90 sec hyperventilation periods, without having demonstrable effect
on the postcaloric nystagmus.

Drachman and Hart (1972) described a syndrome of

positional vertigo occurring only after hyperventilation. The Nylen-Bàràny manoeuvre
produced vertigo and nystagmus only after hyperventilation (the patient’s complaints
were by history, of positional vertigo associated with hyperventilation symptoms). The
researchers decided to include hyperventilation followed by positional testing in their
routine electronystagmographic battery in the laboratory.

Theunissen et al. (1986)

observed an association between vestibular hyperactivity and hyperventilation syndrome.
They suggest that hyperventilation patients tend to have a higher gain of vestibulo-ocular
reflex than normals and normal subjects following forced hyperventilation tend to behave
like hyperventilation patients.

Gotoh et al. (1965) has suggested that hyperventilation lowers the carbon dioxide content
of the blood, producing constriction of the cerebral vasculature which in turn causes
dizziness. Wyke (1963) reported that voluntary hyperventilation produces a detectable
drop in cerebral blood flow within 1.5 minutes. Additionally, Stringer et al. (1993) found
that hyperventilation induced cerebral ischemia affects both injured and apparently intact
areas of the brain, in patients with acute brain lesions. Kennealy (1980) suggested that
cerebral tissue hypoxia is produced by hyperventilation.

Voluntary hyperventilation has been used as a method for activation of epileptiform
activity in electroencephalography for many decades. During hyperventilation an increase
of 200% of the root mean square power of the electroencephalographic activity is
observed (Achenbach et al. 1994). As an activational technique hyperventilation has been
shown to be as good as the transcranial magnetic stimulation in patients with
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drug-resistant partial epilepsies (Schuler et al. 1993). Nevertheless Van der Worp et al.
(1991)

concluded

that

the

electroencephalographic

changes

observed

during

hyperventilation must mainly or totally be attributed to factors other than cerebral hypoxia.

As already mentioned a number of authors have stressed that one of the main symptoms
of hyperventilation is the subjective feeling of dizziness. On the other hand, hypoxia has
been associated with hyperventilation in one way or another.

It has been found that

postural sway is disturbed by mild, but not with severe hypobaric hypoxia. Fraser et al.
(1987) reported a significant increase in postural sway after acute exposure to simulated
high altitudes. Although in their experiment they observed a significant change of end
tidal carbon dioxide there was no significant interaction between altitude and carbon
dioxide.

Points of exploration of the first part of this study are (a) if this ’dizzy’sensation is
accompanied by objectively decreased balance capacity; (b) the characteristics of this
altered sway behaviour;

(c) its correlation, or not, with the reduction in the partial

pressure of arterial carbon dioxide;

(d) the degree of hyperventilation-induced

unsteadiness in the presence of altered proprioceptive, visual or vestibular cues; (e) the
similarity, or not, in the response to hyperventilation of patients with vestibular deficit and
normal subjects.

Feelings of dizziness and tingling fingers can occur in every subject during
hyperventilation provocation test (Vansteenkiste et al. 1991, Grossman and Wientjes
1989). According to Macefield and Burke 1991, the parasthesiae and tetany induced by
hyperventilation result solely from the increase in the excitability of cutaneous and motor
axons in the peripheral nerve. Priori et al. (1995) using transcranial brain stimulation
found that over 5 minutes of hyperventilation were required to depress motor cortical
inhibition. In parallel by stimulating electrically the ulnar nerve they found no change of
the motor potentials concluding that hyperventilation does not affect spinal inhibition.
This is in agreement with studies conducted by King et al. (1932) in animals with intact
spinal cord in which hyperventilation produced only mild effects on the myotatic reflex.
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The aim of the second part of this study was to determine whether the effect of
hyperventilation has a pure proprioceptive action or whether the vestibular, vestibulocerebellum systems are equally participating.

1.2 Ocular, Cervical Proprioceptors and Equilibrium

The fact that vision contributes to postural stability has been known for over a century
(Romberg 1846). Studies investigating the role of the visual system have shown that it
can function as a compensatory mechanism for a deficit in one or more of the remaining
postural control systems (Doman et al. 1978, Lee and Lishman 1975). Edwards (1946)
found that vision attenuates self-generated sway by 50-100%. and Dichgans and Brandt
(1978) observed that spontaneous body sway is reduced by up to 60% with visual
feedback in normal individuals, standing on a flat stable surface. However it is only
recently that the precise function of vision in postural control has begun to emerge (Paulus
et al. 1984).

Vision controls balance by generating postural reactions which are direction-specific to
the visual motion stimuli. This has been demonstrated with experiments in which the
visual surroundings are experimentally moved. Thus, rotatory motion in the frontal plane
(roll-motion) in a clockwise direction or a linear optokinetic stimuli to the right induce
postural tilt to the right (Dichgans et al. 1975, Clement et al. 1985, Bronstein 1986).
It is accepted that these experimentally induced postural movements are in response to a
visually-mediated sense of self motion or tilt (Dichgans et al. 1972). Such ’illusion’ need
not be consciously perceived since studies have shown that postural responses occur well
before any vection illusion is reported (Previc and Mullen 1991) or with subjects unaware
as to the cause of their unsteadiness (Lee and Lishman 1975).

On the one hand vision seems capable of modulating postural reactions of vestibular or
proprioceptive origin (Nashner and Berthoz 1978, Timmann et al. 1994, Wicke and Oman
1982, Allum and Pfaltz 1985). On the other hand, several studies have shown that visual
motion stimuli can independently generate postural reactions (Lee and Lishman 1975,
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Lestienne et al. 1977, Clement et al. 1985, Bronstein 1986, B lesetal. 1983, Dichgans
et al. 1975, Dietz et al. 1994) suggesting that vision has a role of its own. It is not clear
if these two mechanisms are actually different.

Studies of postural responses elicited by visual motion have used two basic types of
stimuli. Long lasting stimuli (usually at constant, high velocities) elicit sustained postural
responses (Lestienne et al. 1977, Dichgans et al. 1975, Clement et al. 1985) which are
likely to represent the visual contribution to postural adjustments in response to long
range, vehicular or locomotor displacements. Studies using transient or oscillatory, low
velocity stimuli are more likely to probe visuo-motor mechanisms controlling spontaneous
body sway (Lee and Lishman 1975, Bronstein 1986). Here again, it is not clear whether
these responses are mediated by the same mechanisms or not.

There is a simple evidence indicating the importance of the proprioceptive input from the
lower limbs (Diener et al. 1984, Dichgans and Brandt 1978), and to some extent from the
neck region (Holtmann et al. 1989, Pyykko et al. 1989) for the postural control. De Wit
(1971) demonstrated the maintenance of the upright stance through the somatosensory
system alone, by his "Flying Enterprise Syndrome" experiments. The subjects remained
upright due to the somatosensory system alone.

In the study described in Chapter 4 different combinations of eye and head deviations are
used to study the main direction of visually induced sway as a result of combined
information from the cervical and ocular proprioceptors and the visual stimulus.

1.3 Sound and Equilibrium

Sound is such a common part of everyday life that its varied functions are rarely fully
appreciated. However, Juntunen et al. (1987) demonstrated that chronic noise exposure
may increase postural instability, possibly by affecting the vestibular end organ, and that
severe hearing loss is correlated with increased sway. Both Dietedch et al. (1989) and
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Ishizaki et al. (1991a,b) have observed that, in certain disorders affecting the middle and
inner ear, vestibular activation can occur with the presentation of sound; the Tullio
phenomenon. Baloh and Honrubia (1979) trying to explain this phenomenon of dizziness
by loud noises, suggest that it could be explained by fibrous adhesions between the medial
surface of the stapedial footplate and the membranous labyrinth which result in
displacement of endolymph when the footplate moves. Pyykko et al. (1992), also referred
to mechanisms that could explain the vestibular response to sound in patients suffering
from vertigo due to different types of inner ear disease. Sound-evoked phenomena such
as myogenic responses in cranial muscles, the postauricular response (Kiang 1963) and
the acoustic jaw reflex (Meier-Ewert et al. 1974) are well documented.

Abnormal sensitivity to certain environmental sounds is observed in some subjects with
hyperacusis. This phenomenon implies discomfort or a startled response to sounds at an
intensity which would not be considered threatening or loud by the average person (Nigam
and Samuel 1994): reactions vary from covering the ears to crying or cringing. Most
individuals with hyperacusis, however, have virtually normal hearing.

Vestibular stimulation by sound is not confined solely to pathological conditions. In an
early study von Békésy (1935) attempted to show that the vestibular system was sensitive
to sound, but found that no body movement could be elicited with pure tone stimuli (1000
Hz) below 90 dB sound pressure level (SPL); however, an increase in head movement at
intensities greater than 92 dB was observed. He observed that head movements of the
order of 0.5 mm could be evoked with sound levels of 120 dB, while a sound pressure
of 130 dB increased head movements to 10 mm. Moreover, humans exposed to rotating
sound fields, where visual information has been eliminated, experience an illusion of self
rotation, and may even manifest nystagmus (Lackner 1977).

Also according to

Marme-Karelse and Bles (1977) the role of the auditory system in circular vection is
comparable to the role of the visual system.

With a similar frequency tone (1000 Hz), but lower sound pressure levels, lateral body
sway suppression at 70 dB (Femald and Moore 1966, Pezzoli and Moore 1966, Bensel
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et al. 1968) and lateral body sway enhancement at 62 dB (Revusky et al. 1965) have been
observed.

An increased body sway with certain sounds has also been reported by

Molina-Negro and Martinez-Lage (1982) as well as by Raper and Soames (1991) who
attempted to relate sway behaviour with both the direction of the sound source and the
nature of the auditory input.

To form a more complete framework for the evaluation of auditory signals and their
feedback, their influence on postural sway behaviour and the maintenance of balance has
been examined.

1.4 General aims o f the thesis

The experimental work of this thesis was designed to achieve the following aims:
1.

To ascertain and investigate the relationship between body sway and
hyperventilation in healthy subjects and subjects with vestibular deficits
and determine how the demands on the postural stability differ from the
baseline condition (no hyperventilation).

2.

To improve on the current knowledge of body sway responses of healthy
subjects under the influence of sound stimuli; and visual stimuli by
different eye-in-orbit and head-on-trunk angular positions.

3.

To determine how additional demands are met.

1.5 Hypotheses

The main hypotheses that this work aims to investigate are stated below:
1.

The physical characteristics of different external or internal stimuli
(auditory, visual, proprioceptive or respiratory) are essential for the
regulation of the human postural responses.

2.

The study of postural reactions to the above stimuli can provide an insight
on the design of an overall plan for further clinical or other purposes.
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2

GENERAL METHODOLOGY - APPARATUS

2.1 Force platform

A computerised biomechanics measuring system (AMTI force platform, model OR6-3,
linked through an AMTI signal amplifier, model SGA6-1, to an IBM personal computer)
was used for the recordings of postural sway in the

experiments of thisthesis, unless

otherwise stated. CAS (Computer Automated Stability Analysis) software wasused in
calculating the mean position of the centre of pressure relative to the platform coordinates,
and to plot the sway data relative to this mean position. Prior to each experiment, the
force platform calibration was checked for the accuracy of locating the centre of the
applied pressure by placing known loads, at standardised positions on the platform
surface.

2.1.1 Description of the platform measurements

The force platform consists of a square metal plate with foil strain gauges attached to load
cells at each comer, which measure the three force components Fx, Fy and Fz of the
resultant applied force vector, and the three moment components, Mx, My and Mz
resulting from the moment of the applied torques or "pure moments".

The moment

equations can be written as;

Mx = FxO

+

FzY FyZ

+

Tx, (Tx = 0)

My = FxZ

+

FyO - FzX

+

Ty, (Ty = 0)

ATz

=

-

-FxY + FyX + FzO + Tz

where Tx, Ty, and Tz are the moments applied to the top of the plate; X and Y the
location of the resultant force vector and Z represents the position of the top surface of
the platform. Consequently, there are three equations with five unknowns. Under normal
conditions one is not possible to apply Tx or Ty torques, unless he/she has sticky feet.
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The distance Z is small and in the present study Fx and Fy are also small relative to Fz.
The above equations can therefore be replaced by the approximate set:

Mx

=

FzY

My ^ ~FzX

Y Mx/Fz
=

=>

X = -My/Fz

Mz = Tz

Parameters that will be usedfor the description o f body sway in this thesis : Xm and Ym
= mean sway deviation (cm) from the mean position in lateral (X, frontal) and anteriorposterior (Y, sagittal) directions;

Ys, Xs the standard deviations (cm) of the above

positions; L = length of the sway path, the combined X,Y distance (cm) travelled by the
centre of foot pressure during the recording time; Vel = mean sway velocity, the length
of the sway path divided by the recording time (cm/sec); Ao = area included within the
sway path (cm^); Rm, Rs = the mean and standard deviation (cm) about the sway radius.

2.1.2 Calibration of the platform

In order to obtain the best estimate of the validation, the data collected from different
orientations were subjected

to a multiple regression analysis.

Theapparatus used to

measure the competence of the platform is shownin Figure 2.1and consists of:

(1)

a metallic frame, constructed to hold the platform and to enable loads to
be applied in specific directions. The loads were applied exactly on the
height of the surface of the platform;

(2)

two pulleys, each connected in series between the platform frame and the
applied load; and

(3)

a stable scaffolding frame to enable the platform to be loaded in any
specific direction.

The resultant force on the platform was given by the instantaneous tension in the rope,
which was achieved by hanging, through a pulley, known masses on the platform at an
angle of 90° on the scaffolding.
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Data were obtained by loading the platform in three different directions. Each axis was
initially validated independently. Because of a limitation of the Bedas software load of
three kg was placed on the platform (Z axis), -the minimum load required was 2 kg- in
order to obtain measurement for the X and the Y axis.

Weights between 0.8 and 33.5 kg were loaded on the X axis and afterwards on the Y axis
while the 3 kg load was permanently placed on the Z axis. The process was repeated
with 40, 50, 70 and 90 kg instead of 3 kg on the Z axis. For the validation of the Z axis
loads between 0.8 kg and 140 kg were applied on it.

Regression lines between the

applied load and the values given by the software were found to be linear with
of 99.9%,

values

standard errors of the slopes less than 9.13x10"'^ Newtons/Newton and

slopes more than 0.97.
Data collected from simultaneous application of a combination of loads applied to all
three axis was then used to test the reliability of the above results. These gave linear
regression lines for each of the axes with r^ values of 99.9%,

standard errors of the

slopes less than 1.51x10'^ Newtons/Newton and slopes more than 0.95.

Competence of the software, regarding the values of the applied torques, was estimated
by applying loads at different vertical distances from the centre of the platform while
weights of 50, 60 and 80 kg was placed on the top of the platform. The values for the
position of the centre of the applied pressure were validated by placing 10 kg load (the
surface of the load in touch with the platform had 20 mm diameter) on points of the
platform with known X and Y coordinates.

Results of the Regression Analysis for the determination of the X, Y and Z force
components (Newtons), the location of the centre of applied pressure (mm) and the
Torque (Newton*Meters) can be found in Table 2.1. It is clear that for a given resultant
force applied to the platform no actual forces fell outside the 95% confidence interval.

36

TOP VIEW

SIDE VIEW
Pulley

Scaffold Framework

Force Platform

Metallic Frm e

/M etallic F

0

\

%
45.6 cm

Scaffold Framework

Pulley I

8

Force Platf
Weight
Cable

-30 cm

Figure 2.1 : The experimental set up used to calibrate the platform device
y

i

I
Î

C hapter T w o : B o d y S w ay & H yperven tilation

Table 2.1 : Summary of Regression Analysis for determination of the X, Y and Z force
components (Newtons), the location of the centre of applied pressure (cp in mm) and the
Torque (Newton*Meters).
R-squared

df

Stnd Error of Est

Fx

365

99.9%

3.623

Fy

321

99.9%

4.191

Fz

389

100%

3.243

cp(x-axis)

24

99.9%

4.085

cp(y-axis)

24

99.9%

3.24

241

99.8%

152.9

Torque

The accuracy of detecting the location of the centre of applied pressure (essential for the
analysis of the results of this thesis) was analysed further. In Figure 2.2(a) the difference
between the value of the x coordinate acquired from the software and the actual position
of the 10 Kg load on the platform is plotted against the mean of these values.

The Student t-test was used to test for bias, for example if the error gets larger as the
distance from the centre of the platform increases.

The deviation of the differences

measures the variability of the error. The t-test showed that there was no statistically
significant difference between the actual and the observed x values, (p>0.2). Thus the
values given by the software can be accepted as being true values in the 95% interval
with tolerance ± 8.37 mm, p>0.2 (plus or minus two standard deviations of the
difference).

The Student t-test showed that reliable data can be also obtained for the y coordinate,
(p>0.1). Thus in the 95% interval the tolerance is ± 5.03 mm, p>0.11, (plus or minus two
standard deviations of the difference).
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The results of the above analysis were considered acceptable taken under consideration
factors such as the friction between the rope and the pulleys, the possible misalignments
of the rope and the diameter of the weight placed on the platform. In conclusion the
platform performed within acceptable limits of error.

The tolerance limits specified

previously were used to characterise the values obtained from the platform calibration
performed before each study as acceptable.

A cross evaluation of sway recordings obtained both by a force platform and by
recordings of the upper body sway obtained with an electro-magnetic head motion
recorder (3-space fastrack system, Polhemus, Kaiser Aerospace and Electronics) is
described in Chapter 4.

2.2 Transcutaneous recorder of partial carbon dioxide pressure (tc-pC02)

A transcutaneous heated membrane monitor Radiometer Copenhagen (type TCM3) was
used to record the PCO values.
2

Blood gas data were obtained from a TC, E5277

combined tc-p02/pC02 electrode, of 15 mm diameter and 3.8 gr weight, heated at 44°C.
The recording was made possible by the following mechanism: When the electrode is
attached to the skin, the generated heat is transferred from the heating element via a silver
body to the skin surface. The heating produces local vasodilatation and increases the
permeability of the skin to O and CO
2

2

According to the monitors specifications the in

vivo response time is decreased by higher electrode temperature. A temperature of 44°C
was selected, since the application time would always be less than one and half hour.

The transducer membrane was inspected before each session and a new membrane was
installed if trapped bubbles under the membrane were identified. The monitor was
permanently placed in the same room. The skin was first cleaned with alcohol in order
to reduce skin resistance. The electrode was held in place with a fixation ring placed on
the inner side of the forearm approximately 2 inches below the elbow and allowed to
equilibrate for at least 15 minutes. Blood gas values were read from the monitor screen
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and recorded manually at baseline and every 30 sec during and after the hyperventilation
(HV) until the full recovery of the subjects.

The electrodes were calibrated before each use using gases containing CO
concentration of 5%) and O (at 21%).

2

(at

Calibration was performed with a Cooming

2

Calibration Cylinder, Radiometer Copenhagen (type TCC3), (5% CO ; 12% N ; 83% O ).
2

2

2

The tc-pC02 was measured in kPa.

1.

The typical stabilisation time according to the specifications of the device
for the subjects is 10-15 minutes for the tc-p02 reading and 3-7 minutes for
the tc-pC02 Longer time was an indication of a possible incorrect
attachment of the electrode or a poorly selected measurement site.

2.

Artifacts due to subjects’ movements caused sudden changes in tension
readings without any physiological cause.

In both cases a recalibration and reapplication of the electrode to the skin, selecting a new
measuring site, was made.

2.2.1 Carbon dioxide and hyperventilation

According to Achenbach et al. (1994) standardization by observing the rate, depth, and
consistency of the respiratory effort does not necessarily produce uniform changes in
blood gases. For the purpose of recording the changes of the CO simultaneously with
2

the sway recordings, an objective measure was needed which would be accurate and
robust enough to allow for continuous CO measurements without interfering with human
2

balance.

Clinical studies (Severinghaus et al. 1978, Wimberley et al. 1985) have shown that
transcutaneous measurements can be used in the monitoring of oxygen and carbon dioxide
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levels in neonates and adults within the physiological range from 40 to 100 mmHg (5 to
13 kPa) of PO and the physiological range from 30 to 80 mmHg (4 to 11 kPa) of pCOz
2

The above studies have proposed CO level as an objective measure of quantifying HV.
2

Nevertheless no good correlation has been found between the HV symptoms and the CO

2

drop.

2

Vansteenkiste et al. (1991) using the 3 minutes and 5 minutes end-tidal CO

fraction ratio during recovery after the HV provocation test concluded that neither of two
shows a good correlation with other diagnostic criteria. Rafferty et al. (1992) concluded
that there was no influence of the rate of fall of the PCO on the threshold of the HV
2

symptoms.

What other researchers characterise as HV: Many previous studies have used Hardonk
and Beumer (1979) criteria in order to characterise a situation as HV. According to these
criteria HV was considered to be demonstrated if the CO level 3 minutes post voluntary
2

HV has not returned to within 66% of the resting level. Also, measurement of the % end
tidal CO at rest and 3 minutes following completion of forced HV, allowed a ratio to be
2

derived (called the "slope"). If this slope was greater than or equal to 1.5 then a diagnosis
of HV was considered likely according the criteria of Hardonk and Beumer. Freeman et
al (1986) in their study considered hypocapnia significant if either the end tidal PCO fell
2

to less than 66% of prechallenge levels, or whether the resting levels were at or below 30
mmHg, fell by more than 6 mmHg and persisted at this lower level spontaneously for at
least 3 minutes.
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2 3 INTRODUCTION

The aim of the studies reported in this chapter was to establish if HV has a destabilising
effect on body sway and, if so, how is postural equilibrium restored. More specifically
the studies performed were aimed at:

I

providing an insight into whether postural responses changed immediately
after HV (pilot study: paragraph 2.3);

II. a.

examining differences in demand made upon functional equilibrium by HV
periods of different duration,

b.

investigating whether reduction in visual and/or somatosensory information
has an effect on the HV induced unsteadiness,

c.

assessing postural stability, combining the effects of HV with actively
performed body movements,

d.

evaluating the role of the vestibular system by examining the sway
responses of patients with labyrinthine lesions (main study : paragraph 2.4).

2.3.1 Pilot Study

2.3.1.1 Introduction

This study was designed to explore whether the question of considering HV as an
influencing parameter to postural control seem to have a valid basis and to determine a
feasible experimental design in order to investigate the phenomenon and to foresee
possible problems.

Three minutes of voluntary HV have been previously proposed (Hardonk and Beumer
1979, Ley 1985) as a means to induce HV. Engel et al. (1947) reported that "the greatest
part of the change in the arterial CO content is accomplished in the first 30 to 60 sec of
2
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HV”. Howell (1990) reported his impression that 20 deep breaths were sufficient if
symptoms were to be induced.

Others (Hoes et al. 1987, de Ruiter et al. 1989 and

Conway 1993) suggested the use of a more conservative 90 sec of voluntary HV, to be
reasonably certain of producing the desired physiological changes.

Three main proposals were made concerning the optimal rate of breathing to induce HV.
Breathe at one breath per sec (in most of the previous studies), breath at about 40 deep
breaths/minute (Ley 1985) and breathe quickly and deeply (Conway 1993).

2.3.1.2 M aterial and Methods

Subjects: Five healthy subjects (2 male and 3 female, mean age 28.44 years, range 22
to 42, SD 7.25) participated in the study.

A pparatus: A force platform (AMTI, model OR6-3), linked through an AMTI signal
amplifier, model SGA6-1, to a PC was used for the recordings of postural sway.
Recordings were made at a sampling rate of 20 Hz.

A self-adhesive, heated (44°C)

membrane electrode (Radiometer Copenhagen, type TCM3) was attached to the skin on
the inner side of the forearm approximately 2 inches below the elbow. The membrane
was allowed to stabilize for at least 15 minutes before recordings were obtained. The
electrode was calibrated before each usage using a Cooming Calibration Cylinder,
Radiometer Copenhagen (type TCC3).

Experimental procedure:

Subjects were asked to step on the platform with bare feet

placed parallel if possible together and breathe as deeply and quickly as they could, at the
rate that it was most convenient for them, until the experimenter would ask them to stop
and breath normally.

The attempt to use a sound paced breathing rate was very

distracting and difficult to maintain during the whole HV period. Sway recordings would
start immediately after the ’breathing’, instructing subjects to stand as still as possible.
Sway recordings were of 45 sec duration each and were acquired following the 12
conditions below:
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1.

Fixating on a 2 cm purple dot placed at eye-height and 50 cm directly in
front of the subject.

2.

Keeping the eyes closed, after staying in position on the force platform.

3-4.

Similarly as in the above two conditions but standing on a rubber foam (11
cm height, 30 gr/dm^ density).

5-12. Repeating the above ’baseline’ conditions immediately after voluntary HV.
Two different intervals of HV were used on each subject, 30 and 60 sec.

2.3.1.3 Results

By observing the raw platform traces for the 45 sec of the recording (an example of a
single subject raw recordings in the anterior-posterior direction is given in Figure 2.3) it
can be suggested that HV has an effect on sway which seems to be more intense during
the first 30 sec of recording or less.

This effect appeared to be reflected on all the

parameters used for the description of the centre of pressure movement, (Ym, Xm, L and
Ao) as shown in Table 2.2. (One of the subjects participating in this study fell off the
platform while trying to maintain his balance with his eyes open on the foam after HV.
The eye closed on the foam testing were not performed in this subject).

Figure 2.4 illustrates the mean deviation in the anterior-posterior and lateral direction
before and after the two HV intervals tested, for each of the individual subjects standing
directly on the platform. For both parameters it can be observed that HV influences the
stability more with eyes closed rather than with the eyes open.
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Torque (Y axis)

Baseline

After
30 sec HV

After
60 sec HV

5 N-m

5 sec

Figure 2.3: Example o f raw data. Torque (Nm) in the sagittal plane as
a function o f time, from top to bottom: baseline (no HV), after 30 sec
HV and after 60 sec HV Note that the main effect o f HV seems to be
during the first 30 sec, up to dotted line
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Table 2.2: Postural sway parameters (averages and standard deviations), before (baseline)
and after 30 and 60 sec of HV.

Mean lateral (Xm) and anterior-posterior (Ym)

deviations; sway path length (L) and area (Ao) obtained from 5 (or 4; indicated by an
asterisk) normal subjects.

Subjects Standing with Eyes Open
Xm

Ym

L

Ao

Hard Surface
Baseline

0.27 ± 0.07

0.44 ±0.11

76.70 ± 24.73

13.82 ± 4.35

30sec HV

0.43 ± 0.14

0.42 ± 0.15

88.60 ± 20.48

20.1 ± 8 .3 6

60sec HV

0.44 ±0.13

0.50 ± 0.17

89.04 ± 24.07

20.9 ± 7.78

41.64 ± 29.55

Soft Surface
Baseline

0.47 ±0.15

0.684 ± 0 .1 6

100.30 ± 6.15

30sec HV

0.52 ± 0 .1 2

0.776 ± 0 .1 2

114.16 ± 12.83

38.88 ± 9.02

60sec HV*

0.52 ± 0.25

0.73 ± 0.26

113.3 ± 16.46

36.3 ± 17.84

Subjects Standing with Eyes Closed
Xm

Ym

L

Ao

Hard Surface
Baseline

0.33 ± 0 .1 0

0.32 ± 0.09

86.82 ± 27.61

13.42 ±3.91

30sec HV

0.42 ± 0 .1 4

0.64 ± 0.21

100.42 ± 17.01

27.02 ± 9.10

60sec HV

0.46 ± 0.14

0.71 ± 0.27

106.56 ± 20.70

34.66 ± 15.77

Soft Surface
Baseline

0.73 ± 0 .1 2

0.89 ± 0 .1 4

157.12 ± 21.68

64.42 ± 9.34

30sec HV

1.04 ± 0 .3 0

1.30 ± 0 .3 2

238.1 ± 81.78

153.66 ± 100.96

60sec HV*

0.94 ±0.11

1.13 ± 0.23

228.08 ± 54.32

129.93 ± 46.54
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2.3.1.4 Discussion

From the preliminary results of this pilot study the following recommendations arise:

The attempt to use a sound paced breathing rate was very distracting and difficult to
maintain during the whole HV period.

Therefore, a self selected breathing rate is

preferable.

An objective way of assessing the variations of CO before and after HV and between
2

different HV trials, would give an indication of the reproducibility of the change of the
physiological status and therefore was judged necessary. Also, when alveolar ventilation
is suddenly increased by voluntary HV, it takes several minutes for the alveolar PCO to
2

assume its steady state value (West 1985). This is because of the CO stores in the body.
2

By recording the time needed for recovery of the CO would provide an indication for the
2

duration of the HV recovery.

One limitation of the Bedas software, used to further analyse many of the sway results,
is that it averages the sway signal changes for the total time of the recording.

By

observing the raw signals from the platform recordings it was concluded that recording
for 45 sec after the HV was unnecessarily long.

Averaging the HV effects for this

interval would provide limited information on the immediate effects of HV on sway and
would reduce any HV induced effect. Therefore a more moderate 30 sec recording would
be more acceptable.

The fall of a healthy subject in the eyes open-foam-HV condition was an indication the
foam rubber used needed to be replaced by a thinner one.

To have an indication on the reproducibility of the experiment, eliminating the effects of
chance, a repetition of the experimental conditions could be employed. To accomplish
this a selection of the experimental conditions (or an increase of the experimental
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sessions) needs to be made. From the inspection of the raw data of this study indications
were raised that standing on a firm surface with the eyes closed is ’a good experimental
condition’. In this condition, smaller standard deviations were observed and an increased
tendency subjects to sway was observed in both the anterior-posterior and lateral
directions. The above issue will be further investigated in the following paragraph.

2.3.2

Main Study

2.3.2.1 Introduction
This study explores effect of different durations of HV on postural sway; the interaction
between HV, visual input, somatosensory information and active movements on sway.
Also labyrinthine defective patients area examined in order to make a preliminary
evaluation on the role of the vestibular system in mediating the balance response to HV.

2.3.2.2 Materials and Methods

Apparatus: The apparatus described for the pilot study.
Experimental procedure:

Subjects were placed on marks symmetrically drawn at

approximately 30° angle with heels 2.5 cm apart. They were instructed to over-breathe
whilst on the platform, as deeply and quickly as they could. The respiration rate was selfpaced, emphasis being placed on depth rather than on frequency in order to produce
effective ventilation. With the above instructions an average of about 40 breaths per
minute was obtained. At specified time intervals (see below), the experimenter would ask
subjects to stop HV and breath normally. Sway recordings would then start at this point,
instructing subjects to stand as still as possible. All recordings were of 30 sec duration
each. The inter-recording interval was either 5 to 6 or 1 minute depending on whether
subjects were asked to hyperventilate or not.

The partial details of the experimental protocol used for each stage are described below:
Variable HV intervals:

All recordings were obtained with eyes closed.

Baseline

recordings (no HV) were obtained and also after HV intervals of 30, 60 and 90 sec.
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Three repetitions were made in randomised order. Six healthy subjects, 1 male/5 females
(mean age 23.8 years, SD 1.34, range 21-25, height 1.70 m, SD 0.6, range 158-175 and
weight 59.22 Kg SD 4.93, range 51.7-67.0) were examined.

The effect o f visual input and limited proprioceptive information: Subjects stood directly
on the platform, with eyes open and closed, and on foam rubber (density 30 g/dm^, height
7.5 cm) with eyes open and closed. Recordings were obtained in baseline (no HV) and
after 30 sec of HV. During the ’eyes open’ recordings subjects fixated a 2 cm purple dot
attached on a wall at eye level, 50 cm to their front.

Order of presentation was

randomised. Foot position was also marked on the foam as on the platform. Six normal
subjects 1 male/5 females, mean age 30.67 years, SD 2.98, range 27-35 height 1.67 m,
SD 0.6, range 1.58-1.75 and weight 58.63 Kg SD 9.04, range 47.9-76.4 were examined.

Dynamic tasks (active movements): The effect of two different active movements on body
sway, without HV or preceded by HV, was examined. I) Rising from a bench. Subjects
were seated on the bench which was positioned so that only the feet were on the force
platform; and adjusted so that the subjects’ thighs would be parallel to the floor and
therefore the effort required to rise would be similar for all subjects (Sakellaii and Grieve,
in preparation). II) Head movement. Subjects were asked to move the head rapidly 3
times backwards-forwards to the maximum possible amplitude.

The experimental

sequence was as follows: eyes open baseline, eyes closed baseline, motion I (rising) with
eyes open, motion II (head) with eyes open, motion I (and II) with eyes closed, HV +
Motion I with eyes open, HV + Motion H with eyes open, HV + Motion I (and H) with
eyes closed. Mean age, height and weight of the subjects, 5 males/2 females (n = 7) were
respectively 24.14 year, SD 3.48, range 17-29; 1.72 m, SD 0.6 range 1.58-1.78 and weight
68.16 Kg SD 12.18, range 1.58-1.78.

Absence o f vestibular information: In order to examine the contribution of the vestibular
system to the sway response to HV, labyrinthine defective subjects (LDs) were examined.
Data from 9 patients 5 males/4 females with absent vestibular function (mean age 42.1
years, SD 11, range 33-67, height 1.72 m, SD 1.17, range 1.55-1.86 and weight 77.54 Kg,
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SD 15.92, range 52.2-100.5) and from 9 normal subjects (4 males/5 females), individually
age matched to the LD subjects were obtained (height 1.72 m, SD 0.6, range 1.55-1.86
and weight 64.99 Kg, SD 11.14, range 51.7-67.0). All patients had absent nystagmic
response to bithermal caloric irrigation (30 and 44° C) of the external auditory meatus and
to rotational tests in the dark (horizontal velocity steps of at least 60°/sec and sinusoidal
oscillation at 0.2 Hz peak velocity 40°/sec). The aetiologies were, postmeningitic (n=2),
neurosarcoidosis (n=l), bilateral VIII nerve section for removal of acoustic neuroma
(n=l), idiopathic (n=5). Four conditions were examined, presented in order of what was
assumed to be increasing difficulty: standing with the eyes open, standing with the eyes
open after 30 sec HV, standing with the eyes closed and finally with the eyes closed after
30 sec HV.

An analysis of variance (ANOVA) was employed to assess the HV effects on the different
sway parameters. ANOVA was followed by multiple comparisons among means where
significant differences were found.

2.3.2.3 Results

General findings:
Subjective reports: After 90 sec and sometimes after 60 sec of HV subjects described non
specific feelings of lightheadedness, dizziness, impending faint, dryness of the throat as
well as numbness and paraesthesia of the extremities.
CO values: The mean baseline value of tc-pCOz from 132 recordings was 4.98 kPa SD
2

0.50. After 30 sec of HV, values dropped to 3.69 kPa SD 0.45 (118 recordings) and
remained lower than the baseline levels for about 3 minutes after the end of HV. For
convenience, changes in tc-pC02 due to HV will be expressed as percentage reduction (%)
of the initial, pre HV value.
Sway: Inspection of raw sway recordings showed increased unsteadiness after HV (Figure
la). The results of 12 normal subjects, tested 3 times with eyes closed, standing directly
on the platform, before and after 30 sec of HV (tc-pC02 drop: 22%, SD 8.5) are presented
in Figures 2.5B and 2.6.
* ^ more complete report of the ANOVA results presented in pages 52-8 is given in the
Appendix provided in pages 236-241.
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times each with their eyes closed
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The mean sway area increased from a baseline of 8.62 cm^ (SD 4.96) to 15.41 cm^ (SD
15.41) after HV (44.06%). Similar values for other sway parameters were, Ym (from 0.35
cm, SD 0.15 to 0.64 cm, SD 0.31, i.e., 44.48% increase), Xm (from 0.23 cm, SD 0.12 to
0.32 cm, SD 0.20, i.e., 28.12% increase), Vel (from 1.94 cm/s, SD 0.36 to 2.06, SD 0.43,
1.e, 5.83 % increase) (Figure 2.6). All the above increased significantly at the following
probability levels: Ym F:43.945 p<0.001, Xm F: 17.420 p<0.001, Ao F:58.449 p<0.001
and Vel F:4.024 p<0.05 (2-way ANOVAs: parameter by subject and HV).

Figure 2.7 shows averaged power spectra (+ 1 standard

error ) before and after 30 sec

HV, indicating that the sway increase occurs mainly in the lower frequencies (<0.3 Hz).
This agrees with the proportionally larger increase in Ym deviation and sway area with
respect to that in sway velocity.

Figure 2.8 shows rectified, averaged sway traces in the Y direction as a function of time,
starting at the end of the 30 sec HV period. It can be seen that the main destabilizing
effects of HV last for some 10 sec after stopping HV. Within the relatively short window
examined, sway values remain slightly elevated even after 30 sec of having stopped HV.
Data from the literature on EEG activation (Gotoh et al. 1965, Patel and Maul shy 1987)
indicate that some effects from HV can last up to several minutes after stopping HV.

Complementary to the figure 2.8 is Appendix A, Figure A1 which is indicative of how
individual subjects are recovering after HV. In this figure the 95% confidence elliptical
area elliptical area of raw recordings (Ae) (one for each of the 12 subjects participating
in the ’eyes closed standing on the platform condition) versus time, is illustrated. Each
of the 12 curves shown represents the area of an ellipse that includes 95% of the centre
of pressure points and contains all data points collected up to a particular time. The
values are percentages normalised to the final area. It can be seen that during the first
6 sec of the HV recovery subjects had already covered a great percentage of their final
sway area and therefore it can be concluded that they were most unsteady.
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Figure 2.7 : (A) Fourier spectra of displacements of the centre of foot pressure in the anteriorposterior direction. Averages and standard errors from 36 trials with eyes closed (12 subjects,
3 repetitions).
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different frequencies examined (F=1.206, DF=236, p=0.018).
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The results from the specific protocols used now follows.

Variable HV intervals: HV for 30, 60 and 90 sec caused a significant mean decrease of
the tc-pC02 of 17, 30 and 36 % respectively (2-way ANOVA percentage tc-pC02 drop
by subjects and HV interval: F=157.01, p<0.001) (Figure 2.9A).

The 2-way ANOVA (parameter by subject and HV interval) revealed significant effects
of HV on the mean anterior-posterior and lateral deviations, the sway area covered and
sway path (all parameters, F>5.383, p<0.01). The post-hoc comparisons of the anteriorposterior deviation and the sway area with the baseline measurements of these parameters
showed that all were significantly increased after 30, 60 and 90 sec HV at p<0.01
(t>3.559 and t >4.230 for the Ym and the Ao respectively). All subjects repeated the four
conditions (i.e., no HV and 30, 60, 90 sec HV) three times, in random order.

No

statistically significant differences were found for any of the sway parameters examined:
Ym, Xm, Vel, Ao (t< 1.649, p>0.1) indicating good reproducibility of the findings.

In contrast to CO values, which decreased as a function of length of HV (Figure 2.9A),
2

body sway was uniformly increased (Figure 2.9B).
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The mean ’Hyperventilation Coefficient’ (value of sway parameter after HV divided by
the baseline measurement of the parameter) for all the subjects used is presented in the
Table 2.3.

Table 2.3: The mean Hyperventilation Coefficient values (± 1 standard deviation, SD)
and their range [minimum, maximum values] calculated for the mean lateral (Xm) and
anterior-posterior deviation (Ym), the length of the sway path (L) or the mean sway
velocity (Vel) and the sway area (Ao), in each experimental condition.

Experimental

Ym

Xm

L or Vel

Ao

Condition
[EC30/EC]±SD
[min, max]
[EC60/EC]±SD
[min, max]
EC90/EC±SD
[min, max]

1.36 ± 0 .2 7 **
[0.85, 1.77]

1.51 ± 0 .4 0 ***
[0.90, 2.00]

1.58 ±0.41 ***
[1.05, 2.11]

EC: eyes closed,

1.82 ± 0 .5 2 ***
[1.16, 2.86]

1.44 ± 0.30 ***
[0.95, 1.79]

1.67 ± 0 .5 9 ***
[0.90, 2.76]

1.07 ± 0 .0 7 *

1.87 ± 0 .4 9 ***

[0.99, 1.21]

[1.06, 2.74]

1.12 ± 0 .1 2 ***

1.76 ±0.39***

[0.99, 1.29]

1.08 ± 0 .1 0 ***
[0.97, 1.28]

[1.19, 2.46]

1.83 ± 0 .5 4 ***
[1.16, 2.88]

30, 60, 90: After 30, 60 and 90 sec of HV, respectively

***, ** and *; indicate: p<0.01, p<0.025 and p<0.05 values respectively for
comparison the baseline and after HV measurements.

Visual input and proprioceptive information: The mean percentage drop of the tc-pC02
in this study (always 30 sec HV) was 27% (SD 7.08).

Figures 2.10 shows the effect of HV on sway whilst standing with eyes open, closed, on
the hard surface and on foam. The larger destabilizing effect was with eyes closed on the
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hard surface and with eyes open on the foam, more evidently so for the parameter Ym
(Figure 2.10a). Four-way ANOVAs (parameter by subject, vision, support surface and
HV) showed that the effects of the HV on the anterior-posterior, lateral deviations and the
sway area (Figure 2.10) were highly significant (F>16.512 p<0.001). A 3-way interaction
(F=7.817, p<0.01) amongst vision, support surface and HV was observed for the mean
anterior-posterior deviation. Post-hoc comparisons of each experimental condition before
and after HV showed that the effect of HV was larger during eyes closed standing on hard
support (Ym t=5.067 p<0.01, Xm t=2.100 p<0.05, Ao t=2.765 p<0.025) and in eyes open
with soft support (Ym t=4.393 p<0.01, Xm t=3.816 p<0.01, Ao t=2.738 p<0.01). The
increase in sway velocity (Figure 2.10d) was not statistically significant (F=1.804, p>0.1).

Comparison among the sway performances in the 3 repetitions examined for all the Ym,
Xm, Vel, Ao parameters showed no significant differences (3-way ANOVA: parameter
by subject, HV and repetition; F>2.713, p>0.1); this indicates good reproducibility of
the findings.

The Romberg Coefficient, sway with eyes open versus sway with eyes closed and the HV
Coefficient, sway after HV versus baseline sway parameter are presented in the
Appendices A1 and A2, respectively.

61

C h a p t e r I'WO:

Body Sway & Hyperventilation

Increase After 30 sec HV

0.9 -E
0 .8 -E

o. 0.4

i

0.3 -

0.4 4
0.3 0.2 -E
0.1 -E

EO

EC

EO

EO

EC

EC

EO

EC

H ard Support Soft Support

H ard Support Soft Support

3.0
2.7
2.4
2.1

1.8
1.5
1.2

0.9
0.6

EO

EC

EO

EC

H ard Support Soft Support

EO

EC

EO

EC

H ard Support Soft Support

Figure 2.10 : HV effect when standing on solid support or foam and having the eyes open
(EO) and closed (EC) for the (a) anterior-posterior (Ym) and (b) lateral (Xm) deviation,
(c) sway velocity and (d) sway area (Ao),
Asterisks indicate significant differences between before (baseline) and after HV
( * p<0.05, ** p<0.2S, *** p<0.01)
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After active movements: The mean tc-pC02 dropped 25% (SD 6.78) after the 30 sec HV.

Figure 2.11 summarizes the effects of the two movements investigated (head pitching and
rising from a bench) and 30 sec HV on body sway (Ym). It can be seen that the active
movements increased Ym and that HV further increases Ym by circa 30%, (for example
the Ym from 0.33 cm, SD 0.13: eyes closed after the head movement, to 0.47 cm SD 0.17
eyes closed after the head movement and HV). It can also be observed that the overall
stabilizing property of vision was retained. Statistical analysis follows below.

a. The effect of the two tasks without HV: A 2-way ANOVA (parameter by vision and
task: no movement, head movement and rising) showed that the effect of either movement
increased sway significantly in the Y axis (main effect for Ym: F=4.612, p=0.016) but not
in other sway parameters (Xm, Vel, Ao: F>2.920, p>0.07). The effect of vision on the
movement induced unsteadiness was only marginal; in ANOVA, vision had a stabilising
effect on mean lateral deviation (F=5.433, p<0.05), sway area (F=6.513, p<0.02) and mean
sway velocity (F=5.512, p<0.025) but not on mean anterior-posterior deviation (F=2.576,
p>0.1); also the interaction between vision and movement was not significant (Ym, Xm,
Vel, Ao: F<0.B98, p>0.1).

b. The combined effect of HV and movement: Three-way ANOVA (sway parameters
by vision, HV, type of movement) revealed that HV caused additional instability to that
induced by the movement.

This affected the different sway parameters in different

degrees (Ym, F=6.981, p<0.01, Ao, F=6.111, p<0.025, Vel, F=5.089, p<0.05, Xm was not
affected, F=0.550, p>0.1). Vision had a main stabilising effect (Ym F=5.350, p<0.025,
Xm F=14.285 p<0.001, Vel F=9.499, p<0.01, Ao F=17.069, p<0.001).

The two

movements had similar effect on body sway parameters (Ym, Xm, Ao, L, F>3.745,
p>0.06).

The interaction between vision and HV or among vision, HV and type of

movement was not significant (Ym, Xm, Vel, Ao: F<3.593, p>0.07).

Table A3 (Appendix A) gives a summary of the main results of the effect of HV and the
active movements on body sway.
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Figure 2.11 : Average increase (+ or - 1 SD) of the mean anterior-posterior deviation (Ym) after
two active tasks: rising from a bench and after pitch head movements, without HV or preceded
by HV. Seven subjects tested with their eyes open and closed
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Absence o f vestibular information: The two groups achieved similar percentage drops of
the tc-pC02 (Normal Ss: 20kPa SD 5, LDs: 21kPa SD 7).

The data for the nine LDs and nine individually age-matched normal subjects are
presented in Figure 2.12. It can be seen that data scatter is large in both groups, but more
so for the patients.

Two subjects in each group decreased sway after HV, all other

subjects showed variable sway enhancement. Because data were not normally distributed
Wilcoxon matched-pairs signed-ranks tests were used to determine the effect of group and
HV on different sway parameters for the whole recording time (30 sec) and for the first
15 seconds of the recording. LDs had higher sway velocities with-without HV and for
the two recording times (Z>2.31, p<0.02).

Sway area was also increased in the LDs

group in all recordings without HV and the 30 sec recording after HV (Z>1.955, p<0.05).
Other sway parameters were not statistically different between the two groups [Ym, Xm
(Z< 1.599, p>0.1)]. The normal subjects’ sway (Ym Z=2.310, p<0.025, Xm Z=1.955,
p<0.05 and Ao Z=1.955, p<0.05) increased for the 30 sec recording with eyes closed after
HV and for the 15 sec recording (Ym Z=1.955, p=0.05). The patients’ sway was not
found statistically different (Z<1.718, p=0.086) for the 30 sec recordings. However their
sway was significantly increased (Ym Z=2.666, p<0.01, Vel Z=2.547, p<0.01, Ao
Z=1.955, p<0.05) during the 15 first seconds of their recovery with eyes open. The large
variability in the patient data accounted for the fact that no enhancement of sway could
be statistically confirmed with eyes closed.

Inspection of the recordings and Fourier

analysis showed that the tendency for increased low frequency oscillations existed in both
groups.

Figure A3 (Appendix A) shows the average sway increase in the two groups.
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Figure 2J2: The mean anterior-posterior deviation (Ym) before (B, for baseline) and after
(HV) hyperventilation. Averages from 9 avestibular (LD) and 9 healthy age matched normal
subjects. Recordings were o f 30 sec duration with eyes closed
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2.3.2.4 Discussion

Patients with anxiety disorders and many patients in ’dizziness clinics’ hyperventilate
(Drachman 1972, Evans 1995). Although intense rotational vertigo is rarely reported, offbalance and lightheaded feelings are frequently described which the physician or
physiotherapist may find difficult to interpret. The question of whether HV causes
objective unsteadiness is therefore clinically relevant and not only of physiological or
theoretical interest. In this respect, the main significant finding in our study is that
voluntary HV induces a measurable increase in body sway. Thus, it is possible that at
least part of the unsteadiness perceived by patients who hyperventilate is due to correct
perception of their increased sway.

On the other hand it is unlikely that all of the

lightheadness reported is due to increased sway since such feelings can readily be
perceived whilst lying down with no demands on the postural system.

The increase in sway by voluntary HV was reproducible within the individual subjects.
It should be mentioned that in all experiments reported here, the sway recordings were
obtained after the subjects hyperventilated. Otherwise the respiratory movements would
have been transmitted to the platform, artificially increasing the amount of sway recorded.
In fact, we observed that as a result of the forced HV, most subjects reduced their
respiration rate below their baseline levels which is in agreement with previous studies
(Plum et al. 1962, Cummin et al. 1991). This could imply that the amount of sway
increase with respect to their pre HV values may have been underestimated. Although
these were only qualitative observations on the frequency and depth of the respiratory
movements, the persistence of low levels of CO for more than 3 minutes after HV could
2

explain the trend for reduced breathing observed during the recording period. Previous
studies with longer HV intervals (3 minutes; Achenbach et al. 1994) have reported that
CO returned to baseline levels at about 7 minutes after the end of the HV.
2

The

persistence of low CO levels presumably underlies the long lasting effects observed on
2

sway illustrated in Figure 2.8.
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Dizziness and unsteadiness in patients with balance disorders are frequently reported
during head or body movements. For this reason we felt it was important to establish if
the effects of HV would also be present in such circumstances. The experiments show
that in the two tasks investigated (Figure 2.11), rising from a bench and flexo-extension
of the neck, HV brings an additional component of unsteadiness over and above that
provoked by the active movement itself. The combination of the movement and HV
(again explored as an after effect not during its execution) raised some sway parameters
to values double those of the baseline. The findings emphasize the need for the physician
or physiotherapist to detect the presence of HV when patients are undergoing postural
rehabilitation. They also support the belief that breathing and/or relaxation exercises can
be a valuable co-adjuvant when treating balance disorders (Shumway-Cook et al. 1996,
Beyts 1987, Cluff 1984).

The main sway parameters affected by HV were the mean and maximal deviations,
particularly in the sagittal plane.

Sway path and mean sway velocity only increased

marginally. This means that subjects were swaying further but not necessarily faster.
Such pattern could only be observed if the increase in sway brought about by HV was
mainly or solely of a low frequency content and this was indeed confirmed by power
spectrum analysis.

Increase in sagittal, low frequency body sway is a non specific

abnormality which can be observed in a variety of labyrinthine and neurological disorders.
Therefore, this sway pattern cannot be easily interpreted as arising from specific
dysfunction in any particular area of the postural control system brought about by the
voluntary HV.

Of all the conditions tested, the increase in sway provoked by HV was larger and more
consistently observed when subjects were tested with eyes closed whilst standing directly
on the hard surface of the platform or when they stood with eyes open on the foam
(Figure 2.10).

The finding may be related to the basic organization of the postural

system. It is accepted that there is certain degree of overlap or ’redundance’, within the
postural control system. Balance retraining, with progressive reliance on proprioceptive
information is a critical process underlying successful recovery from vestibular lesions
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(Bles et al. 1983, Black et al. 1983, Bronstein 1995). Somatosensory loss due to pressure
cuffs around the ankles of normal subjects has little effect on body sway with eyes open,
but results in larger excursions of the centre of foot pressure with eyes closed (Diener et
al. 1984b).

That vision can compensate for severe disorders of vestibular or

proprioceptive input is indeed the basis of the Romberg test.

It would therefore be

possible that in static conditions with eyes open and standing on a hard surface, there is
too much redundant information available to the postural centres for the effects of
voluntary HV to manifest as increased sway. Intermediate conditions such as eyes closed
on the platform or eyes open on the foam, on the other hand, provoke stress in the system
which then HV could tip over.

With eyes shut, static balance depends mainly on

processing proprioceptive information; the HV-mediated increase in sway may indicate
that HV is interfering with this process. The lack of increase in body sway whilst on the
foam with eyes closed could indicate both that HV does not interfere with vestibular
control and that further effects of HV on proprioception are not effective because the
proprioceptive system is already heavily taxed. The increase in sway with eyes open on
the foam would require an additional effect of HV on the visual control of balance.
Admittedly, these explanations are speculative and future experiments should test these
hypotheses. However, the data obtained from the vestibular patients partly supports this
view (see below).

Also, the distal paraesthesia induced by HV, changes in action

potentials in the median (Macefield and Burke 1991) also points at the proprioceptive
system as one of the important targets of HV.

HV, by way of lowering CO levels, raising ph in body fluids and tissues and provoking
2

vascular changes, is likely to have many sites of action (Patel and Maulsby 1987) which
could be responsible for reduced postural performance. The widespread changes observed
in EEG recordings, particularly in the young (Gotoh et al. 1965) warrant this claim.
However, it is the ’dizzy’ sensation associated with HV which prompted this study and
we were therefore interested to see if the effects of HV are mediated by the vestibular
system. In this sense, the finding that HV has a similar effect in patients with absent
vestibular function and in normal subjects rules out the possibility that HV is mediated
by normal vestibulo-spinal pathways. The lesions in these patients were all peripheral
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(i.e., labyrinthine or V in nerve) and we have no indication as to the status of their central
vestibular pathways.

In this chapter it was illustrated that far before reaching the hypocapnia levels suggested
by Hardonk and Beumer (1979) the organisation of balance stability control was
significantly disrupted. The HV performance of healthy subjects in terms of the PCO

2

decrease, in relations to the duration of the deep breathing described in previous studies
was comparable with the one of the subjects of this study. However direct comparison
is not feasible since the HV duration employed was fairly different. For example Evans
and Lum (1977) reported that a single deep breath can cause a fall in PCO of 7mm Hg
2

(or 0.91 kPa), and a succession of deep breaths followed by a moderate overbreathing can
reduce PCO to 20 mm Hg (or 2.66 kPa) in less than one minute.
2

Green (1978)

concluded that if one breathes deeply and rapidly through the mouth for a period of two
minutes, the CO tension in blood can be reduced to about one half of its normal value.
2

In this study the average tc-pC02 drop achieved within 90 sec of HV was approximately
37%.

It is clear from data in this and other studies (Hardonk and Beumer 1979, Achenbach et
al. 1994) that HV has effects lasting for up to several minutes after free breathing is
reassumed. There is free diffusion of CO between the various body compartments so that
2

CO changes in blood lead to rapid changes in body tissues (Bass and Gardner 1984,
2

Brashear 1983, Guyton and Hall 1996). It would be possible that body tissues affected
by HV, such as the CNS, have adaptive mechanisms to restore normal function even in
the presence of changes in CO tension or ph. The results presented in Figure 2.9 are
2

suggestive in this direction. These data show that if subjects continue to hyperventilate
for 30-90 sec there is a progressive drop in CO (Figure 2.9A) which is not paralleled by
2

a progressive increase in body sway (Figure 2.9B). These findings are suggestive of the
development of adaptive or compensatory mechanisms tending to restore normal balance
control in spite of the progressive CO reduction. Similarly, compensatory mechanisms
2

in the postural and smooth pursuit system have been described during hypobaric hypoxia
(Fraser 1987, Urbani 1994).
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This study has documented increased sway in response to HV mainly by the appearance
of large amplitude, low frequency body oscillations. The sway enhancement is more
noticeable in conditions in which some stress is already acting on the balance system or
in the presence of concurrent body movements. Although the precise mechanisms of
action of HV will require further research, it would seem that proprioception rather than
vestibular mechanisms are disrupted by HV. The rehabilitation assessment in the patient
with balance disorder should include appraisal as to whether HV is playing a part in the
patient’s symptoms.

2.4 Summary

The effect of voluntary HV on postural stability is described. Partial carbon dioxide
pressure (tc-pCOz) was measured transcutaneously with surface electrodes. Body sway
was measured with a force platform immediately after maximal voluntary HV for 30-90
sec. Recordings were obtained with eyes open, closed, both standing directly on the
platform and on foam-rubber, and after head or body movements. Four different groups
of normal subjects (n = 6, 6, 7 and 9 respectively) and patients with bilateral absence of
vestibular function (n = 9) were examined. HV consistently increased body sway in all
conditions but the effects were more intense when subjects were standing directly on the
platform surface with their eyes closed. HV also increased sway after active movements
of the subjects.

The main sway increase was in sway area and mean and maximal

deviations but less for mean sway velocity. HV preferentially increased low frequency
oscillations.

These effects were also present in labyrinthine defective subjects.

Recordings after HV of 30, 60 and 90 sec in normals showed that although CO levels
2

were inversely related to the duration of HV, body sway did not increase ftjrther. The
relationship between CO levels and degree of unsteadiness is therefore not linear. The
2

amount of increase in sway by HV was similar when subjects were recorded in resting
conditions or after active head or body movements (rising from a bench). The findings
indicate that the dizziness reported by patients with HV syndrome may be partly due to
objective unsteadiness. The presence of HV-induced unsteadiness in the patients indicates
that the effects of HV on balance are not mediated by the labyrinth.
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3. Introduction

The experiments described in this Chapter reveal some of the mechanisms by which HV
affects postural stability. It was shown in Chapter 2 that after short HV intervals both
normal and LD subjects become more unstable. Additional studies are presented here to
investigate the extent of the involvement of the vestibular system by examining the
vestibulocollic reflex (paragraph 3.3) and the vestibulo-ocular reflex (paragraph 3.4)
before and after HV.

Possible somatosensory pathways of the HV influence on postural stability are examined
by testing the change in vibration perception (paragraph 3.1) as well as the somatosensory
evoked responses in the periphery and cortex by stimulation of the sural nerve (paragraph
3.2).

Central parts of the nervous system (mainly the cerebello-brainstem) are considered as
possible HV pathways influencing postural stability.

To test this hypothesis visual

suppression of the vestibulo-ocular reflex and ocular smooth pursuit are examined in
normal subjects (paragraph 3.4) and the central compensation mechanisms in unilateral
vestibular patients (paragraph 3.5).

3.1

The effect of HV on vibration perception

3.1.1 Introduction

Postural control relies on information provided by the visual, vestibular and proprioceptive
systems. Experiments such as the ’flying enterprise syndrome’ studies (De Wit 1972)
have demonstrated the importance of the somatosensory system in postural control
regulation. Subjects stood on a heavily slanting floor with their eyes closed and head
shaking (so that visual and vestibular impressions were suppressed) and were able to
remain upright due to the somatosensory system alone. More recently Bergin et al. (1995)
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found that a correlation exists between vibration perception and body sway.

Cold hands and feet are a frequent complaint in patients with atypical symptoms of HV
and in normal subjects during provocation HV test, (Vansteenkiste et al. 1991). Tingling
sensations can also be present. Perkin and Joseph (1986) reported that 36% of their HV
patient group had symptoms of paresthesias associated with their attacks, distributed as
follows; 89%, upper limbs; 36%, lower limbs; 29% face; and 18%, trunk.

Green (1978) reported that ’washing out’ the CO increases the excitability of the nerves
2

and muscles of the body, particularly those of the arms and legs. Slight pressure on the
nerves bring about muscle contraction and ultimately the muscles go into spontaneous
spasm. This condition is known as tetany. But according to the same author even before
tetany sets in, it is possible to demonstrate the increased excitability of nerves by tapping
over the angle of the jaw so as to stimulate the facial nerve. Normally this has no effect,
but in latent tetany, the facial muscles on the side of the tapping contract.

Proprioceptive signals and vibration sensation are conveyed by large fibres of peripheral
nerves. To test the hypothesis that postural instability after HV may be due to altered
mechano-receptor thresholds, large fibre sensory function was evaluated using vibration
threshold determinations.

3.1.2 Method

Subjects: Ten subjects (mean age 28.18 years, SD 6.16, range 19-41) with no history of
neurological disease, took part in the experiment.

Experimental procedure: All subjects were tested in the sitting position and at least one
week later five of them were retested in the semi supine position.

Vibration sense

thresholds were measured with the Neurothesiometer (Horwell Ltd, London), which
vibrates at 100 Hz on the medial malleoli of the left foot. Vibrations were transmitted
to the test spot via the 13 mm diameter plastic probe with slightly rounded edges provided
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by the manufacturer.

It has been previously demonstrated (Harada 1991) that larger contact forces can lead to
lower thresholds, (especially at higher frequencies 125 Hz, 250 Hz, and 500 Hz).
Therefore, care was taken so that the manually applied pressure remained, as far as
possible, constant at the stimulating site. The same experimenter always performed the
task.

Subjects were familiarised with the stimulus prior to threshold determinations.

The

threshold tracking was made as follows: The vibration amplitude was raised from zero
(in different rates) and the subjects were asked to reply to the weakest stimulus that they
could discriminate as a vibration sensation. The vibration threshold was defined as the
median value of at least three readings.

Baseline values were compared with the data obtained immediately after HV of 30, 60
and 90 sec and in the second and third minute of the recovery period of those intervals
using the Mann-Whitney rank sum and Spearman rank correlation coefficient tests.

3.1.2.1 Calibration of the Neurothesiometer The vertical movement of the stimulator
head, was recorded by means of a piezoresistive accelerometer (Entran, EGC-500DS-5)
mounted on the moving shaft of the probe. The accelerometer output was displayed on
an oscilloscope (DSO 1604) to check that a 100 Hz sinusoid vibratory stimulus was
produced. At the same time the accelerometer signal was fed to a digital voltameter
(Fluke 75RS). The results of the voltameter and the neurothesiometer indications, at
various output levels, are presented in Appendix B, Figure B l. The correlation coefficient
between the above indications was 0.92 (p < 0.001), standard error 0.98 volts which was
judged as acceptable, although not linear.

3.1.3 Results
Figure 3.1 shows no systematic differences between the vibration thresholds recorded
before and after HV.
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Figure 3.1 : Vibration thresholds (volts) of the 5 subjects examined both in seated
and semi supine position, immediately after HV of 0, 30, 60 and 90 sec.
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Table 3.1:

Average vibration thresholds in volts (± 1 standard deviation), data and

standard deviations for 5 subjects examined in all conditions. Values in brackets denote
the averages from all 10 subjects, where applicable.
Seated

Immediately

1 min

2 min

CO %

Position

After the HV

After the HV

After the HV

Drop

5.5±1.37

5.5±1.37

5.5±1.37

(4.6±2.10)

(4.6±2.10)

(4.6±2.10)

6.8±2.01

6.2±2.02

6.1±2.07

14.88±8.16

(5.5±2.33)

(5.1±2.27)

(4.9±2.29)

(17.63±6.7)

7.4±2.60

6.6±2.77

6.5±2.82

34.03±4.92

(6.0±3.48)

(5.5±3.30)

(5.4±3.39)

(37.33±5.63)

7.4±3.36

7.1±2.94

6.7±2.75

45.34±4.53

(6.3±3.65)

(6.2±3.34)

(5.8±3.16)

(47.73±5.77)

Baseline

5.4 ± 3.58

5.4 ± 3.58

5.4 ±3.58

30 sec HV

5.8 ± 2.99

5.8 ± 3.15

6.1 ± 3.38

15.82±9.29

60 sec HV

5.7 ± 4.52

6.0 ± 3.48

6.6 ±3.19

30.19±5.56

90 sec HV

6.9 ± 2.63

6.5 ± 2.72

6.4 ± 2.53

42.93±6.61

Baseline

30 sec HV

60 sec HV

90 sec HV

2

-

Semisupine
Position
-

Although slightly higher thresholds for vibration perception were observed after HV
(Table 3.1), Wilcoxon tests used to evaluate its effect were not significant. No correlation
between the percentage drop of CO and vibration thresholds was found.
2

Subjective Reports: All subjects that participated in the first part of the study were asked
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to report their feeling immediately after the end of the session. The following comments
were made:

Subject 1 reported feelings of dizziness even after 30 sec of HV where ’everything went
white’ and it was easier to detect the threshold after HV.
Subject 2 had tingling sensations even after 30 sec of HV, like a wave coming and going.
He was feeling hot and the sense of vibration on his feet remained after application was
completed.
Subject 3 felt dizzy ’like fainting’ after 60 sec and 90 sec of HV.
Subject 4 had the impression of moving backwards and forwards while she was sitting,
a tingling sensation after the 90 sec of HV.
Subject 5 felt dizzy only after 90 sec of HV.
Subject 6 was having symptoms of dizziness, tingling and cold hands after 60 and 90 sec
of HV.
Subject 7 was feeling uncomfortably warm after 60 and 90 sec of HV.
Subject 8 reported tingling sensations lasting only for a few sec after 60 sec and 90 sec
HV.
Subject 9 reported no symptoms but she mentioned that she had the impression that the
vibration was more intense the moment she first detected it after the 60 and 90 sec of HV.
Subject 10 felt lightheaded and had tingling and numb hands after 60 and 90 sec of HV.

3.1.3.1 Repeatability of the study

The level of tc-pC02, as measured by the transcutaneous PCO recorder, in the seated and
2

semi supine position was highly correlated (R^=0.97, p<0.001) as shown in Figure 3.2.a.
The correlation between the vibration thresholds in the seated and semisupine position was
state (R^=0.71, p<0.001), as can be observed in Figure 3.2.b, where the threshold obtained
immediately after the end of the HV are plotted.
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3.1.4 Discussion

According to Rai et al. (1994) there are differences in the minute ventilation, the tidal
volume, the oxygen consumption, the amount of the CO , the heart frequency and the
2

oxygen pulse, in different body postures. Nevertheless, in this study, the different body
posture did not affect the HV performance of the subjects (Figure 3.2.b).

The minor elevation of the vibration thresholds after HV, taking into consideration the
inter and intra-individual variability regarding the vibration threshold determination
(Fagius and Wahren 1981) and the limitations of the technique, was not significant.

On the other hand, small differences in vibration perception in a normal population may
become important for sway control when the proprioceptive system is somewhat stressed,
for example in darkness or due to a compliant supporting surface (Bergin et al. 1995).
It could therefore be argued that the small differences observed may be related to the fact
that the HV effects on sway were found to be more dominant when the subjects had their
eyes closed or when standing on foam with their eyes open (Chapter 2). Another factor
complicating the outcome of this study is the observation that HV seems to have an effect
on higher order cerebral functions (for example attention). Although this could not be
answered in this study, it is possible that thresholds measurements after HV may not be
as reliable as those taken before HV. This would introduce variability in the outcome of
the results.

Therefore further investigation is needed to establish the role of the somatosensory system
as a possible site mediating the effect of HV on balance control. Further work in this
direction is presented in the following paragraph.
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3.2

The effect of HV on somatosensory evoked potentials and sensory
action potentials from the sural nerve.

3.2.1 Introduction

Abnormalities of somatosensory evoked potentials (SSEPs) correlate more closely with
the impairment of position sense more than with that of vibration sense (Yokota et al.
1991). Furthermore, in contrast to measurements of vibration thresholds, SSEPs are not
based on the subjective responses of the subjects.

Recently, Macefield and Burke (1991) attempted to explain the origin of tingling
sensations produced by HV. They observed an increase in the amplitude of the compound
sensory and muscle potentials during stimulation at the wrist. This was attributed to an
increase in the excitability of the cutaneous and motor axons of the median nerve, as well
as, spontaneous bursting activity of the motor axons of the same nerve. Additionally,
during HV, Burke (1993) observed a greater tendency of afferent fibres to develop ectopic
activity than the efferent. HV has also been shown to have an effect on the cortical
auditory evoked potentials which, according to Adler (1991), is suggestive of a synaptic
function impairment, produced by the cerebral hypoxia. Davies et al (1986) and Bednarik
and Novotny (1989) observed a reduction in the latency of the P I00 component of the
visual evoked potential after HV, which was greater in multiple sclerosis patients than in
normal subjects.

The sural nerve, one cutaneous branch of the tibial nerve, is distributed to the dorsal and
medial surface of the calf. The terminal branches of the sural nerve supply the outer
margin of the heel and a triangular area on the outer surface of the foot to the lower
portion of the Achilles tendon, (Strong and Elwyn 1959). The sural nerve is commonly
used in clinical practice. Vogel and Vogel (1982), after stimulating four different nerves
of the lower limbs recommended that the sural nerve was more useful as a diagnostic tool.
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By recording the SAPs and SSEPs simultaneously, it should be possible to establish
whether there are effects on cortical sensory processes in addition to changes in peripheral
nerve excitability. In order to examine the possibility that temporary disordering of the
distal somatosensory system may contribute towards the regulation of body sway after
voluntary HV, a description was made of the neurophysiological changes, simultaneously,
at the level of the sensory cortex and in the compound action potentials of the periphery
after stimulation of the sural nerve.

3.2.2 Method

Scalp SSEPs and peripheral compound sensory action potential (SAPs) were recorded
using an electrodiagnostic recording system (Nihon Kohden Neuropack 4 Mini, Model
MEB-5304K); the experimental set-up for sural nerve stimulation and the recordings are
presented in Figure 3.3. The test stimuli were delivered to the right sural nerve at a rate
of 3 Hz, the subsequent changes in the compound action potentials evoked peripherally
and in cerebral evoked potentials centrally were recorded simultaneously. Recordings
were performed in runs of 50 stimuli, one every minute. The duration of each run was
approximately 20 sec and for the first 6 runs the subjects were allowed to relax for the
remainder of a minute. The subjects then performed HV for a minute and a further 6 runs
were recorded during which, after each recording period of about 20 sec, the subjects
hyperventilated for the remainder of the minute.

This procedure was adopted on the

grounds that 50 sweeps is about the minimum necessary to record an average SSEP
without undue noise contamination (the latter would have been excessive if the SSEPs had
been recorded during HV). Also, the subjects would not be recovered fully from HV after
20 sec and the effects of further HV would be cumulative. Finally, 18 further recordings
at 1 minute intervals were made at the end of the HV to monitor the effects of recovery
from HV on these evoked potentials.
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Figure 3.3 : The experimental set up used for the stimulation o f the sural nerve and
recording o f the (a) peripheral compound sensory action potentials (SAPs) and (b)
scalp somatosensory evoked potentials (SSEPs).
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Subjects: Six healthy volunteers, 3 male and 3 female (aged 22-32, mean 26, SD 4.1)
participated in the study.

The subjects were seated in a comfortable armchair, in a

normally heated room and encouraged to remain relaxed. After cleaning the skin around
the foot and ankle with alcohol, the negative recording electrode was placed 3 cm distal
to the lateral malleolus and the positive 3 cm distal to the negative one, parallel to the
sole of the foot. The ground electrode was approximately 10 cm proximal to the lateral
malleolus. The cathode of the stimulating electrode was on the belly of gastrocnemious
muscle approximately 5 cm proximal to the ground electrode, adjusted to be close to the
sural nerve, as identified by its typical electrically-evoked paraesthesia and action
potential. This montage allowed the antidromically-conducted SAP to be recorded.

Simultaneously, cortical SSEP waveforms were obtained from the scalp. The recording
electrodes were placed; one 2 cm posterior to the vertex and the other two 7 cm lateral
from each side of the vertex, 2 cm posterior to the line connecting the vertex and external
auditory meatus foramen. The reference electrode for the 3 scalp sites was located 12 cm
above the nasion, over the frontal cortex.

Silver disc electrodes were attached with

"Elefix", after skin impedance had been reduced to less than 5 kQ by mild scarification
with "Skinpure".

The sural nerve was stimulated by square wave, constant current impulses of 0.2 msec
duration, frequency 3 Hz.

Stimulus intensity was adjusted to 3 times the subjective

sensory threshold. The average sampling rate for the SSEPs was 5.12 points/msec and
the SAPs 51.2 points/msec. Bandpass filters were set between 1 Hz and 3 kHz for the
scalp SSEP signals and between 20 Hz and 3 kHz for SAPs.

Analysis'. The amplitude of the SAP was measured from the peak of the initial positivity
to the peak of the negative phase. The positive peak latency of the SAP was measured
from stimulus onset, and the rise-time of the negative peak was measured from the initial
positivity. The amplitude and latency of the cortical SSEP were measured at the midline
electrode 2 cm posterior to the vertex.
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L scalp

SAP

1

SAP

100 msec (SSEP)
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Figure 3.4 :

Top to bottom, simultaneous recordings o f somatosensory evoked

potential waveforms (SSEP): on the right (R scalp), 2 cm posterior to the vertex
(Midline) and on the left (L scalp); and evoked sensory action potential (SAP)
peripherally.

Amplitudes are measured for the SSEP from the midline electrode

between the onset and the peak positivity (P40) and to the following negativity (N50);
and for the SAP from peak to peak. Latencies for the SSEP were measured from the
stimulus (11) to the P40 (12) and also to the N50 (13); for the SAP the positive peak
latency (14) was measured from the stimulus onset, and the rise time o f the negative
peak (15) from the initial positivity. Upward deflections indicate negativity.
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Latencies were measured from the stimulus to the peak of the initial positivity (P40) and
also to the following negative peak (N50). P40 amplitude was measured between the
onset and the peak of the positivity. The amplitude of the N50 component was measured
between the peak of the initial cortical positivity and the peak of the subsequent negativity
(Figure 3.4).

The SAP and SSEP for each subject, obtained during each block of 50 stimuli, were
measured and then averaged across the six subjects.

Within each session of the

experiment (i.e.: baseline, HV, and recovery phase 1-3), this grouping of the data provided
six sets of across-subjects averages (see Figure 3.6). A 2-way ANOVA (parameter by
subject and HV period) followed by multiple comparisons where significant differences
were observed, was carried out; p values of less than 0.01 were considered significant.

3.2.3 Results

In the somatosensory experiments, after the HV, CO was found to decrease from a mean
2

of 4.72 kPa (SD 0.58 kPa) to 2.32 kPa (SD 0.4 kPa), ie: an average percentage drop of
51%, Figure 3.5. It should be noted here that the response time of the tc-pC02 monitor
is approximately 50 sec for a 90% response and that no correction for this delay has been
made in Figure 3.5.
The mean intensity used for stimulation was 12 mA, (SD 3.05 mA) and for each
individual subject respectively 16.4, 9, 9.6, 9.6, 14.4 and 13 mA (subjective sensory
threshold x 3).

Figure 3.6 (top) shows the SAP amplitude data for the baseline, HV and recovery periods.
Within the first minute of HV the amplitude of the potential was increased above the
baseline level. It continued to increase for approximately 3 minutes and then remained
at a similar level for the rest of the HV period. The SAP increased by a mean of 7.14%
during the HV phase; this increase dropped to 4.1 % during the initial recovery phase
(’Rec r . Figure 3.6).
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intervals and during the recovery after HV (Rec 1 to 3).
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Figure 3.6 (bottom) shows the P40 amplitude changes throughout the experiment. During
HV it was depressed by approximately 20% as compared to the baseline and during the
first recovery period by a mean of 22%.

From the scalp recordings, the onset and the peak P40 mean latencies were 32.789 (SD
2.62) and 39.8 msec (SD 2.77) respectively, showing no significant change throughout,
(p>0.1). The latency of N50 (mean 50.27 msec, SD 2.60) and the peak to peak amplitude
(mean 4.16 pV, SD 2.03) were also not altered significantly at any time (p>0.1). For the
compound action potentials the positive peak latency and the negative peak rise time for
the SAP were, respectively 4.48 msec (SD 0.6) and 3.72 msec (SD 0.58). Presumably,
as a result of progressive cooling of the lower limb, latencies of the SAP were slightly
but gradually increased as the testing session progressed (p<0.01).

Table 3.2 summarises the results of this study.

Statistically significant differences

between the amplitude of the P40 during HV and ’Recovery 1’ with respect to the
baseline (p<0.01) and of the SAP amplitude during HV with respect to its baseline
(p<0.001) were found.

Subjective observations: All the subjects reported that they were lightheaded during the
FTV phase and had tingling sensations in some parts or all of their body.

Three of the subjects were pale and had signs of tetany, with a facial rictus and dysarthria.
One of them complained of blurred vision and used her right arm to straighten her left
fingers which were cramped. At least 3 of the subjects seemed to enjoy the test and it
was sometimes difficult to make them stop hyperventilating. This has been previously
observed by Niedermeyer and da Silva (1987) in four-year old children.
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Table 3.2:

Means and standard deviations of the amplitudes (pV) and latencies (msec) of the peripheral SAPs and scalp SSEPs for the
5 phases of the study. The correspondent tc-pC02 (kPa) is also presented.

P40

tc-pCOj

LATENCIES

AMPLITUDES

SAP

N50

SAP

P40

Onset

Peak

Onset

Peak

N50

value (% Drop)

Baseline

2.6±1.0

14.6±7.8

4.5±2.7

3.6±0.6

4.440.6

32.642.5

39.742.6

50.542.7

4.740.6 (0 )

During HV

2.1±1.0*

15.6±8.3**

4.0±1.6

3.7±0.6

4.440.6

33.042.5

39.842.6

50.542.6

2810.7 (40.81=12.5)

Recovery (1-6 min)

2.0±0.7*

15.1±8.3

4.0±1.5

3.7±0.6

4.540.6

33.043.0

39.742.7

50.042.0

2SU0.7 (39.01=11.4)

Recovery (7-12 min)

2.3±1.0

14.6±8.1

4.1±2.2

3.7it0.6

4.640.6

33.043.0

40.143.3

50.443.0

3.810.9 (20.01=102)

Recovery(13-18 min)

2.3±1.0

14.1±8.0

4.0±2.0

3.840.6

4.640.6

32.342.0

39.742.7

50.042.6

4.240.8 (11.345.3)

The statistical significant differences of the P40 and the SAP amplitudes for the different phases compared to the baseline are indicated
as** and * for p<0.001 and p<0.01 respectively.
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3.2.4 Discussion

Proprioceptive information from the lower limbs is probably the single most important
sensory input for the control of postural balance in man. This study was an attempt to
find whether HV modifies the somatosensory potentials from the lower limb which, in
turn, could underlie the unsteadiness observed after HV. The distal location of the sural
nerve in the leg is likely to be representative of the changes brought about by HV in the
distal somatosensory system, which conveys proprioceptive as well as tactile information
from the ankle and foot. Indeed it could be argued that cutaneous nerves carry afferents
from underlying joint receptors ("Hilton’s law") and that cutaneous input is also likely to
be used for proprioception. The SSEP is mediated via large-diameter peripheral sensory
fibres and probably the dorsal column-1 emniseal systems centrally (Eisen 1982), which
also convey proprioceptive inputs.

In this experiment it was found that HV induced change in potentials evoked by sural
nerve stimulation, both peripherally (SAP) and centrally (SSEP). The amplitude of the
SAPs increased whereas that of SSEPs decreased.

The duration of HV used in this

experiment was fairly long. Nevertheless, the changes in both SSEPs and SAPs started
within the first minute of HV (Figure 3.6). Further HV did not increase change in SSEPs
or SAP. After HV, SAPs recovered much earlier than SSEPs.

No changes in latency, that could be attributed to HV were found. More specifically, the
average P40 peak latency remained at similar levels (39.8, SD 2.77) during the whole
experiment (before-during or after HV), Table 3.2.

This value was similar to mean

normal values described in previous reports for the sural nerve (that is 38.7 to 44 msec)
(Eisen and Elleker 1980, Pelosi 1987, Chiappa 1990, Amantini 1992, AAlfs et al. 1993).
Similarly, the SAPs latencies remained constant, apart from a slight increase presumably
due to the progressive cooling of the lower limb.

Macefield and Burke (1991) suggested that the paraesthesia and tetany induced by HV
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resulted solely from changes in the excitability of cutaneous and motor axons in the
peripheral nerve. Also Burke (1993) attributed the ectopic activity in patients suffering
from neurological disorders and in normal subjects in whom paraesthesia were provoked
by HV, to the increase in axonal excitability in the cutaneous afferents.

This could

disturb proprioceptive process.

One possible explanation for the apparently contradictory finding of increased SAPs but
reduced SSEPs after HV is that the excitability of peripheral nerve fibres and cortical
neurones is affected in different ways. HV is likely to induce changes in widespread
neural circuits. Its final effect on a particular function may depend on the balance of
partial changes in excitatory as well as inhibitory neurons. In support to this explanation
is the finding that HV can selectively decrease cortico-motor inhibition (to transcranial
magnetic stimulation) without modifying spinal inhibition (Priori et al. 1995).

Alternatively, these observations could be explained in terms of the peripheral effect.
Kakigi and Jones (1986) showed that the SSEP is attenuated when the stimulus is given
in the presence of continuous tactile stimulation of the skin innervated by the nerve. If,
in addition to enlargement of the SAP, HV causes an increase in the spontaneous, ectopic
firing of the sensory fibres, the volley due to the applied electrical stimulus will arrive at
the cortex against a raised background of ongoing sensory input. This would have the
effect of making the cortical sensory neurones partially refractory, reducing their response
to the coherent volley. This mechanism might also contribute to the associated postural
disturbances, by impairment of the cortical responses to proprioceptive input.
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3.3 Myogenic potentials generated by a click-evoked vestibulocollic reflex after HV

3.3.1 Introduction

During a fall, the vestibulospinal reflexes contract the limb muscles and so prepare
subjects for landing. In the same way, vestibulocollic reflexes control head movements
keeping the head stable (Bronstein 1988, Ito et al. 1995).

Both reflexes are evoked

principally by sensory inputs from the otolith organs and the semicircular canals (Ghez
1991) and therefore, there is a similarity in their principles.

Colebatch et al. (1994) used loud sound clicks to activate the vestibular afferents in order
to generate vestibulocollic reflexes. These reflexes are transmitted via an oligosynaptic
pathway to ipsilateral anterior neck muscles, where they can be recorded. At the clinical
level, the click-evoked vestibulo-collic reflex is particularly useful in identifying vestibular
hyperactivity to sound, as in patients with Tullio phenomenon (Bronstein et al. 1995,
Colebatch et al. 1996).

In the present study an attempt was made to investigate whether the click-induced
vestibulocollic reflex is altered following HV in healthy subjects.

3.3.2 Method

Subjects: Six normal volunteers (3 male and 3 female; mean age 26.67 years, 2.43 SD,
range 24 to 30) participated in the experiment.

Experimental procedure: During the experiment, subjects were lying comfortably in an
armchair (backrest-seat angle 170°) in a quite room. Two surface silver/silver chloride
EMG electrodes were placed in symmetrical sites over the middle and two over the lower
part of each sternocleidomastoid muscles. Their reference electrode was placed over the
upper sternum.
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Two blocks of 125 clicks each, at a rate of 3 Hz were presented to one ear via
headphones and responses averaged for each condition (i.e.: firstly the baseline and
secondly under the influence of HV). In the latter condition the blocks were presented
one immediately after 60 sec of HV and the second after 30 additional sec of HV. In the
baseline condition, the second block was also presented 30 sec after the first one. The
clicks were rarefactive square waves of 0.1 msec duration, generated by an ST 10 evoked
potential stimulator. A stimulus intensity 95 dB HL was always used, as cross-indicated
by a sound level meter (type D-1422C, RS).

Since background muscle activity exerts a strong influence on stretch reflex amplitudes
(Bloem et al. 1993), subjects were asked to hold their heads slightly raised to achieve a
standard level of background contraction. Feedback of their EMG activity, filtered (30
Hz and 3 kHz) and rectified, was displayed on an oscilloscope screen display placed in
front of them. The target level of EMG activity set for the duration of the recording was
approximately 100 pV.

The amplified and bandpass filtered EMG recordings were averaged using a sampling rate
of 5 kHz from 20 msec before the clicks to 80 msec afterwards.

3.3.3 Results

Figure 3.7 shows a typical result from a normal subject. A response was recorded from
the left sternocleidomastoid muscle 8.6 msec after presenting the click stimulus to the left
ear, consisting of a positive potential peak at 13.1 msec followed by a negative peak at
20 msec. Peak to peak amplitude was 168.6 pV. The second wave, also seen on the right,
is an acoustic wave (n34-p44) and the rest is unlikely to be of vestibular origin (Halmagyi
et al. 1994). The values obtained under the influence of HV were very similar (Figure
3.7, dotted line).
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Figure 3.7 : Sound-evoked vestibular myogenic potentials, in response to clicks presented
to the left ear. Simultaneous recordings from the left (top trace) and the right (bottom trace)
sternocleidomastoid muscles of a normal subject. Similar responses were obtained before
(solid line) and after HV (dotted line). In this subject an acoustic wave (n34-p44) follows
the vestibular wave (pl3-n23).
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Figure 3.8 : The mean pl3-n23 amplitude (micro volts) of the myogenic potential
generated in the ipsilateral sternocleidomastoid muscle by sound clicks, before
(baseline) and after hyperventilation (HV) in each of the subjects.
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The average latency, of the vestibular response in the ipsilateral muscle before and after
HV was 7.6 msec (SD 1.1) and 7.5 msec (SD 1.0) respectively. The pl3-n23 wave was
always present. Similar to Colebatch et al. (1994) no vestibular response was recorded
in the controlateral sternocleidomastoid muscle.

The average level of background muscle activity before and after HV was 100.2pV (SD
10.5) and 106.6pV (SD 15.0) respectively. To confirm that this range of activity was not
wide enough to influence the amplitude of the response, a regression analysis between the
peak to peak amplitude of the pl3-n23 response and the tonic muscle activity was
performed and no correlation was found. A Wilcoxon test assessed the significance of
the pl3-n23 amplitude change before (mean 187.7pV, SD 52.2) and (mean 174.3pV, SD
48.5) after HV. No statistically significant difference was found (p>0.208). Figure 3.8
presents values for individual subjects.

3.3.4 Discussion

In this study, the short latency EMG response in the stemomastoid muscles after
stimulation with clicks was recorded with and without the influence of HV. It was shown
that the EMG responses and therefore the vestibulocollic reflex of healthy subjects were
very consistent and not altered by HV.

Although the sternocleidomastoid muscle has a secondary respiratory function, clearly
involved in the HV effort, the mean level of tonic muscle activation was maintained very
close to the target contraction levels regardless of whether the recording was made before
or after HV.

The findings of this study indicate that HV does not create unsteadiness by disrupting
vestibulo-spinal activity.

Since the click-evoked technique investigates oligosynaptic

pathways, it still may be possible that longer latency pathways can be altered. However,
the previous finding that patients with total absence of vestibular function developed a
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degree of unsteadiness comparable to that observed in normal subjects by HV, indicates
that the responsible mechanism must be outside of the vestibular system.

3.4.

Vestibulo-ocular reflex, visual suppression of the vestibulo-ocular reflex
and ocular smooth pursuit after HV.

3.4.1 Introduction

Posturography takes many aspects of imbalance into account but rarely points out a
specific disorder. Conversely, abnormalities of the oculomotor system reflexes, such as
of the vestibulo-ocular reflex (VOR), can more easily be attributed to a specific lesion or
disfunction, because of the relative simplicity in evaluated the function of these reflexes
(Hood and Korres 1979, Halmagyi and Gresty 1979, Bronstein 1990).

Thus, the

integration of sensory cues, which can be monitored by posturography, and disturbances
of ocular smooth pursuit and visual suppression of the VOR* (VORS), which can be
monitored by eye movement recordings, can be combined to examine whether the
destabilising HV effect is due to cerebellar/brain-stem dysfunction.

3.4.2 Method

3.4.2.1 Pilot study to evaluate the reliability of the ocular recording techniques
under the influence of HV

HV decreases the skin temperature and increases the somatosensory action potentials.
CO is a vasodilator to the blood vessels of the brain, its loss brings about a reduction in
2

cerebral blood flow; vision is impaired, and the peripheral fields become narrowed (Green
1978). To investigate if after HV fluctuations in the comeoretinal potentials are making
electro-oculographic recordings (EOG) through surface electrodes inaccurate, a comparison
was made between EOG and scleral infra-red (IR) recordings before and after HV.
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Three subjects (2 male and 1 female, mean age 31 years, 6 SD, range 25 to 37)
participated in the study. Eye movements were recorded simultaneously with (a) a scleral
infrared recording system (IRIS, skalar, Holland) mounted on a helmet and (b) with EOG;
Ag/AgCl electrodes placed on the forehead (ground electrode) and at the outer canthi of
the eyes (horizontal movements) after scarifying the skin to lower its impedance.

The subjects were instructed to look at 7 small fixation dots placed straight ahead, 5, 10
and 15° left and right under normal conditions and after a HV interval of 60 sec. This
was repeated after allowing the subject to recover for at least 5 min.

Results-Conclusion The tc-pCOz decreased from a baseline of 5.53 kPa (0.52 SD) to 3.97
kPa (0.47 SD) after 60 sec of HV. Figure 3.9 shows a linear relationship between EOG
output before and after 60 sec HV (R=0.93, R^=0.87, St Err=1.25, p<0.001) and likewise
for the IR (R=0.98, R^=0.96, St En=3.09, p<0.001) indicating that neither of the recording
techniques was influenced by HV.
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Figure 3.9 : Correlations of the eye position recordings before and after 60 sec HV.
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recordings, obtained simultaneously. Fixation targets placed straight ahead, 5, 10 and
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3.4.2.2 Calibration of the rotatory chair

Chair velocity (Contraves-Goerz Inc) was transduced with a tachometer and its position
was derived by digital integration of the tachometer signal.

The calibration procedure: Chair velocity was estimated by measuring the time necessary
for the chair to complete fifteen 360° revolutions. The correlation coefficient between
measurements from a stopwatch and the panel display was R^=0.98, St Err=1.04,
(p<0.001). Appendix B, Figure B2.

Subjects-Main Study: Six healthy volunteers took part in this experiment (mean age 26.83
years (range 22 to 30 years, SD 3.06).

Experimental procedure: Subjects were seated in a computer controlled rotating chair in
a dark room while their head stability was achieved with a chin-rest.

Technical

difficulties (for example the movement of the chair and the experiment being in the dark)
did not allowed for the recording of tc-pCOz Horizontal eye movements were digitally
recorded at 250 Hz by both EOG and IR were later edited to exclude saccades* and
artifacts. Prior to each experimental condition and at the very end, eye calibration was
checked by subjects viewing binocularly 7 small fixation dots (straight ahead, 4°, 8° and
16° left and right).

It is known that pursuit and VOR suppression performance decay as a function of input
velocity and frequency (Robinson 1968, Dix and Hood 1984, Baloh and Honrubia 1979).
For this study a peak velocity of 80°/sec and a frequency of 0.6 Hz have been selected,
increasing the difficulty of the task, so that a possible HV effect would be more easily
detectable.

* Saccades: voluntary or involuntary high speed movements of the eyes in order to fixate on a new target
(Leigh and Zee 1983).
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3.4.2.3 Experimental conditions:

1.

VOR baseline responses to sinusoidal rotation of the experimental chair in
the dark at a frequency of 0.6 Hz and peak to peak velocity of 80°/sec (+/40°/sec) were recorded.

2.

Repetition of the VOR recording after 60 sec of HV.

3.

VOR suppression baseline recording: The subjects were instructed to
maintain fixation on a single red light dot attached to the distal end of a
bar fixed to the chair, positioned 70 cm in front of the subjects’ eyes, at
their eyes level (chair fixed target).

The stimulus signal used (chair

movement) was exactly the same as in VOR testing.
4.

VOR suppression recording after 60 sec of HV; as in 3.

5.

Smooth pursuit baseline recording: The subjects were instructed to track,
as accurately as possible a red light dot moving sinusoidally at a peak
velocity of 73°/sec at 0.6 Hz covering 32° of visual field. The light (120
cm from the subject’s eyes) was produced by a laser beam, back projected
onto a screen and moved via a servomotor-controlled mirror system.

6.

Smooth pursuit recording after 30 sec of HV.

3.4.2.4 Analysis

The aim of this study was to consider two variables: (1) the gain of the VOR before and
after HV and (2) the possible gradual decrease of the HV effect in time.

Eye velocity was measured by digitally differentiating eye position with respect to time.
Then eye velocity gain of the VOR, VORS and pursuit was calculated as the ratio
between the peak slow phase component of eye velocity and peak stimulus velocity.
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3.4.3 Results

Data was obtained from all 6 subjects. Five had good quality IR recordings and 5 good
quality EOG. Examples of eye movements recordings of the before and after the HV
elicited by sinusoidal rotation in the dark with fixation on a target (VORS) and without
(VOR) as well as during pursuit are shown in Figure 3.10 to 3.12.

Figure 3.13 shows the change of the velocity gain before and after HV (EOG acquisition).
It can be seen that the mean control VOR, VORS and smooth pursuit gain (right and left
combined) was not altered significantly after 60 sec of HV.
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Figure 3.10: Vestibulo-ocular reflex (VOR) in a normal subject in response
to whole body oscillations, in the dark. Simultaneous recordings with scleral
infra-red (IR) and electro-oculographic (EOG) techniques. Left, before
(baseline) and right, after 60 sec HV.
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Figure 3.11: Visual suppression of the vestibulo-ocular reflex (VORS) in a normal
subject during whole body oscillations, in the dark. Simultaneous recordings with scleral
infra-red (IR) and electro-oculographic (EOG) techniques. Left, before (baseline) and right,
after 60 sec HV. Arrows show where the suppression of the VOR starts.
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Figure 3.12: Ocular smooth pursuit of a sinusoidally moving target, in a normal
subject. Simultaneous recordings with scleral infra-red (IR) and electro-oculographic
(EOG) techniques. Left, before (baseline) and right, after 60 sec HV.
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Table 3.3 summarises all the data. No differences were found between the baseline gain
of each test condition and the gain after HV (Wilcoxon matched-pairs signed-ranks tests
for paired observations, p>0.1).

Table 3.3 :

VOR, VORS and smooth pursuit mean slow phase velocity and mean

velocity gain during sinusoidal stimulation. Velocity gain was defined as peak slow-phase
eye velocity/peak stimulus velocity. Means and standard deviations of 5 out of the 6
subjects of the study (1 subject had poor quality EOG and another subject poor quality
IR recordings).

M ean slow phase velocity
EOG recordings
Baseline

After HV

M ean velocity gain

IR recordings
Baseline

EOG recordings

After HV

Baseline

After HV

IR recordings
Baseline

After HV

VOR
79.12

80.46

69.36

75.81

0.80

0.80

0.72

0.77

±5.64

±6.77

±12.07

±13.20

±0.15

±0.09

±0.14

±0.18

VORS
23.52

25.33

21.72

24.19

0.24

0.26

0.24

0.27

±8.23

±3.91

±3.66

±5.21

±0.09

±0.06

±0.04

±0.07

PURSUIT
63.14

63.18

59.35

60.99

0.87

0.87

0.82

0.84

±4.91

±6.61

±8.46

±7.17

±0.07

±0.09

±0.12

±0.10
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3.4.4 Discussion

This study suggests that HV of up to 60 sec duration does not affect the vestibulo-ocular
reflex or other CNS-mediated mechanisms mediating gaze stability such as VORS and
pursuit.

Theunissen et al. (1986) reported, in contrast with this study, some gain

enhancement in VOR gain in normal subjects and patients with HV syndrome, using
velocity steps for VOR assessment.

A major interest of this study was to assess VORS and pursuit mechanisms with VOR
stimuli of similar dynamic characteristics, therefore sinusoidal oscillations were used
(instead of velocity steps). The different stimulus profile may partly explain differences
between the two studies but it must be emphasized that the HV-mediated enhancement,
Theunissen at al. (1986) study, was marginal and inconsistent.

The results of this

experiment were in agreement with Monday (1979) and Monday and Tetreault (1980) in
which HV was not found to cause nystagmus or to enhance preexisting nystagmus in
normal subjects, indicating that a significant cerebellar or vestibular component mediating
a HV effect on human balance is unlikely.

3.5

Body sway and spontaneous nystagmus after HV in patients with
unilateral vestibular lesions

3.5.1 Introduction

When the head is upright and still there is a tonic, symmetric discharge from the
vestibular organ. Lesions creating an imbalance of this tonic signal cause pathological,
spontaneous nystagmus.

It has been observed that HV does not cause nystagmus in normal subjects or enhance
preexisting post caloric nystagmus; although some relationship seem to exist between HV
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and positional nystagmus (Monday 1979, Monday and Tetreault 1980).

It has been

recommended to include HV as a part of a battery of vestibular tests to elicit nystagmus
(Wilson and Kim 1981, Kayan 1987, Drachman and Hart 1972). Drachman and Hart
(1972) reported on two patients with complaints of dizziness who manifested positional
vertigo and nystagmus only after HV.

In 6 of 18 patients with acoustic neurinoma,

Wilson and Kim (1981) reported that transitory direction-changing nystagmus was
produced by HV. However the contribution of HV to spontaneous nystagmus is not well
defined. In fact, the detection of spontaneous nystagmus has been used as a criterion to
exclude a diagnosis of HV syndrome in a given patient presenting with symptoms
suggestive of just such a condition (Alvord and Herr 1994).

Bisdorff et al. (1995) found that patients with acute unilateral vestibular lesions (n=3) had
only a mild bias towards the side of the lesion in terms of their subjective vertical, while
patients with chronic lesions (n=2) had normal responses. Acute unilateral patients tend
to sway more in the frontal plane and to veer to the side of their lesion on walking
(Dichgans et al. 1976), particularly in the absence of vision, features which disappear as
the process of vestibular compensation develop. Since HV does not seem to affect the
vestibular system directly, any changes observed in body sway may be attributed to either
somatosensory or central mechanisms.

To verify that imbalance after HV has an

additional central component, the change of the central compensation in chronic patients
with unilateral vestibular failure (reappearance or increase of nystagmus) was studied in
parallel with body sway.

3.5.2 M ethod

Subjects: Six patients with unilateral peripheral lesions (4 female and 2 male, mean age
57 years, SD 8.21, range 49 to 68 years) were tested. Three of them had undergone
vestibular neurectomies for treatment of refractory vertigo (2.5, 3 months and 1 year
before testing), three had long standing unilateral canal paresis (one from presumed viral
labyrinthitis, one from unilateral Meniere’s and one a probable Herpes virus
cochlear/vestibular lesion).
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Experimental procedure:
(A): Body sway recordings (2 repetitions each) were performed before and after 30 and
60 sec HV, always with eyes closed.

(B): Binocular eye movements were recorded using computerised, three dimensional
video-oculography (YOG, SMI, Berlin). The subjects were seated on the edge of a couch,
with their head comfortably placed on a chin-rest. They wore a ’diving mask’ which had
an IR video camera mounted over one eye.

The video images were processed at a

sampling rate of 50 Hz for horizontal and vertical; and 25 Hz for torsional components
of the eye-movement. Subjects were instructed to look straight ahead in the light and
darkness breathing normally and in darkness after 60 sec HV. Initial calibration of the
eyes was performed using targets placed at 5° up-down-left-right. Average slow phase
eye velocity of nystagmus was calculated every 10 sec by digitally differentiating eye
position. Additionally, direct observation of the high quality, magnified video recordings
was made. Visual inspection of the eye recording traces on the computer screen was also
undertaken, including calculation of the slow phase velocity of individual beats for each
subject, before and after HV.

3.5.3 Results

During HV and at the beginning of the recovery, patients reported feeling hot and
lightheaded, but not a turning sensation of ’vertigo’. The tc-pC02 decreased from 5.21
kPa (SD 0.62), to 4.24 kPa (SD 0.54) after 30 sec and to 3.99 kPa (SD 0.58) after 60 sec
HV.

Figure 3.14 shows raw horizontal VOG recordings from a patient with a selective right
neurectomy. A spontaneous nystagmus was present in the dark, but not in the light,
before HV (top recordings). After HV, the nystagmus was observed in the dark as it
increased in amplitude, slow phase velocity and regularity.

Raw recordings of the

spontaneous nystagmus of all patients in the dark are presented in Appendix B, Figure B3.
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Before HV none of the subjects had consistent nystagmus in the light. Some irregular
beats of 0.6 °/sec were present in two patients who had undergone vestibular neurectomy.
In the dark, 3 patients had more regular horizontal nystagmus (range 0.46 to 0.78 °/sec)
and 5 patients showed a vertical component (range 0.18 to 1.62 °/sec). In order to check
if the effects of HV could have been due to the increased alertness associated with any
active movement, 2 of the patients were asked to shake their head for a few seconds
before hyperventilating but, in contrast to HV (see below), this elicited only irregular eye
movements.

Figure 3.15 shows the mean slow phase velocity (averaged every 10 sec) of the vertical
and horizontal components of the nystagmus in the dark of each individual patient before
and immediately after the 60 sec of HV. The first 10 sec following 60 sec of HV showed
that the horizontal nystagmus became consistently more active compared to the baseline
activity in the dark.

More specifically, HV triggered the onset of nystagmus when it was not initially present,
increasing the slow phase velocity from an average of 0.68 (SD 0.79) to 2.42 °/sec (SD
1.30) and established regularly beating nystagmus when the spontaneous nystagmus
consisted merely of occasional scattered beats. Unlike the horizontal nystagmus, vertical
nystagmus was similar before and after HV (mean slow phase velocity 0.68 °/sec SD 0.79
and 0.46 °/sec SD 0.54 respectively). Clear torsional nystagmus was not observed in any
of the subjects.
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Horizontal Eye Movements
Right vestibular nerve section
Before HV
(fixation)

Before HV
(dark)

25 sec into HV

Immediately
after HV

l\

1 min after HV

Time

Figure 3.14 ; Horizontal eye movements of a patient with long standing selective
right neurectomy. From top to bottom: recordings in the light, in the dark and in
the dark during HV (25th-33rd sec), immediately after 60 sec HV and 1 min after
the end of HV.
113

C hapter Thiœ e: HV, Mechanisms of Action

3.9

Vertical

Horizontal

—0 ~ cochlear/vestibular failure
(Herpes)
—

3.3

canal paresis
vestibular labyrinthitis

—A — canal paresis
(Meniere's disease)

o

2.7

—0 — vestibular neurectomy

* s

-I 2.4

—

>

% 2.1

£

1.8

I

-

I

vestibular neurectomy

—CD— vestibular neurotomy

1.2

0.6

0.3
0.0
B

HV

B

HV

Figure 3.15 : Slow phase velocity (°/sec) before (B) and immediately after
60 sec HV (HV). Average of 10 sec recordings in the dark.

114

2.5 T
Average Horizontal Nystagmus

2

- -

1.5

- -

Baseline

o

o

V)

o

o

0

>

%

(0
SI

a.
1
(/)

n
0.5

10

20

30

40

50

60

70

Time Elapsed Since Hyperventilation (sec)

Figure 3.16: Absolute slow phase velocity (7sec), averaged every 10 sec, o f 6 patients with long standing unilateral vestibular

I
I
I

lesion immediately after 60 sec HV; in comparison to an average 10 sec baseline recording before the HV.
the dark.

Recordings made in

Co

•a.
a

C h a p ter Three: HV, Mechanisms o f Action

The t-tests for paired samples confirmed the above observation that while horizontal
nystagmus increased significantly (t=4.97, p<0.01), vertical nystagmus remained similar
after HV (t=0.46, p>0.1). Although the recordings obtained during HV were not of a
good quality (some patients were unable to maintain stable gaze or keep their eyes open)
it was frequently observed that the increase of the nystagmus was present earlier than the
end of HV.

The direction of beat of the spontaneous nystagmus (fast phase) was always towards the
healthy side in 3 patients. In 2 patients the direction of the fast phase was reversed
(towards the lesion side) and remained so after HV Neither of the latter two patients had
undergone vestibular nerve section or had hearing loss. Finally, in one of the patients
with a vestibular nerve section procedure, the direction of the fast phase nystagmus
reversed from beating towards the affected side (before HV in the dark) to beating
towards the healthy side (after HV in the dark).

Appendix B, Table B l, show the results as seen during direct observation of the video
recordings and screen. There was good agreement with the qualitative data presented
above. It can be seen that the slow phase velocity increased by different degrees in all
subjects.
presented.

In the same table the results from measuring a typical beatings are also
It can be seen that in one subject with right vestibular neurectomy the

direction of his nystagmus changed from right and down beating before HV (in the dark)
to left and up beating after HV.

Figure 3.16 shows the average absolute increase of nystagmus immediately after HV as
a function of time. It can be seen that after 70 sec post HV, nystagmus has retained 60%
of its increase in amplitude.

Figure 3.17 shows raw sway data before and after 60 sec of HV. Note the increased
sway, particularly in the lateral direction, after HV. By observing the raw sway data it
was clear that at least 3 of the patients developed predominantly lateral sway after 60 sec
ofH V .
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each patient.
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Figure 3.18 shows the changes of the main sway parameters examined in all individual
patients, it can be seen that the most consistent increase was in lateral mean sway
deviation.

Two way ANOVA (sway parameter by subject and HV time) was used to analyse body
sway. HV was found to increase significantly the lateral deviation and only marginally
the mean sway velocity (Xm F=5.925 p=0.011, Vel F=3.689, p=0.045) while it did not
change the anterior-posterior deviation nor the sway area covered (Ym, Ao F<2.589,
p>0.1). Post hoc multiple comparisons of the means showed that the increase in Xm
reached significant levels only after 60 sec of HV (t=2.24, p<0.05) and not after 30 sec
of HV (t=0.22, p>0.1). So the Xm before HV (mean 0.22 cm, SD 0.14) after 30 sec of
HV remained at baseline values (mean 0.23 cm, SD 0.11) while after 60 sec of HV it
increased by 45% (0.32 cm, SD 0.21). Appendix B, Table B2 shows the changes in the
main sway parameters examined before and after 30 and 60 sec of HV.

3.5.4 Discussion

The patients examined in this study were well compensated in terms of stability in the
upright stance, as evidenced by their baseline sway measurements being within the normal
range with eyes closed (see Figures 2.6 for normals and 3.18 for unilateral patients).
Similarly, they did not have a strong spontaneous nystagmus, in the light or darkness.
Specifically it is confirmed that HV can recreate clinical features of an acute unilateral
peripheral vestibular lesion in chronic patients. This was shown in the vestibulo-ocular
reflex pathways, by increasing the slow phase velocity of the preexisting horizontal
nystagmus and in the vestibulo-spinal system, by increasing sway in the lateral plane; as
it is observed in acute vestibular lesions (Dichgans et al. 1976).

In previous paragraphs, it was shown that the effects of HV do not seem to be mediated
by direct effects on vestibulo-colic (spinal) (paragraph 3.3) or vestibulo-ocular (paragraph
3.4) mechanisms.
*

It is likely that HV brought about a transient break down in

complete report o f the ANOVA results presented in the second paragraph of this page
is given in the Appendix provided in pages 241-243.
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compensatory mechanisms responsible for redressing symmetry in the vestibular system
following unilateral lesions. These mechanisms are widespread in the CNS and might
therefore be susceptible to ischaemia or metabolic changes brought about by HV (Engel
et al. 1947, Gotoh et al. 1965, Kenneal et al. 1980). It is likely that they do not include
VORS pathways because these patients’s nystagmus was not strong in the dark (before
HV), i.e., it was not solely visually suppressed, and because of the lack of a significant
effect of HV on VORS in normal subjects described in paragraph 3.4.

The fact that HV can cause asymmetric phenomena has been noted before, in unilateral
paraesthesia (Perkin and Joseph 1986, Blau et al. 1983).

Evans (1995) reviews the

possible central and peripheral mechanisms of the lateralization of the symptoms:
anatomical differences in the peripheral nerves and their nutrient vessels, asymmetrical
decreased cerebral perfusion, asymmetrically decreased cerebral blood flow and right
hemisphere psychic processes.

The direction of the nystagmus after HV was in the expected direction (towards the non
affected side) in 4 patients with either nerve section (n=3) or that with complete canal
paresis and total deafness (Herpetic lesion). In the two patients with presumably subtotal
labyrinthine damage (i.e., neither complete canal paresis nor deafness) the nystagmus was
towards the side of the canal paresis. The number of patients was too small to draw firm
conclusions but indicates that HV helps reveal differences in the way the CNS
compensates for more or less severe vestibular lesions. Alternatively, in the presence of
subtotal labyrinthine lesions, HV might stimulate hair cells or nerve endings and provoke
nystagmus by direct excitation of the abnormal side.

This issue requires future

investigation.

In conclusion, HV induced objective changes in the control of postural balance in normal
subjects and in patients with a bilateral absence of vestibular function, as shown in
Chapter 2 by recording body sway by posturography. Since, by definition, such patients
do not have active vestibulo-spinal pathways, the findings suggested that the mechanism
mediating the increase in sway is extra-vestibular.

Additionally, HV seems to spare
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vestibular reflex activity and cerebellar-mediated eye movements, while changing
peripheral and central somatosensory signals from the lower limbs.

The presence of

lateralization signs implies that HV disrupts mechanisms mediating vestibulo-ocular and
vestibulo-spinal compensation.

3.6 Summary

The effect of voluntary HV on balance performance and its possible mechanisms of action
were investigated. The possibility that HV can affect somatosensory input, vestibular
reflexes or cerebellar function was examined. Vibration sense thresholds were measured
on the medial malleoli, using a neurothesiometer, in 10 normal subjects immediately after
HV of 30, 60 and 90 sec and in the second and third minute of the recovery period.
Vibration perception was not significantly affected by HV. The effect of HV on the
peripheral compound action and scalp somatosensory evoked potentials (S APs and SSEPs,
respectively) after the electrical stimulation of the sural nerve potentials were measured
in 6 normal adults. A reduction in amplitude of the SSEP and a tendency for increased
amplitude of the SAP were observed during HV which reversed during the recovery
period. No change in latencies of SSEP and SAP were observed. These changes could
reflect increased excitability of the peripheral nerve resulting in a higher level of ectopic
activity. Click-evoked vestihulocollic reflex were recorded to study the effect of HV on
vestibulo-spinal activity. EMG recordings from both sternocleidomastoid muscles from
6 healthy subjects were performed in response to sound clicks presented to either ear.
Neither the amplitude nor the latency of the response were altered significantly before and
after HV. These results support the view that the effects of HV are not due to disruption
of vestibular reflexes. Eye movement recordings were obtained from six normal subjects
during smooth pursuit, vestibulo-ocular reflex and visual suppression of the vestibuloocular reflex before and after HV. No changes were detected.
Eye movements and body sway were recorded in six patients with long-standing unilateral
vestibular loss to evaluate if HV may interfere with the mechanisms mediating vestibular
compensation. In all patients a significant enhancement of the spontaneous nystagmus
was documented for at least 70 sec after voluntary HV was stopped.

Sway was also
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enhanced by HV, particularly in the frontal plane. It can be concluded that HV increases
body sway.

The study indicates that these effect may be mediated by deranged

somatosensory input from the lower limbs. HV seems to have less effect on vestibular
reflex activity but, in patients with vestibular lesions, HV may disrupt mechanisms
mediating vestibulo-ocular and vestibulo-spinal compensation.
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Reorientation of Visually Evoked Postural Responses by Different
Eye-in-Orbit and Head-on-Trunk Angular Positions
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4. Introduction

In everyday life, the usual source of large-field visual motion is motion of the subject.
In this way, if one sways to the right whilst looking straight ahead onto a flat surface such
as wall, the optic flow is towards the left of the subject. Since this optic flow generates
a postural response towards the left, visually evoked postural responses clearly contribute
to regaining uprightness when generated in response to self-motion in a visually stable
environment. There are however instances in which this co-directionality between retinal
image flow and body sway is altered but postural reactions in such conditions do not seem
to have been studied.

Imagine someone standing upright in a room, with eyes and head in straight ahead
position, fixating a picture on a wall and swaying in the frontal plane (Figure 4.1, left).
In this instance, right-left body sway induces co-directional optic flow. If the subject
turned his body to the right 90° whilst maintaining fixation on the same picture (for
example by deviating the head 60° on the trunk and the eyes in the head 30°, both to the
left), right-left optic flow will now indicate body sway not in the frontal but in the sagittal
(anterior-posterior) plane (Figure 4.1, right).

In spite of this lack of correspondence

between retinal and body co-ordinates, one would still expect vision to maintain control
of postural balance. One possibility is that signals indicating the position of the eyes in
the orbit and the head on the trunk are able to re-direct visuo-postural reactions,
effectively compensating for any lack of alignment between retinal and body co-ordinates.
In this way, identical retinal image flow should be able to activate different (ie the most
appropriate) sets of postural muscles according to the direction in which the eyes and head
are pointing in space. This is the question examined in this paper. The technique used
was that of inducing postural responses by frontal (roll) plane visual motion in various
combinations of eye-in-orbit and head-on-trunk positions.
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Visual motion R-

Visual Motion

Visual motion R4

Body sway R-L

Body sway A-P

Figure 4.1 : Left A subject swaying in the right-left direction (thick arrow) whilst
looking at stationary objects with eyes and head straight ahead experiences self-generated
visual motion in the left-right direction (dashed arrow). Right This co-planarity between
body sway and visuo-retinal motion is altered when eyes and/or head are deviated. In the
case illustrated anterior-posterior (sagittal plane), body sway will generate left-right
(frontal plane) visuo-retinal motion.
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4.1 M aterial and methods

Apparatus and calibration
A calibrated force platform was used for the sway recordings of this experiment. Prior
to the experiment an electro-magnetic head motion recorder (3-space fastrack system;
Polhemus, Kaiser Aerospace and Electronics) was used to determine whether upper body
sway is behaving similarly with the sway recording from the platform (movement of the
centre of the foot pressure).

Calibration o f the fastrack system

The system consists of a stationary transmitter

generating near field, low frequency, magnetic field vectors, a small (2.8x2.3x1.5 cm,
17gr) receiver, which is attached to a lightweight helmet, and an electronics unit, which
used a mathematics algorithm to compute the receivers position and 3D orientation. The
receiver was operated at the update rate of 120 Hz and provided the angular resolution
of 0.025°.

The system calibration was chequed for accuracy of detecting location by placing its
receiver at standardised positions in space. During the calibration both the position of the
transmitter and the receiver were altered.

In order to obtain a best estimate of the

calibration the data collected were subjected to regression analyses.

Regression line

between the actual and the values given by the fastrack system were found to be linear
with

values of more than 94 % and standard errors of the slopes less than 0.84

cm/cms.

A visual inspection of ’real sway’ raw recordings obtained simultaneously from the
platform (movement of the centre of foot pressure) and the fastrack system (attached at
the skin at vertebra C7) shows that comparable information were acquired. Figure 4.2(a)
shows an example of such raw data. This similarity of the traces implies that the signals
at the feet are well correlated with upper body sway. Figure 4.2(b).
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(a) Sway traces in the Y axis
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Figure 4.2 : Body sway in the anterior-posterior direction, (a) Raw traces recorded simultaneously
from the the fastrack (top trace) and from the platform device (lower trace),

(b) Regression of raw

recordings made simultaneously from the two devices.
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Subjects: Twelve normal subjects aged between 19 and 40 years (mean 28.75 years, SD
5.86) took part in the experiment.

Experimental procedure: Subjects were given the instruction to stand relaxed and fixate
on the centre of a 184 cm diameter disc with coloured spots of different sizes randomly
distributed over its surface. It was kept at a fixed distance of 40 cm in front of the
subject, covering most of their visual field (133°). The disc could be set in one of three
positions; straight ahead 0°, and displaced around an arc either 30° clockwise or
anticlockwise from 0°. This allowed various combinations of head and eye turn to be
considered, while the line of sight (ie gaze: eye position in space) remained orthogonal
to the disc face. In total nine conditions were looked at: straight ahead (0°) and four to
each side: eyes 30° (E30°), head 30° (H30°), eyes 30° + head 60° (E+H=90°) and eyes
30° -head 30° (E-H=0°).

For each of these conditions subjects were requested to stand upright, relaxed and
maintain fixation on a black spot at the centre of the disc. A 100 sec recording was then
made, consisting of three consecutive parts; first, a baseline of sway recorded with
subjects looking at the centre of the static disc for 15 sec; then, the disc was accelerated
clockwise to a constant angular velocity of 50 °/sec and maintained for a further 70 sec,
before being stopped to record the final 15 sec.

Each subject observed the stimulus in the primary position (eyes centre, head centre) and
four other orientations. Therefore twelve subjects were recorded in the primary condition,
and six for each of the remaining eight conditions. The choice of which subject took
which condition was random. Adaptation was avoided by limiting each subject to just
five stimuli and giving one or two minutes break between them.

Subjects stood barefoot on a force platform, which measured the displacement of the
centre of foot pressure in the lateral and anterior-posterior (AP) direction. The signals
sampled at 250 Hz were then digitally low pass filtered (2nd order) at 5 Hz and
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normalized to account for different subject weight. Lateral versus AP displacements were
plotted and a linear regression was fitted to give the vector of displacement of foot
pressure across the surface of the platform. Lateral and AP paths before disk rotation (ie
baseline sway) were normalized to give approximately zero initial displacement. The
results of different subjects undergoing the same conditions were averaged around the
onset of disc rotation to enable comparisons for each orientation of the eyes and head.
In four subjects lateral and AP body sway was recorded, in addition to the force platform,
with a 3-D magnetic search coil system (Polhemus 3-space fastrack) attached to the skin
at vertebra Cl.

4.2 Results

Figure 4.3 shows averaged sway platform traces during two extreme positions of the disc.
The top diagram illustrates the clockwise rotating disc; on the left viewed with eyes and
head in the straight position and on the right viewed in the -30° eyes, -60° head deviation
(E+H=90°). It can be seen that, in the former, the main body tilt response occurred from
left to right whilst, in the latter, the body tilted anteriorly. Individual sway contained
mainly frequencies below 5 Hz with peaks around 0.5 and 1 Hz.
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Figure 4.3 : Averaged sway platform recordings (+1SD) during viewing of the clockwise
rotating disc with eyes and head straight ahead {left) or with gaze deviation of 90° {right).
Note main sway deviation to the right in the former and forwards in the latter.
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Figure 4.4 illustrates averaged data from all subjects during representative eye and neck
deviations. The data were analyzed by averaging over 5 sec intervals and the whole 100
sec recording displayed as an X-Y plot. Each turning point in the illustration represents
such 5 sec intervals, the first 3 points (15 sec) depicting the baseline whilst the subject
is looking at the static disc.

It can be seen that when the disc begins to move, the

subjects sway within the next 20 sec to an "equilibrium" position where they remain until
the stimulus is stopped. The main direction of sway was reoriented in all cases according
to the position of the disc. After stopping disc rotation a quick return to the starting
position is observed (last three turning points).

A summary of all results is found in Figure 4.5, showing the fitted line indicating the
main direction of sway and its relative amplitude. In every combination of eyes and head
deviation the main direction of the visually evoked postural reactions was shifted to
maintain a sway path parallel to the plane of disc rotation, orthogonal to the line of sight.
A large amplitude sway, almost purely in AP was seen in both cases of eye deviation
combined with ipsilateral head turn (Figures 4.4 and 4.5). The amplitudes of sway in
other head or eye deviations were smaller (approximately 50%). The combined deviations
which cancelled each other out, (for example -30° eyes combined with +30° head)
produced no change in the main direction of sway.

There was a trend for responses

incorporating a forwards moving component to be larger than those backwards going.

Subjective reports:

When the disc began rotating, an illusion of self-rotation in the

opposite direction of disc motion (circular-vection) was present, which developed within
a few seconds for some subjects and delayed up to 30 seconds in others. This illusion
was usually sustained for the duration of disc rotation but did fluctuate in some subjects.
In the head/eye deviated positions, subjects reported that they felt their bodies rotating in
different planes. In particular, while viewing the disc parallel to the body (E+H=90°
positions) they experienced an illusion that their body was turning in the sagittal, pitch
plane, even though visual stimulation was in frontal (roll) retinal co-ordinates.
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F igure 4.4 : Averaged sway platform recordings whilst viewing the clockwise rotating
disc in the straight ahead and left sided positions. Each turning point represents 5 sec data
During the first 15 sec (open circles) and the last 15 sec the disc was stationary
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Figure 4.5: Summary of results. Each testing position is indicated with a schematic
drawing and named at the bottom of the figure. Arrows represent the main vector of
sway obtained by a linear regression procedure. The lenght of the vectors, proportional
to the size of the response, and the angular direction of the vectors are normalized with
respect to the conventional straight ahead sway response.
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4.3 Discussion

Whilst previous studies have stressed the importance of visuo-postural control in man, a
common ingredient in all of them has been the instruction to the experimental subjects to
look straight ahead. In experiment different combinations of eye and head deviations
were used and the results essentially show that the main direction of visually induced
sway always was in the plane of motion of the stimulus. If the disc was positioned at an
angle of 30 or 90° with respect to the sagittal plane of the body the major sway vector
rotated so to be in line with the stimulus.

Since the retina received, in all experimental positions, an identical pattern of stimulation,
the findings show that signals indicating the position of the eye in the orbit and of the
head on the trunk are capable of redirecting visually evoked postural responses. In order
to interpret the functional significance of these findings, it should be borne in mind that
in normal circumstances fiill-field visual motion occurs not as a result of external visual
stimuli but as a result of self-motion. Rightwards or clockwise visual motion, which
normally signals leftwards or anticlockwise head motion, induce a postural response in the
same direction of visual motion ie to the right. In normal conditions such response would
be compensatory, providing stability of the subject with respect to the surrounding visual
environment. The results of this study, demonstrating reorientation of the direction of the
sway response as a function of gaze angle, indicate that visuo-motor mechanisms provide
appropriate postural adjustments whatever the position of the eyes in the head and of the
head on the trunk. This is an obvious advantage for the individual as he/she can use
’focal vision’ to examine detailed aspects of the environment, located in any angular
position with respect to him/herself, whilst more automatic, subconscious visuo-motor
processes deal with any necessary postural adjustments.

The re-alignment of sway responses observed can only result from variable activation of
postural muscles at the different gaze deviations examined. Thus, the findings imply that
the link between retinal information and postural muscles is extremely plastic.

In
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particular, signals coding eye-in-orbit and head-on-trunk position re-route visuo-postural
information so that the appropriate muscles are activated. In broader terms, the findings
imply that eye-in-orbit and head-on-trunk position information signals have access to the
central processors in charge of the spatial distribution and gain control of postural EMG
activity. This gain control process is particularly active in visuo-postural mechanisms as
it is known that postural movements elicited by motion of visual scenes can be either
suppressed or enhanced according to the availability of reliable vestibulo/proprioceptive
cues (Bles et al. 1983, Bronstein 1986).

In the experiments it did not matter if the change in gaze angle was obtained by eye or
neck deviations, alone or combined. The relative strength of eye-in-orbit or head-on-trunk
signals seemed the same since eye and neck deviations of equal magnitude but opposite
sign (ie neck -30°; eye +30°) produced no realignment of the main sway direction. The
only preferential effect of eye/neck deviations observed was on the magnitude of sway
when the rotating disc was placed parallel to the sagittal plane of the body and viewed
with a combination of eyes 30, neck 60° deviation. The larger sway induced in this
position is however most likely to be related to general characteristics of the postural
system, including larger mobility of ankle and hip joints in the sagittal than other planes,
since normal and pathological sway is usually predominant in the sagittal plane (Diener
et al. 1984a). The same applies to the preponderance of forwards against backwards
sway.

A comment is warranted as to the origin of the signals coding eye-in-orbit and head-ontrunk position. Since in the experiments the ocular and cervical deviations were obtained
by voluntary movements, a role for ’efference copy’ or even cognitive knowledge of
oculo-cervical position cannot be ruled out. Presumably, however, the experiments have
identified a general property of the postural system and one would expect that eye and
neck deviations continue to be registered and taken into account when producing visuopostural responses, even when such oculo-cervical deviations occur during reflex or
passive head/eye movements. Viewed in this way, it would be more likely that eye-inorbit and head-on-trunk position are monitored by proprioception rather than by cognitive
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or efferent copy mechanisms. This would be in agreement with reports of directionally
coded postural responses elicited by extra-ocular muscle vibration, thought to be due to
proprioceptive stimulation (Roll et al. 1989). It is also compatible with the finding that
neck afferents are the main source of information used by human subjects to estimate
head-trunk horizontal angular position, regardless of whether the change in the alignment
of the head with respect to the trunk arises by passive or active head movement or by
passive trunk motion (Nakamura and Bronstein 1995). Thus, the view that eye and neck
proprioceptive signals contribute to the selection of the most appropriate muscles during
a visuo-postural reaction is consistent with a generally accepted role of muscle and tendon
afferents in coordinating movements involving different neural segments (Baldissera et al.
1981).
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4.4 Summary

The question ’if the position of the eyes in the head and of the head on the trunk
influence the direction of visually-elicited postural reactions’ was examined. Normal
subjects stood on a force platform viewing a large disk, rotating in the roll plane, always
maintained orthogonal to the line of sight. The disc was presented at 0, 30 and 90° to the
right or left with respect to the mid-frontal plane of the subjects’ body and was viewed
with various combinations of horizontal eye-in-orbit and head-on-trunk deviations. It was
found that the main direction of body sway was always reoriented to be parallel to the
disc (for example viewing the disc at 30° oriented sway responses at a mean angle of
33°). The largest sway responses were obtained when the disk was parallel to the sagittal
plane of the body and was viewed with an ipsilateral eye-neck deviation totalling 90°
(head-on-trunk 60° + eye-in-orbit 30°). When eye and head deviations cancelled each
other (i.e., eye-in-orbit +30° combined with head-on-trunk -30°), directional effects on
sway also cancelled each other out. This result demonstrates that signals of eye-in-orbit
and head-on-trunk position have the capability to redirect visuo-motor commands to the
appropriate postural muscles. Such capability secures that during spontaneous activity,
vision can continuously regulate postural balance whatever the position of the eyes in the
orbit and of the head on the trunk. This function may be mediated by eye and neck
proprioceptive signals with access to gain control mechanisms in the visuo-postural
system.
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Auditory and Visual Interactions on Postural Stabilisation

The Study contained in this chapter was carried out at the Anatomy and Human Biology
Department, King’s College London; under the supervision of Dr RW Soames.
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5. Introduction

The maintenance of equilibrium depends on effective and efficient feedback from various
sensory inputs, with vision, vestibular mechanisms and proprioceptive and kinaesthetic
reflex activities all playing a major role (Doman et al. 1978, Nashner and Cordo 1981).
It has been suggested that each of the visual, vestibular and proprioceptive inputs (from
lower limb muscles) are specialised to work within a certain frequency domain in the
control of body sway, although there is an overlap between them (Hayashi et al. 1988).

Different sound frequencies excite different hair-cells (Zwicker 1954). Vestibular neurons
of squirrel monkey were found to respond to audio-frequency sound and head vibration
through a hair-cell mechanism (Young et al. 1977). The present study was conducted to
evaluate the influence of certain sound parameters (frequency and loudness) on sway
behaviour, in an attempt to determine the mechanisms underlying the co-ordination of
auditory, visual and vestibular inputs in the control of balance in healthy subjects.
Knowledge of these relationships may aid in determining whether the auditory
environment or the combined auditory and visual environment could be manipulated to
’drive’ postural sway behaviour.

5.1 Materials and methods

5.1.1 Selection of subjects

The selection of subjects was made after evaluation of health questionnaire responses and
pure tone audiograms (Maico MA41). Of 75 subjects screened only 41 were found to
have symmetrical hearing for each test frequency (t-test between right and left ear; results
are presented in Appendix C, Table Cl), of whom only 13 had auditory thresholds within
normal limits (BS 3383, 1988) for the frequency range 125 - 8000 Hz; the exhibited
thresholds were no greater than 20 dB (re: 20 mP at 10 kHz). Eight subjects from these
13 agreed to participate in the study (4 male, 4 female, age 20-27 years (mean 23.88, 2.64
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SD), mean height 1.71 m (0.11 SD), weight 65.68 m (14.28 SD), all of whom were
healthy: none had clinically recognised pathologies (actual hearing loss, vestibular deficit,
physical impairments or back pain), all had normal or corrected to normal vision and were
right-handed.

5.1.2 Selection and presentation of the sounds

The sensitivity of the ear varies with frequency, consequently individual frequencies of
the same intensity do not sound equally loud. Conversely a series of sounds of different
frequencies which sound equally loud do not have the same sound pressure level (SPL).
The extent of the variation varies with the loudness of the sound (loudness is expressed
in phons), as can be seen in the equal loudness contours* for pure tones (BS 3383, 1988)
shown in Appendix C, Figure Cl.

In the present study two SPLs were chosen for

examination, the first on the 70 phons curve was well above the SPL of the test
environment, while the second on the 90 phons curve was not unbearable for the subject.

The vibration sensing hair cells in the inner ear are ’tuned’ to specific frequencies and as
such may be considered analogous to a bank of bandpass filters that span the entire
audible frequency range. According to the ’Place Theory of Hearing’ each frequency
excites different sensory cells.

The range of frequencies within which subjective

responses are constant may be defined empirically as a critical band: all signals within a
single critical band are grouped and processed together. At the boundaries of the critical
bands these responses undergo an abrupt change. In this way the critical bandwidth also
defines the limits of the ear’s ability to separate individual components of a complex
sound (Zwicker 1954, Scharf 1970, Fourcin et al. 1977, Moller 1983). The frequency
organization of the cochlea achieves its mature configuration probably before birth in
humans, with individual variation in frequency maps being limited (King and Moore
1991). The geometric central frequencies of 23 of 25 defined critical bands (the first and
the last were not examined) of the critical band model of the ear were used to determine
the influence of the audible frequency range on postural sway behaviour. Details of the

Loudness contour: a curve that shows the related values of sound pressure levels and frequency
required to produce a given loudness sensation for a typical listener (Peterson and Gross, 1963).
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upper and lower cutoff frequencies, bandwidths and geometric means of each of the 25
critical bands are presented in Appendix C, Table C2.

In order that the direction of the presented sound could not be detected by the subject,
loudspeakers were placed a standard distance (40 cm) either side of the subject at ear
level. Thus ensuring that each ear was the same distance from the sound source and
oriented the same way with respect to the sound. In addition, it was ensured that the
physical properties of the sound waves coming from each loudspeaker were exactly the
same in terms of propagation time, intensity and frequency. The use of earphones was
considered but discarded since it was not known whether they would influence postural
sway behaviour. Loudspeakers were out of the subjects’ visual field.

The geometric frequencies were generated using a transistor decade oscillator (Levell, type
TG66B) amplified by a stereoamplifier (Pioneer, type SA-301) and relayed through
loudspeakers (Goodmans, type M500) (Figure 5.1). The loudspeakers were balanced to
give the same performance and connected via an automatic multimeter (Philips, PM2521)
so that known current passed to each loudspeaker. A sound level meter (Bruel & Kjaer,
type 2231) determined the root mean square level of sound and calculated the
corresponding amount of current: this was done before and after each measurement
session to ensure uniformity and accuracy of presentation. Initial and periodic calibration
of stimulus intensity was also undertaken.

Loudness contour: a curve that shows the related values of sound pressure levels and frequency
required to produce a given loudness sensation for a typical listener (Peterson and Gross, 1963).
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Figure 5.1 : Schematic representation showing the production and presentation of the
auditory stimuli.

5.1.3 Test environment

To determine the background sound pressure levels (dB) of low frequencies (1 - 20 Hz)
within the test area, recordings were taken every two minutes over a 24 hour period using
a Bruel & Kjaer type 2231 sound level meter fitted with a 0.5" microphone (type 4155).
The resulting SPLs at individual frequencies are shown in Figure 5.2. It was observed
that there was an equivalent continuous sound level (Leq) of 54.35 dB, with maximum
and minimum root mean square levels of 67.78 and 45.58 Hz respectively.
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Figure 5.2 ; Frequency spectrum of the background noise level of the test
environment.
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Postural sway behaviour Postural sway behaviour was recorded using a computerised
biomechanics measuring system (AMTI force platform, model OR6-3) described
previously.

Experimental procedure Subjects were informed of the nature of the experiment and gave
their written informed consent prior to any recording being taken. An air-borne pure tone
audiogram was conducted for each subject prior to any recordings of postural sway
behaviour.

The geometric centre of the force platform was marked and a line drawn in the sagittal
plane through the mid-point. A second line marked in the coronal plane and posterior to
the centre indicated the position for the heels, with the most posterior part of the heel
being level with this line during recordings.

Foot position was standardised since

variations in foot position have been shown to significantly affect sway behaviour
(Kollegger et al. 1989, Day et al. 1993). Subjects stood with feet together and parallel
either side of the midline, heels level with the coronal line and arms hanging loosely at
the side. Before testing began each subject was given sufficient time to relax and make
themselves comfortable and told to face forwards and fixate on the wall in front (distance
3 m).

The loudspeakers were adjusted to be equal distances from the floor either side of the
force platform but 125 cm below the subject’s ear level, with the sound intensity
measured in the middle of the platform at ear level.

All combinations of loudness (70 and 90 phons) and frequency (23 critical bands) were
used, with each combination being repeated three times for both eyes open and eyes
closed conditions. In addition three recordings, standing both with eyes closed and with
eyes open were made without the presentation of any sound apart from the background
noise of the room.
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In total 282 (2 x 23 x 3 x 2 + 3 x 2) recordings of sway behaviour were made for each
subject, each lasting 45 sec.

The presentation of the various combinations was

randomised to minimise the effects of practice and fatigue. Rest periods of 1 minute
duration were incorporated after every presentation. Because of the large number of test
sessions, no more than 40 presentations were conducted within a single data collection
period: however, additional presentations were included if a major artefact (for example
coughing) occurred during any presentation. The presentation of each stimulus occurred
simultaneously with the beginning of the recording of sway behaviour, some five seconds
after the subject was stable and relaxed on the platform.

5.2 Results

The summary of results is presented in Figures 5.3, 5.4 and 5.5 showing sway results
during sound stimulation with respect to the baseline (no sound) condition. Figure 5.4
shows a consistent, stabilizing effect of sound in the lateral axis across all frequencies.
In contrast. Figure 5.3 shows a lack of uniform effect of sound in the anterior-posterior
direction, while 5.5 shows an increase of the total sway path length after the presentation
of sound.

Four-way analysis of variance was conducted to determine the influence of the four
factors subject, vision, loudness and frequency on postural sway behaviour. Subject was
used as a factor for analysis to allow for the influence that it could have on the three
factors of interest. The statistical analyses indicated differences for these factors as well
as for some of the interactions between them (Table 5.1): differences were considered to
be significant at the 5 % level or less.

Subjects Significant differences between subjects were apparent for all sway components
examined (p<0.001). The ’baseline’ recordings for each experimental condition (eyes
open and eyes closed) have been used as a covariate.
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Table 5.1 : The significant (at 5% level or less) p values obtained from the four-way analysis of variance for each of the
main effects and their two way interactions. Vis = vision, Lou = loudness, Freq = critical band frequency.
Main Effect of Variation Source

DF

Xs

Xm

Xmax

Ys

Ym

Ymax

L

Vel

Ao

Subject

7

.000

.000

.000

.000

.000

.000

.000

.000

.000

Vision

1

.000

.000

.000

.000

.000

.000

Loudness

1

Frequency

22

-

-

.025

.018

-

.000

Covariate

-

-

-

.050

-

.000

-

.000

-

-

.010

.018

.000

.000

-

-

-

-

-

-

.000

.000

.000

L

Vel

Ao

2-Way Interaction of Variation Source
DF

Xs

Xm

Xmax

Vis & Lou

1

-

-

-

Vis & Freq

22

-

-

-

Lou & Freq

22

-

-

-

Ys
-

.001
-

Ym
-

.000
-

Ymax
-

.001
-

.034
-

-

.014
-

-

I

.007
-

Ym, Ys, Ymax and Xm, Xs, Xmax : The mean, standard deviation about the mean and maximum movement of the centre of
pressure in the anterior-posterior and lateral directions respectively, L : The length of the sway path; Vel : The mean sway
velocity; Ao : the sway area within the sway path.

I

I
1

I

C hapter F ive : Body Sway and Sound

A nterior-posterior sway Critical band frequency has a statistically significant effect
(Table 5.1) on both Ym and Ymax (p<0.02), i.e., the effects of frequency were non
uniform across the frequency bands.

Table 5.2 : The effect of critical band frequency on the mean movement of the centre of
pressure in the anterior-posterior direction (Ym). a, b, c, d, e, f, g are the seven critical
band frequency groups having statistically similar effects on Ym, at the 5% level.
Critical bands

Ym
(cm)

16:

0.53

17;

0.52

15;

0.51

2; 3; 9;

0.50

14;

0.49

6; 10; 11; 13; 18; 24;

0.48

4; 5; 7;

0.47

8 ; 20 ; 21 ;

0.46

19; 22;

0.45

23;

0.44

12;

0.43

Vision

Frequency groups

Visual feedback has a significant stabilising effect on all anterior-posterior

components of sway (p<0.001).

The interaction of vision and frequency for Ym

(p<0.001) (Figure 5.3) indicates the lack of a uniform effect on sway in this axis, i.e.,
visual feedback interacts with different critical band frequencies in different ways.
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Figure 5.3 : The interaction of vision and critical band frequency on the mean anterior posterior deviation (Ym) with eyes closed (EC) and open (EO). (B) baseline measurements,
no sound present.
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Loudness The loudness of the sound did not influence postural sway behaviour in the
anterior-posterior direction.

Lateral sway Neither critical band frequency nor visual feedback had any significant
effect on lateral sway behaviour, i.e., indicating that the stabilizing effect of sound on
lateral sway was consistent across conditions. However lateral sway tended to be greater
at the 90 phons loudness level than at 70 phons level (p<0.025) (Figure 5.4).

Length of the sway path, velocity of movement and area of sway Neither critical band
frequency nor loudness as main factors had any influence on any of these above
parameters, but vision did have a significant (p<0.001) stabilising effect across the critical
band frequencies, as shown in Figure 5.5 for the length of the sway path.
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Figure 5.4 : The interaction o f loudness(Ll : 70 phones and L2: 90 phones) and critical
band frequency on the lateral deviation (Xm).
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5.3 Discussion

The experiments emphasize that acoustic information has an effect on postural stability.
In the lateral direction subjects were consistently more stable during sound stimulation
than without. This could be due to the experimental arrangement since the loudspeakers
were located to each side of the head. Arguably sway in the lateral sway plane could
change the relative acoustic input to each ear and this be used as feedback to increase
postural stability. The effect of sound on the anterior-posterior deviation was not uniform.

Marme-Karelse and Bles (1977) were of the opinion that visual information was of more
importance than that from the auditory system, supporting their argument with the fact
that the reference frame in everyday life is mainly visually determined with auditory
information being supplementary. That vision provides an important source of feedback
is not questioned. However, it is also apparent that the auditory environment plays an
important role in the maintenance of balance. It is found that in some combinations of
visual feedback and auditory presentation the auditory stimuli override the stabilising
influence provided by visual feedback. These findings are in agreement with those of
Raper and Soames (1991).

Why critical band frequency should have a major influence on anterior-posterior sway and
loudness on lateral sway is unclear. It has been suggested by some (Kapteyn 1973) that
anterior-posterior sway occurs about the ankle joint while lateral sway is controlled at the
hip, thereby implying that different strategies are employed in the control of movement
in each of these directions. Bensel et al. (1968) using 70 and 90 dB SPL at 1000 Hz, had
earlier suggested that the amplitude of lateral sway is more indicative of balance ability,
when comparing subjects, than is anterior-posterior sway. In the present study while
loudness (for Xs, Xm p<0.025) influenced lateral sway, vision did not.

This finding

suggests that the auditory system is more dominant than the visual in maintaining balance
in the lateral direction.

Obviously in this case the visual information provided were
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limited, (i.e., fixation point at a 3 m distance, no visual parallax information) and therefore
the role of the visual system restricted (Sakellari and Bronstein, unpublished data).

Sound did not have a uniform effect in the anterior-posterior direction (Figure 5.3). In
this figure it can be seen that critical band frequency can disturb the regulation of the
anterior-posterior sway (Ym). In addition it was found that frequency interacts strongly
with vision for both Ys and Ym, thereby revealing its contribution in the regulation of
anterior-posterior sway. This frequency response selectivity as well as the consistent
loudness effect in lateral sway suggest that the postural readjustment to the sound is not
simply due to a startle reaction.

The frequency range 1000 to 1500 Hz has been suggested as being sensitive for
stimulation of the vestibular system (Ades 1953), and has consequently been used as a
stimulus frequency in several studies (von Békésy and Rosenblith 1951, Bensel et al.
1968, Harris 1972, Vanderhei and Loeb 1976). According to Harris (1972) asymmetrical
tones of 1000 Hz presented intermittently at intensities between 65 and 105 dB result in
poor performance in balancing tasks; and at 120 dB produce small reflexive head
movements as reported earlier by von Békésy and Rosenblith (1951). Kwee (1976) has
also suggested that the most effective sound for the occurrence of the Tullio phenomenon
is 600 Hz with an intensity of 110 to 130 dB. On the other hand Dieterich et al. (1989)
using various frequencies between 220 and 990 Hz, found that the frequency causing
maximal effects on a patient with otolith Tullio phenomenon was 480+/-20 Hz, with an
intensity above the stapedius reflex (i.e. 95 dBA). When the same stimuli were used on
healthy subjects, no effect on the postural stability was found.

In Table 5.2 it can be seen that the critical bands tending to cause large anterior-posterior
deviations are 15 to 17 (frequency range 2320 to 3700 Hz). Within this latter range the
ear is extremely sensitive, with the threshold for hearing being exceeded at remarkably
low sound pressure levels (Appendix C, Figure Cl).
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Figures 5.3 show that anterior-posterior sway magnitude fluctuates either side of the
baseline values depending on the critical band frequency.

However, lateral sway

magnitudes are suppressed, compared with the baseline values across all critical band
frequencies (Figure 5.4).

It can be argued that a bilateral sound presentation is not

equivalent to a nondirectional sound, with subjects attempting to remain centrally within
the sound field, thereby leading to reduced lateral sway magnitudes; other sway
parameters would not be influenced by this reaction and could therefore show decreases
or increases in value. Bensel et al. (1968) observed lateral sway suppression with a 1000
Hz tone at 70 dB in agreement with the earlier findings of Femald and Moore (1966).
Ishizaki et al. (1991a,b) using lower sound frequencies than those used in this study
(25-63 Hz), but at 130-132 dB SPL, reported a decrease in sway velocity of healthy
subjects which they interpreted as an alerting response. It would appear, therefore, that
the reduced lateral sway magnitude was a real observation and not merely an artifact of
the experiment procedure.

The results of this study, similarly to those of the other studies presented in this thesis,
further suggest that some sway parameters may be representative of particular regulatory
systems or subsystems, such as the vestibular, visual and auditory systems. Therefore it
possible that they could be used as ’signatures’ to monitor the efficiency of these systems
in health and disease.
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5.4 Summary

The interaction and subsequent interpretation of sensory feedback from different
modalities are important determinants in the regulation of balance. The importance of
sound in this respect is not, as yet, fully understood. The aim of the present study was
to determine the interaction of two sound characteristics (loudness and frequency) and
vision on postural sway behaviour. The frequencies employed represent the geometrical
mean of 23 of the 25 critical bandwidths of sound, each presented at two loudness levels
(70 and 90 phons).

Postural sway was recorded using a biomechanical measuring

platform. As expected vision had a highly significant stabilising effect on most sway
parameters. The frequency of the sound, appeared to influence the regulation of anteriorposterior sway, while loudness the regulation of the lateral sway.
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6. Overview

This thesis describes work undertaken in order to clarify some overlooked or unexplored
aspects of human balance.

The experiments investigated some of the sensory-motor

mechanisms which control postural sway. Experimental activation of one or more sensory
systems (visual, auditory, somatosensory and vestibular) was used for this purpose. The effect
of hyperventilation (HV) on sway control mechanisms was chosen as a physiological model
of a diffuse metabolic perturbation but also to begin to understand the balance symptoms
reported by 'dizzy' patients who hyperventilate. Dizziness counts amongst the five most
common symptoms in general practice and hyperventilation often appears as one the principal
causes of dizziness. The issue clearly has important diagnostic and rehabilitation implications.

Hyperventilation was found to induce an objective impairment in postural equilibrium
(Chapters 2 and 3). HV increased sway in both healthy subjects and in patients with unilateral
and bilateral labyrinthine lesions. The sway increase occurs mainly in the low frequency
bands of the spectrum. Two separate sources of evidence indicate that this unsteadiness is
mediated by non-vestibular mechanisms:

firstly, it occurs in patients without vestibular

function and, secondly, no changes were detected in vestibulo-ocular and vestibulo-spinal
reflex activity in normal subjects under voluntary HV. On the other hand, changes in
somatosensory action potentials induced by HV indicate that, at least partly, the unsteadiness
may result from interference with proprioceptive signals.

The effects on somatosensory

potentials were both peripheral (increase of the compound sensory action potential) and
central (decrease of the amplitude of the P40 component of the scalp somatosensory evoked
potential). Further, in patients with long-standing unilateral vestibular loss, HV induced the
reappearance of spontaneous nystagmus and lateral sway, suggesting that HV disrupts
mechanisms mediating vestibular compensation.

The results are encouraging, indicating that the effects of HV on postural control can be
investigated with non invasive, clinical neurophysiology techniques. It is noteworthy that HV
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does not impair all functions investigated. This indicates some selectivity in the effects of HV
on the nervous system. Examination of other patient groups, e.g. patients with disorders of
the somatosensory system, before and after HV may provide more information on the
mechanisms of action of HV. Also in the future, these techniques may be used for the
investigation of habitual 'hyperventilators' in the context of anxiety or balance disorders.
Reassessing the value of the HV provocation test, in conjunction with symptom assessment
and physiological measurements, would be particularly important in the understanding of the
'dizzy patient'. The reproduction of a patient's symptoms by voluntary HV has usually been
taken as evidence that the symptom in question, e.g. lightheadedness or unsteadiness, is due to
HV and, therefore, not due to structural disease. The findings presented in this thesis, that HV
can decompensate previously existing vestibular disorders, may bring into question the
diagnostic value of the provocation test.

The role of vision, in particular its interaction with cervico-ocular proprioceptive signals, was
studied by eliciting visually evoked postural responses in different gaze positions (Chapter 4).
It was found that visually-induced sway responses follow gaze angle with remarkable
accuracy, thereby proving that head-on-trunk and eye-in-orbit position signals are used by
postural control mechanisms sensitive to visual motion. It is likely that these position signals
are mediated by neck and extra-ocular muscle proprioceptors but the issue will require
specific investigation.

In Chapter 5 it was shown that sound also has an influence on postural sway. Different sound
characteristics (loudness, band frequency) affect different sway parameters but, in the
experimental situation deployed with laterally placed speakers, uniform, across-frequency
effects were observed for lateral sway. These responses interact with visual input, which was
found to have an overall stabilising influence.

In addition to the investigation of the

mechanisms mediating postural responses to sound, future research in this area may include
possible implications of noise environments in exposed subjects, e.g. industrial workers.
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The various experiments reported in this thesis have furthered the field of postural research by
showing that diffuse metabolic changes, in this case those brought about by HV, are capable
of inducing dissimilar effects at different levels in the postural system. The work has also
shown that, in addition to the principal roles of vision, lower limb proprioception and
vestibular signals, cervico-ocular proprioceptors and cochlear inputs also contribute to the
immensely complex task of successfully maintaining an upright posture.
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A ppendix A:

corresponds to Chapter 2 (Body Sway & Hyperventilation) and

includes:

Table A1 : The average Hyperventilation Coefficient values (± ISD) and their range
[minimum, maximum values] calculated for different sway parameters under variable
visual and proprioceptive information. Data from 6 healthy subjects, 3 repetitions each.

Table A2 : The average Romberg Coefficient values (± ISD) and their range [minimum,
maximum values] calculated for different sway parameters under variable visual and
proprioceptive information. Data from 6 healthy subjects, 3 repetitions each.

Table A3 : Average values (± ISD) calculated for different sway parameters under the
influence of combined active movements and HV. Data from 7 healthy subjects.

Figure A1 ; Normalized elliptical sway areas versus time (sway-time curves). Raw data
from 12 subjects.

Figure A2 : Mean sway deviations in the anterior-posterior direction (Ym) after 0, 30,
60, 90 sec of HV. Data from 6 healthy subjects, 3 repetitions each.

Figure A3 : Average sway increase (± 1SD) in 9 healthy and 9 avestibular agematched
subjects.

Information to the subjects
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Table A l : The average Hyperventilation Coefficient values (± 1, SD) and their range [minimum, maximum values]
calculated for the mean deviations in the lateral (Xm), anterior-posterior directon (Ym), the mean (Rm) and standard
deviation (Rs) about the sway radius, the length of the sway path (L) or the mean sway velocity (Vel) and the sway area
(Ao), in each experimental condition. Data from the 6 subjects under variable visual and proprioceptive information, 3
repetitions each.
AVERAGE

Xm

Ym

Rm

Rs

Vel or L

Ao

[EO30/EO]±SD

1.06 ± 0.38

1.28 ± 0.12

1.17 ±0.17

1.28 ± 0.37

0.94 ± 0.18

1.13 ± 0.33

[0.56, 1.69]

[1.03, 1.36]

[0.97, 1.46]

[0.75, 1.80]

[0.58, 1.13]

[0.64, 1.61]

1.59 ± 0.34

1.82 ± 0.44

1.71 ±0.32

1.73 ± 0.33

1.05 ± 0.11

1.79 ± 0.47

[1.22, 2.11]

[1.38, 2.64]

[1.40, 2.25]

[1.17, 2.20]

[0.94, 1.28]

1.34 ± 0.19

1.90 ± 0.81

1.70 ± 0.58

1.57 ± 0.42

1.06 ± 0.13

1.79 ± 0.68

[0.93, 1.51]

[1.21, 3.61]

[1.20, 2.92]

[1.10, 2.37]

[0.87, 1.24]

[1.02, 3.13]

1.25 ± 0.22

1.22 ± 0.15

1.22 ± 0.20

1.13 ± 0.12

1.34 ± 0.32

[0.94, 1.63]

[1.05, 1.51]

[1.04, 1.63]

[0.92, 1.32]

[1.00, 1.91]

[min, max]
[EOF30/EOF]±SD
[min, max]
[EC30/EC]±SD
[min, max]
[ECF30/ECF]±SD
[min, max]

1.18 ± 0 .19
[0.86, 1.47]

1.27, 2.54

EO: eyes open, EC: eyes closed, EOF: eyes open on foam, ECF: eyes closed on foam, EOF30: eyes open on foam after 30
sec HVECF30:eyes closed on foam after 30 sec HV.

i
I
I

I

Table A2: The average Romberg Coefficient values (± ISD) and their range [minimum, maximum values] calculated for the
mean deviations in the lateral (Xm), anterior-posterior direction (Ym), the mean (Rm) and standard deviation (Rs) about the
sway radius, the length of the sway path (L) or the mean sway velocity and the sway area (Ao), in each experimental
condition. Data from the 6 subjects under variable visual and proprioceptive information, 3 repetitions each.

AVERAGE

Xm

Ym

Rm

Rs

Vel or L

[EC/EO]±SD

1.10 ± 0.45

1.20 ± 0.35

1.15 ± 0.38

1.33 ± 0.40

1.02 ±0.11

1.17 ± 0.49

[min, max]

[0.58, 1.86]

[0.64, 1.67]

[0.72, 1.62]

[0.95, 1.98]

[0.81, 1.12]

[0.61, 1.92]

[EC30/E030]±SD

1.42 ± 0.52

1.66 ± 0.48

1.59 ± 0.43

1.60 ± 0.29

1.15 ± 0.08

1.72 ± 0.41

[min, max]

[0.90, 2.44]

[0.98, 2.42]

[1.03, 2.21]

[1.27, 2.04]

[1.08, 1.23]

[1.18, 2.21]

[ECF/EOF]±SD

1.91 ± 0.55

1.93 ± 0.65

1.89 ± 0.57

1.90 ± 0.46

1.38 ± 0.15

2.74 ± 0.93

[min, max]

[1.34, 2.82]

[1.26, 2.81

[1.27, 2.66

[1.36, 2.57

[1.12, 1.62]

[1.73, 4.09]

[ECF30/EOF30]±SD

1.45 ± 0.47

1.35 ± 0 .4 6

1.36 ± 0.38

1.37 ± 0.37

1.52 ± 0.35

2.24 ± 1.15

[min, max]

[0.97, 2.29]

[0.77, 2.10]

[0.83, 1.96]

[0.77, 1.88]

[1.00, 1.95]

[0.78, 4.26]

Ao

EO; eyes open, EC: eyes closed, EOF: eyes open on foam, ECF: eyes closed on foam, EOF30: eyes open on foam after 30
sec HV, ECF: eyes closed on foam after 30 sec HV.
oo
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Table A3 : Average (± ISD) lateral (Xm), anterior-posterior (Ym) deviation, mean sway
velocity and sway area (Ao), in each of the following experimental condition with the
eyes open and closed: no hyperventilation (HV) and no movement (baseline); after head
movements only (HM); after a sit to stand movement only (SS); after HV and head
movements (HV+HM) and after HV and sit to stand movement (HV+SS). Data from 7
normal subjects.

Eyes open
Experimental

Ym

Xm

Ao

Vel

Baseline

0.19 ± 0.07

0.14 ± 0.06

4.10 ± 2.23

1.74 ±0.43

After HM

0.26 ± 0.09

0.16 ± 0.05

6.10 ± 2.55

1.94 ± 0.44

After SS

0.34 ±0.17

0.18 ± 0.07

8.29 ± 4.76

1.98 ± 0.31

After HV+HM

0.31 ± 0.10

0.15 ± 0.05

7.52 ± 3.38

2.20 ± 0.49

After HV+SS

0.43 ± 0.20

0.17 ± 0.05

9.20 ± 4.19

2.09 ±0.31

Condition

Eyes closed
Baseline

0.26 ± 0.03

0.21 ± 0.05

7.23 ± 2.19

2.07 ± 0.41

After HM

0.33 ± 0.13

0.29 ± 0.22

10.80 ± 7.64

2.17 ± 0.49

After SS

0.37 ±0.14

0.21 ± 0.08

10.74 ± 4.04

2.31 ± 0.35

After HV+HM

0.47 ± 0.17

0.24 ± 0.08

13.57 ± 5.92

2.36 ± 0.53

After HV+SS

0.54 ± 0.18

0.38 ± 0.17

20.49 ± 8.23

2.76 ± 0.38
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Figure A1 : Normalized elliptical sway areas versus time (sway-time curves). Raw
data from 12 subjects.
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Figure A2 : Mean sway deviations in the anterior-posterior direction (Ym) after 0, 30, 60,
90 sec of HV. Data from 6 heathy subjects.
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Increase After 30 sec HV
Healthy Subjects

LD Su b j e c t s

(a)

15

30
15
30
15
Recording Time (sec)

30

1.2

Healthy Subjects

LD S u b j e c t s

1.0

0.8

-

EC
i

EO

EC

0.6 -

(b)

0.4 «.j
0.0
-

0.2

15
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15
30
15
Recording Time (sec)

30

Figure A3 : Average increase (+ or - 1 SD) of the (a) mean anterior-posterior (Ym),
and (b) lateral deviations (Xm) after 30 sec of HV. Data from 9 healthy (first two
columns) and 9 agematched avestibular (LD) subjects (last four columns).
Averages calculated for the first 15 and the first 30 sec of the sway recording after
the end of the HV; with eyes closed (healthy subjects), and eyes open and closed (LD
subjects).
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Information to the subjects
Vasiliki Sakellari,
MRC Human Movement and Balance Unit,
Institute of Neurology,
National Hospital for Neurology and Neurosurgery,
8-11 Queen Square, London, W CIN 3BG.
telephone 071-837 3611 ext:4116
fax 071-837 7281
Dear
We are studying the effect of breathing on the control of balance.
Your height, weight, body size will be recorded.
A monitor is going to be placed on your skin to record the levels of the CO in you. You
will be asked to breathe as deeply and quickly as possible for 30 seconds in each test
situation.
2

A platform will be used to record how your centre of foot pressure is moving. The
position where you should put your feet will be marked on this platform or on the piece
of foam that will be sometimes placed on top of the platform. The recording from the
platform will begin directly after you have performed 30 sec of deep breathing. I will tell
you to close your eyes at this time and to place your arms at your side. You will stand
as still as possible for about 30 sec.
After each recording you will be given sufficient time to relax and make yourself
comfortable.
The tests will be repeated three times with you standing on the platform or on the foam
that will be placed on the platform. In addition, three recordings with eyes closed and
with eyes open will be made with deep breathing. When having your eyes open, you will
be told to look straight ahead at a wall 0.5 m away.
The whole testing period should take about an one and one-half hours.In total, 18
recordings of your sway behaviour will be made. The various combinations of eyes openclosed and foam or not foam on top of the platform will be randomised.
If you have any questions or feel uncomfortable, please tell me immediately.
You should find this testing interesting. Thank you for participating.

Yours
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B

corresponds to chapter 3 (HV, Mechanisms of Action) and includes:

Table B1 : Video-oculographic (YOG) recordings, results from measuring the slow phase
velocity of individual beats and from direct video observation; B: before HV (central
gaze in light and dark) and after the HV (central gaze in dark). Data from 6 patients with
long-standing unilateral vestibular lesions.

Table B2 : Summary of the sway performances of 6 patients with complete unilateral
lesion, without HV and after 30 and 60 sec HV. Mean values, standard deviations and
range of different sway parameters.

Figure B1 : Regression of the voltameter versus the neurothesiometer indications.

Figure B2 ; Regression of the estimated versus the actual chair velocity.

Figure B3 : Horizontal eye movements in the dark of 6 patients with long standing
unilateral vestibular lesions before and after 60 sec HV.
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Table B1 : Video-oculographic (YOG) recordings, results from measuring the slow phase velocity of individual beats and from direct video observation; B: before
HV (central gaze in light and dark) and after the HV (central gaze in dark). Data from 6 patients with long-standing unilateral vestibular lesions.
VIDEO PROJECTION

VOG RECORDINGS

End of 60sec HV

60sec post HV

Horizontal

inconsistent

.

Vertical

inconsistent

.

Torsional

RB=1.6°/s

_

Baseline

Diagnosis
L
cochlear/vestibular
failure (Herpes)

R canal paresis
vestibular
labyrinthitis

Horizontal
Vertical

Baseline

RB=2°/s

RB=3.527s

.

DB occasional

Torsional
R canal paresis
(Meniere’s disease)

-

Absent

Torsional
Horizontal

RB=0.49°/s

Vertical

DB=0.78°/s

Torsional
R vestibular
neurectomy

.

?

_

LB=1.387s

LB=1.197s

Not continuous

.

Almost
Absent

-

-

RB=+

RB=++

-

-

.

RB=++

-

-

.

LB=+
DB=0.5+

UB=0.737s
-

HV recovery

-

LB=2.357s

LB=++

LB=++++

UB=0.967s

UB=+

UB=+

-

-

-

Horizontal

RB=0.89°/s

RB=2.557s

RB=2.17s

RB=+

RB=+++

Vertical

DB=0.49°/s

DB=0.77s

DB=0.737s

DB=0.5+

DB=0.5+

?

-

-

-

-

Torsional

g

Baseline

-

Torsional
L vestibular
neurectomy

Dark

RB=0.5+

-

UB=?

-

Horizontal
Vertical

Baseline

RB=0.797s

Horizontal
Vertical

R vestibular
neurectomy

Light

Dark

Light

I
to

I
I
-S.

I

Table B2 : Summary of the sway performances of 6 patients with complete unilateral loss, without hyperventilation (HV) and after 30 and 60 sec of HV. Mean values,
(standard deviation) and range (min, max) of the following sway parameters: Xm, Xmin and Xmax: mean, minimum and maximal lateral and Ym, Ymin and Ymax: anteriorposterior deviations respectively, Rm, Rs\ mean and standard deviation about the sway radius, Vel: mean sway velocity, L: length of the sway path, and Ao, A95: total and
95% confidence elliptical sway area.
After 30 sec HV

Baseline
VALUE

MEAN,(SD)

MIN, MAX

MEAN, (SD)

After 60 sec HV

MIN, MAX

MEAN, (SD)

MIN, MAX
0.13, 0.78

Xm

0.26, (0.17)

0.08, 0.56

0.26, (0.14)

0.08, 0.57

0.32, (0.19)

Ym

0.44, (0.28)

0.18, 1.04

0.52, (0.36)

0.14, 1.20

0.54, (0.38)

0.18, 1.34

Xmin

-0.88, (0.65)

-2.38, -0.35

-1.10, (0.85)

-3.20, -0.32

-1.08, (0.69)

-2.94, -0.34

Xmax

1.00,(0.94)

0.23, 3.40

0.85, (0.60)

0.26, 2.40

1.08, (0.85)

0.34, 3.35

Ymin

-1.42, (0.92)

-3.50, -0.64

-1.54,(1.00)

-4.25, -0.42

-1.55, (0.98)

-3.86, -0.54

Ymax

1.57, (1.13)

0.59, 3.97

1.5, (1.04)

0.39, 3.65

1.82, (1.22)

0.56, 4.89

Rm

0.56, (0.34)

0.22, 1.22

0.64, (0.38)

0.19, 1.23

0.70, (0.42)

0.24, 1.69

Rs

0.35, (0.24)

0.14, 0.78

0.39, (0.27)

0.10, 0.93

0.43, (0.29)

0.13, 1.09

Vel

1.60, (0.78)

0.88, 2.96
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C

corresponds to chapter 2 (Body Sway & Sound) and includes:

Table C l : Results of student t-tests between the audiometric results from the right and
left ear for the identification of the subjects with symmetrical hearing.

Table C2 : Critical bands spanning the audible frequency range (Scharf 1970).

Figure C l :

Minimum audible field and equal loudness contours for pure tones.

Numbers on the curves denote loudness levels in phons, BS 3383 (1988).

Information to the subjects
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Table C l : Results of student t-tests between the audiometric results from the right and
Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

N
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

MEAN
-5.00
8.18
0.00
3.64
1.82
-1.82
-4.55
2.73
0.00
2.27
-2.27
1.36
-2.27
-4.55
-2.27
-2.73
4.55
3.64
-5.45
-2.73
4.55
-3.64
0.91
-0.45
6.82
4.09
10.00
2.27
-2.73
-2.73
0.91
-2.27
6.36
-2.27
2.73
0.00
-1.82
1.36
-1.82
-5.45
-2.73
2.27
1.36

SD
8.66
9.29
5.92
10.02
4.05
9.02
6.88
6.07
6.71
2.61
6.07
5.05
6.84
7.89
6.84
10.09
8.79
5.05
7.23
7.86
6.50
5.95
8.61
5.22
6.03
7.36
9.22
6.47
11.26
5.64
7.36
7.86
8.09
6.07
5.64
6.70
5.60
5.95
5.14
7.23
6.84
9.58
2.34

SE MEAN
2.61
2.80
1.78
3.02
1.22
2.72
2.07
1.83
2.02
0.79
1.83
1.52
2.06
2.38
2.06
3.04
2.65
1.52
2.18
2.37
1.96
1.80
2.60
1.58
1.82
2.22
2.78
1.95
3.40
1.70
2.22
2.37
2.44
1.83
1.70
2.02
1.69
1.80
1.55
2.18
2.06
2.89
0.70

t
-1.91
2.92
0.00
1.20
1.49
-0.67
-2.19
1.49
0.00
2.89
-1.24
0.90
-1.10
-1.91
-1.10
-0.90
1.71
2.39
-2.50
-1.15
2.32
-2.03
0.35
-0.29
3.75
1.84
3.60
1.17
-0.80
-1.60
0.41
-0.96
2.61
-1.24
1.60
0.00
-1.08
0.76
-1.17
-2.50
-1.32
0.79
1.94

PVÆLE
0.09
0.01
1.00
0.26
0.17
0.52
0.05
0.17
1.00
0.01
0.24
0.39
0.30
0.09
0.30
0.39
0.12
0.04
0.03
0.28
0.04
0.07
0.73
0.78
0.00
0.09
0.01
0.27
0.44
0.14
0.69
0.36
0.03
0.24
0.14
1.00
0.31
0.47
0.27
0.03
0.22
0.45
0.08
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Table C l, continued:
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

20.45
-5.45
1.82
7.27
-0.45
0.91
0.45
0.91
-7.27
3.18
2.73
-0.45
-0.45
2.73
-5.91
-3.44
0.91
1.36
0.45
-1.36
1.82
3.64
0.45
4.09
-3.18
6.82
0.00
9.09
-1.82
-0.45
3.18
8.64

6.50
4.72
6.03
7.20
3.50
4.37
6.88
5.39
5.64
4.62
6.47
3.50
4.16
5.64
12.00
5.95
5.84
6.74
8.20
6.74
4.05
4.52
6.88
7.69
9.29
8.45
5.47
11.78
6.81
6.11
4.62
5.95

1.96
1.42
1.82
2.17
1.06
1.32
2.07
1.63
1.70
1.39
1.95
1.06
1.25
1.70
3.62
1.80
1.76
2.03
2.47
2.03
1.22
1.36
2.07
2.32
3.80
2.55
1.65
3.56
2.05
1.84
1.39
1.80

10.43
-3.83
1.00
3.35
-0.43
0.69
0.22
0.56
-4.28
2.28
1.40
-0.43
-0.36
1.60
-1.63
2.03
0.52
0.67
0.18
-0.67
1.49
2.67
0.22
1.77
-1.14
2.68
0.00
2.56
-0.89
-0.25
2.28
4.81

0.00
0.00
0.34
0.01
0.68
0.51
0.83
0.59
0.00
0.05
0.19
0.68
0.72
0.14
0.13
0.07
0.62
0.52
0.86
0.52
0.17
0.02
0.83
O il
0.28
0.02
1.00
0.03
0.40
0.81
0.05
0.00
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Table C2 : Critical bands spanning the audible frequency range, (Scharf 1970).

Critical

Lower cutoff

Upper cutoff

band

frequency

frequency

Geometric

Bandwidth

(Hz)

(Hz)

mean

(Hz)

1

20

100

45

80

2

100

200

141

100

3

200

300

245

100

4

300

400

346

100

5

400

510

457

110

6

510

630

567

120

7

630

770

696

140

8

770

920

842

150

9

920

1080

997

160

10

1080

1270

1171

190

11

1270

1480

1371

210

12

1480

1720

1595

240

13

1720

2000

1855

280

14

2000

2320

2154

320

15

2320

2700

2503

380

16

2700

3150

2916

450

17

3150

3700

3414

550

18

3700

4400

4035

700

19

4400

5300

4829

900

20

5300

6400

5824

1100

21

6400

7700

7020

1300

22

7700

9500

8553

1800

23

9500

12000

10677

2500

24

12000

15500

13638

3500

25

15500

20000

17607

4500
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Figure C l :

M inimum audible field and equal loudness contours for pure tones

Numbers on the curves denote loudness levels in phons, BS 3383 (1988).
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Information to subjects
Anatomy and Human Biology Group,
Biomedical Sciences Division,
King’s College,
Strand, London WC2R 2LS.
Date
Dear

We are about to undertake some unique research on the relationship between visual,
auditory, and vestibular feedback mechanisms in the control of balance and postural sway
behaviour. This research will also consider the possible implications of the noise
environment for industry, particularly those in which noise is an inherent part of the
manufacturing or production process.

You are under no pressure or obligation to take part. All information given to this study
will be confidential.

If you are interested in taking part in this study, please read the protocol enclosed and
answer the health questionnaire. We will then contact you to make an appointment.
If you are not happy about any aspect of this study please do not hesitate to contact
us.

Thank you

Roger Soames

Vasiliki Sakellari

(Anatomy and Human Biology Group)
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Confidential Health Questionnaire
Date:________

Right handed__. Left handed

PERSONAL DETAH.S
1. Name:____________________________________ .
2. Occupation:________________________________ .
3. Sex :_____________________________________ .
4. Age:_____________________________________years.
5. Address:__________________________________
MUSCULOSKELETAL SYSTEM
Have you at any time during the last 12 months experienced pain or discomfort:
Head:
Neck:
Shoulders:
Elbows:
Wrists/hands
Upper back
Low back
Hips/thighs
Knees
Ankles/feet

No...
No...
No...
No...
No...
No...
No...
No...
No...
No...

Yes...
Yes...
Yes...
Yes...
Yes...
Yes...
Yes...
Yes...
Yes...
Yes...

SENSORY SYSTEMS
Are you presently suffering from problems with your:
Ears
Eyes

No... Yes...
No... Yes...

Have you during the last 12 months experienced problems with your:
Ears
Eyes

No... Yes...
No... Yes...

If so, please comment:...................................................................................................
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Sakellari V, Soames RW.
(1996)

Auditory and visual influences on postural stabilisation.

Ergonomics 39(4):634-648.

Sakellari V, Bronstein AM.
(1995) The hyperventilation effect on postural sway. Submitted to Arch
Phys Med Rehabil.

Abstracts:

Sakellari V, Bronstein AM.
(1995) The influence of hyperventilation on postural sway. Abstract of
the Short Clinical Papers Meeting, Cromwell Hospital (oral presentation).
British Society of Audiology News 15:8.
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Auditory and visual interactions in postural stabilization
V.

SA K ELL A R if a n d

R. W.

S o am esJ

Anatom y and Human Biology Group, K ing’s College London, Strand,
London W C2R 2LS, U K
Keywords: Sound; Vision; Postural sway behaviour.
The interaction and subsequent interpretation o f sensory feedback from different
modalities are important determinants in the regulation o f balance. The impor
tance o f sound in this respect is not, as yet, fully understood. The aim o f the present
study was to determine the interaction o f specific auditory frequencies and vision
on postural sway behaviour. The frequencies employed represent the geometrical
mean o f 23 o f the 25 critical bandwidths o f sound, each presented at two loudness
levels (70 and 90 phones). Postural sway was recorded using a biomechanical
measuring platform. As expected vision had a highly significant stabilizing effect
on m ost sway parameters. The frequency o f the sound, however, appeared to
influence the regulation o f anteroposterior sway, while increasing loudness tended
to increase mediolateral sway. At some frequencies the sound appeared to
compensate for the lack o f visual feedback. The interaction o f sound and vision,
particularly in combinations that lead to increased sway behaviour, may have
implications in the occurrence, and possible prevention, o f industrial accidents.

1. Introduction
The psychological appropriateness, the need to be heard, response time, the need for
feedback and learning time for their m eaning are param eters frequently examined to
establish the ergonomic requirem ents for non-verbal auditory signals (Edworthy
1994, Schuck 1994). To form a more complete framework for the evaluation of
auditory signals and their feedback, its influence on postural sway behaviour and the
maintenance o f balance has been examined.
The m aintenance of equilibrium depends on effective and efflcient feedback from
various sensory inputs, with vision, vestibular mechanisms and proprioceptive and
kinaesthetic reflex activities all playing a m ajor role (D ornan et al. 1978, N ashner and
Cordo 1981). It has been suggested that each of the visual, vestibular and proprio
ceptive inputs (from lower limb muscles) are specialized to work within a certain
frequency dom ain in the control of body sway, although there is an overlap between
them (Hayashi et al. 1988).
Sound is such a com m on p art o f everyday life that its varied functions are rarely
fully appreciated. However, Juntunen et al. (1987) dem onstrated th at chronic noise
exposure may increase postural instability, possibly by affecting the vestibular end
organ, and th at severe hearing loss is correlated with increased sway. Both Dieterich
et al. (1989) and Ishizaki et al. (1991a, b) have observed that, in certain disorders
affecting the middle and inner ear, vestibular activation can occur with the
Currently at fM R C Human M ovement and Balance Unit, Institute o f Neurology,
National H ospital for Neurology and Neurosurgery, 8-11 Queen Square, London W C IN
3BG, UK; and f Centre for Human Biology, University o f Leeds, Leeds LS2 9JT, UK .
0014-0139/96 $12 00 © 1996 Taylor & Francis Ltd
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presentation o f sound; the Tullio phenom enon. Baloh and H onrubia (1979), trying to
explain this phenom enon o f dizziness by loud noises, suggest th at it could be
explained by fibrous adhesions between the medial surface o f the stapedial footplate
and the m em branous labyrinth th at result in displacement o f endolym ph when the
footplate moves. Pyykko e t al. (1992) also referred to mechanisms th at could explain
the vestibular response to sound in patients suffering from vertigo due to different
types o f inner ear disease. Sound-evoked phenom ena such as myogenic responses in
cranial muscles, the postauricular response (K iang 1963) and the acoustic jaw reflex
(M eier-Ewert e t al. 1974) are well docum ented.
A bnorm al sensitivity to certain environm ental sounds is a sym ptom observed in
cases such as hyperacusis. This phenom enon implies discom fort or a startled response
to sounds a t an intensity th a t w ould not be considered threatening or loud by the
average person (Nigam and Samuel 1994): reactions vary from covering the ears to
crying or cringing. M o st individuals w ith hyperacusis, however, have virtually norm al
hearing.
V estibular stim ulation by sound is not confined solely to pathological conditions.
In an early study von Békésy (1935) attem pted to show th at the vestibular system was
sensitive to sound, b u t found th at no body movem ent could be elicited with pure tone
stimuli (1000 Hz) below 90 dB sound pressure level (SPL); however, an increase in
head m ovem ent a t intensities greater than 92 dB was observed. H e observed th at head
movem ents o f the order o f 0 5 m m could be evoked with sound levels o f 120 dB, while
a sound pressure o f 130dB increased head m ovements to 10 mm. A ccording to
M arm e-K arelse and Bles (1977) the role o f the auditory system in circular vection is
com parable to the role o f the visual system.
W ith a similar frequency tone (1000 Hz) but lower sound pressure levels lateral
body sway suppression at 70 dB (Fernald and M oore 1966, Pezzoli and M oore 1966,
Bensel e t al. 1968) and lateral body sway enhancem ent at 62 dB (Revusky e t al. 1965)
have b o th been observed. A n increased body sway with certain sounds has also been
reported by M olina-N egro and M artinez-Lage (1982) as well as by R aper and Soames
(1991), who attem pted to relate sway behaviour with both the direction o f the sound
source and the nature o f the auditory input, both being im portant variables.
The present study was conducted to evaluate the influence of certain sound
param eters (loudness and frequency) on sway behaviour in an attem pt to determ ine
the m echanisms underlying the co-ordination of auditory, visual and vestibular
inputs in the control o f balance in healthy subjects. Knowledge of these relationships
m ay aid in determ ining whether the auditory environm ent or the com bined auditory
and visual environm ent could be m anipulated to ‘drive’ postural sway behaviour.
Such relationships m ay have im portant im plications in the industrial environm ent,
particularly those w ith high noise levels.
2.

M aterials and methods

2.1. S u b je c ts
The selection o f subjects was m ade after evaluation o f health questionnaire responses
and pure tone audiogram s (M aico M A41). O f 75 subjects screened only 41 were
found to have symmetrical hearing for each test frequency (?-test between right and
left ear p > 1), o f whom only 13 had auditory thresholds within norm al limits (BSI
1988) for the frequency range 125-8000 Hz; the exhibited thresholds were no greater
than 20 dB (re: 20 m P a t 10 kHz). Eight subjects from these 13 agreed to participate in
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Table 1.

Age (years)
Height (m)
Weight (kg)

Characteristics of the sample population.
Male
{n = 4)
Mean (SD)

Female
{n = A)
Mean (SD)

All
{n = 8)
Mean (SD)

23-25 (3-30)
1-78 (0-10)
76-95 (11-23)

24-50 (2-08)
1-63 (0 06)
54-40 (3-26)

23-88 (2-64)
1-71 (0-11)
65-68 (14-28)

CD
-D

TcJ

I

63

125

250

500

1000 2000 4000 8000 16000

F r e q u e n c y (H z)

Figure 1.

Frequency spectrum o f the background noise level o f the test environment.

the study (4 m ale, 4 fem ale, age range 2 0 -2 7 years), all o f w hom were healthy
volunteers: none had clinically recognized pathologies (actual hearing loss, vestibular
deficit, physical im pairm ents o r back pain), all h ad norm al o r co rrected -to -n o rm al
vision and were rig h t-h an d ed . A n th ro p o m etric characteristics o f the subject sam ple
are given in table 1.
2.2. T est environm ent
T o determ ine the b ack g ro u n d sound pressure levels (dB) o f low frequencies (1 -2 0 Hz)
w ithin the test area, recordings were tak en every 2 m in over a 24-h period using a
Bruel & K jaer type 2231 so u n d level m eter fitted w ith a 0-5" m icro p h o n e (type 4155).
T he resulting SPLs at individual frequencies are show n in figure 1. It was observed
th a t there was an equivalent co n tin u o u s sound level (Leq) o f 54-35 dB, w ith m axim um
and m inim um ro o t m ean sq u are levels o f 67-78 an d 45-58 H z, respectively.
2.3. Selection and presen tation o f the sounds
T he sensitivity o f the ear varies w ith frequency; consequently individual frequencies
o f the sam e intensity do n o t so u n d equally loud. C onversely, a series o f sounds o f
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different frequencies th at sound equally loud do not have the same SPL. The extent of
the variation varies w ith the loudness of the sound, as can be clearly seen in the equal
loudness contours for pure tones (BSI 1988). In the present study two SPLs were
chosen for exam ination, the first on the 70 phones curve was well above the SPL o f the
test environment, while the second on the 90 phones curve was not unbearable for the
subject.
The vibration-sensing hair cells in the inner ear are ‘tuned’ to specific frequencies
and as such may be considered to be analogous to a bank of bandpass filters th at span
the entire audible frequency range. According to the Place Theory of Hearing each
frequency excites different sensory cells. The range o f frequencies within which
subjective responses are constant may be defined empirically as a critical band: all
signals within a single critical band are grouped and processed together. A t the
boundaries o f the critical bands these responses undergo an abrupt change. In this
way the critical bandw idth also defines the limits of the ear’s ability to separate
individual com ponents of a complex sound (Zwicker 1954, Scharf 1970, Fourcin
et al. 1977, M oiler 1983). The frequency organization o f the cochlea achieves its
m ature configuration probably before birth in hum ans, with individual variation in
frequency maps being limited (King and M oore 1991). The geometric central
frequencies o f 23 of 25 defined critical bands (the first and the last were not examined)
of the critical band m odel o f the ear were used to determine the influence of the
audible frequency range on postural sway behaviour. Details o f the upper and lower
cutoff frequencies, bandw idths and geometric means o f each o f the 25 critical bands
are presented in the appendix.
In order th at the direction o f the presented sound could not be detected by the
subject, loudspeakers were placed at a standard distance (40 cm) either side of the
subject at ear level, thus ensuring th at each ear was the same distance from the sound
source and oriented in the same way with respect to the sound. In addition, it was
ensured th at the physical properties of the sound waves coming from each loud
speaker were exactly the same in terms o f propagation time, intensity and frequency.
The use o f earphones was considered but discarded since it was not known whether
they would influence postural sway behaviour.
The geometric frequencies were generated using a transistor decade oscillator
(Levell, type TG66B) amplified by a stereoamplifier (Pioneer, type SA-301) and
relayed through loudspeakers (Goodm ans, type M500) (figure 2). The loudspeakers
were balanced to give the same performance and connected via an autom atic
m ultim eter (Philips, PM2521) so th at known current passed to each loudspeaker. A
sound level meter (Bruel & Kjaer, type 2231) determined the RM S level o f sound and
calculated the corresponding am ount of current: this was done before and after each
m easurem ent session to ensure uniform ity and accuracy of presentation. Initial and
periodic calibration o f stimulus intensity was also undertaken.
2.4. Postural sway behaviour
Postural sway behaviour was recorded using a computerized biomechanics measuring
system (AM TI force platform , model OR6-3, linked through an A M TI signal
amplifier, model SGA6-1, to an IBM personal computer). Analysis of the data to
generate param eters defining postural sway was perform ed using A M TI Bedas
software. The param eters used in this study were the mean, standard deviation
about the m ean and m axim um movement of the centre o f pressure in the antero
posterior (Ym, Ys, Ymax) and mediolateral (Xm, Xs, Xmax) directions, length of the
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Figure 2.

Amplifier

Schematic representation showing the production and presentation of the auditory
stimuli.

Table 2. Summary of the regression analysis conducted on the X, Y and Z force components
(N) in the determination of the location of the centre of apphed pressure (mm) and torque
(Nm).
Dependent
variable

Degrees of
freedom

Fx
Fy
Fz
Centre of
pressure
(x-axis)
Centre of
pressure
(y-axis)
Torque

365
321
389

999
99 9
100

24

99 9

4-085 mm

24

99 9

3-24 mm

241

99 8

(%)

SE of
estimate
3-623 N
4-191N
3-243 N

152-9 Nm

sway path (L), velocity o f movement (Vel), area of movement (Ao), mean and
standard deviation about the m ean radius (Rm, Rs), the standard deviation about the
principal and second principal axes of movement (Is, Ils), the rotation required to
bring the mediolateral axis o f the platform to coincide with the principal axis (Th);
also determined was the correlation between Ym and Xm (Cc).
Prior to use, the force platform calibration was checked by applying known
loads, at the exact height o f the platform surface, in specific directions via a specially
constructed frame that fitted the top plate. M ultiple regression analysis (table 2)
and tests for bias using student’s r-test showed no statistically significant dif
ference between the actual and the observed values in the mediolateral (/? = 0*21)
or anteroposterior direction (^ = O il) . Thus the output from the software was
accepted as being true values within the 95% confidence interval with tolerance ±8-37
for the mediolateral direction (j> > 0 21) and ± 5 03 for the anteroposterior direction
( ;7 > 0 - ll).
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2.5. Experimental procedure
Subjects were inform ed o f the nature o f the experiment and gave their written
informed consent prior to any recording being taken. A n air-bom e pure tone
audiogram was conducted for each subject prior to any recordings of postural
sway behaviour.
The geometric centre o f the force platform was m arked and a line drawn in the
sagittal plane through the mid-point. A second line m arked in the coronal plane and
posterior to the centre indicated the position for the heels, with the most posterior
p art o f the heel being level with this line during recordings. F oot position was
standardized since variations in foot position have been shown to significantly affect
sway behaviour (Kollegger et al. 1989, D ay et al. 1993). Subjects stood with feet
together and parallel either side of the midline, heels level with the coronal line and
arm s hanging loosely at the side.
The loudspeakers were adjusted to be equal distances from the floor either side of
the force platform but 125 cm below the subject’s ear level, with the sound intensity
measured in the middle o f the platform at ear level.
Before testing began each subject was given sufficient time to relax and make
themselves com fortable and told to face forwards; there were no horizontal or vertical
visual clues within the visual field. All com binations o f loudness (70 and 90 phones)
and frequency (23 critical bands) were used, with each com bination being repeated
three times for both eyes open and eyes closed conditions. In addition three
recordings standing both with eyes closed and with eyes open were made w ithout
the presentation of any sound ap art from the background noise of the room.
In total 282 (2 x 23 x 3 x 2 + (3 x 2)) recordings of sway behaviour were made
for each subject, each lasting 45 s. The presentation of the various combinations was
random ized to minimize the effects o f practice and fatigue. Rest periods o f 1 min
duration were incorporated after every presentation. N o more than 40 presentations
were conducted within a single data collection period because of the large num ber of
test sessions: however, additional presentations were included if a m ajor artefact
(coughing) occurred during any presentation. The presentation of each stimulus
occurred simultaneously with the beginning of the recording of sway behaviour, some
5 s after the subject was stable and relaxed on the platform .
3. Results
Four-way analysis o f variance was conducted to determine the influence of the four
factors subject, vision, loudness and frequency on postural sway behaviour. Subject
was used as a factor for analysis to allow for the influence th at it could have on the
three factors of interest. The statistical analyses indicated differences for these factors
as well as for some o f the interactions between them (table 3): differences were
considered to be significant at the 5% level or less.
3.1. Subjects
Significant differences between subjects were apparent for all sway components
examined {p < 0-001). The ‘baseline’ recordings for each experimental condition
(eyes open and eyes closed) have been used as covariate,
3.2. Anteroposterior sway
Critical band frequency has a significant effect (table 3) on both Ym and Ymax
{p < 0-02). There are seven groups of frequencies that can be specified according to
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lO Table 3. The significant (at 5% level or less) p values obtained from the four-way analysis of variance for each of the main effects and their two and three
T u n t? i

DF

Xs

Xm

f

a f

c

V

—

c n l^ - i£ a r » +

\7

t ti

T

,—

TZT

r * t » i 1

r

Xmax

Ys

Ym

Ymax

Rs

Rm

Cc

PL

Vel

Ao

Is

Ils

Th

0-000
-

0-000
0-000
—

0-000
0-000
—
0-018
0-000

0-000
0-000

0-000
0-000

0-000
0-047
0-023
0-000
-

0-000
0-000

0-000
0-000
—
0-000

0-000
0-000
—

0-000
—

0-000
0-000
—

0-000
0-027
—

0-000

0-000

0-000

0-002

—
—
-

—
—
-

—
—
0-001

0-045

-

Main effect o f variation source

S
V
L
F
Covariate

7
1
I
22

0-000
0-025
0-000

0-000
0-018
-

0-050
0-000

0-000

0000
0-000
0-010
0-000

-

—
0-001

—
0-000

—

-

0-001
0-000

0-000

0-001
-

—
0-000
-

—
—

—
0-000
0-000

—
0-034
-

—
0-014

—
0-007
-

-

-

0 030

0-000

0-020

0-012

-

-

0-000

-

2-way interaction o f variation source

V&L
y&F
L&F

1
22
. 22

-

-

3-way interaction o f variation source

V&L&F

22

0-018

0-028

-

Ym, Ys, Ymax and Xm, Xs, Xmax: the mean, standard deviation about the mean and maximum movement of the centre of pressure in the
anteroposterior and mediolateral directions, respectively; PL; the length of the sway path; Vel: the mean velocity of movement; Ao: the area of the
movement; Rm, Rs: the mean and standard deviation about the principal and the second principal axis of movement (Is, Ils); Th: the rotation required to
bring the X of the platform to coincide with the principal axis; Cc: the correlation between Ym and Xm.
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Table 4. The effect o f critical band frequency on the mean movement o f the centre o f pressure
in the anteroposterior direction (Ym). a, b, c, d, e, f, g are the seven groups containing the
critical band frequencies not causing statistically significant different increases in magni
tude at the 5% level.
Critical bands

Ym
(cm)

16
17
15
2;
14
6;
4;
8;
19;
23
12

0-53
0-52
0-51
0-50
0-49
0-48
0-47
0-46
0-45
0-44
0-43

3; 9
10; 11; 13; 18; 24
5; 7
20; 21
22

Frequency groups

their observed effects. The critical bands 2-11, 13-14, 18, 20-21 and 24 did not
appear to influence anteroposterior stability (group ‘d ’ in table 4), bands 15-17,
however, had the greatest destabihzing effect, while the bands 12, 19, 23 had a
stabilizing effect (figure 3).
3.2.1. Vision: Visual feedback has a significant stabilizing effect on all anteroposterior
com ponents o f sway {p < 0-001). The interaction of vision and frequency for Ym
{p < 0-001) is shown in figure 4, from which it is apparent that for specific critical
bands (5, 13, 14, 18, 24) the visual inform ation is more im portant for the antero
posterior sway stability (p < 0-01). W hen exposed to frequencies corresponding to
these specific critical bands with their eyes open subjects were m ost stable, while with
their eyes closed they were least stable. However, there are some critical band
frequencies (12, 17) where the magnitude of anteroposterior sway is similar regardless
o f visual feedback, while for bands 15 and 16 there was an unexpected increase of the
anteroposterior sway with eyes open and a decrease with eyes closed (significant at
only p < 0-1). Visual feedback does n ot always interact with the critical band
frequency in the same way, to improve stabihty, and there would appear to be critical
band frequencies th at override the influence of vision.
3.2.2. Loudness: The loudness o f the sound did not influence postural sway behaviour
in the anteroposterior direction.
3.3. Mediolateral sway
N either critical band frequency nor visual feedback had any significant effect on
mediolateral sway behaviour for either o f the two loudness levels used in this study.
However, m ediolateral sway tended to be greater at the 90 phones loudness level than
a t 70 phones level {p < 0-025). W ith the exception o f critical bands 8 and 11, 90
phones loudness causes consistently greater sway magnitudes than does the 70 phones
loudness across the entire range o f frequencies (figure 5).
A significant {p < 0-05) three-way interaction was observed between vision,
loudness and critical band frequency, with some com binations of these variables
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Figure 3.

The effect of the critical band frequency on the mean movement o f the centre of
pressure in the anteroposterior direction (Ym).

differentiating the main effect of each factor. For example, while visual feedback by
itself has no influence on mediolateral sway magnitude, when combined with loudness
and critical band frequency it does have an effect. The magnitude of mediolateral
sway was observed to vary between 0 33 and 046 cm with various combinations of
vision, loudness and critical band frequency.
3.4. Length o f the sw a y path , velocity o f m ovem en t and area o f sw a y
Neither critical band frequency nor loudness as main factors had any influence on any
of these above parameters, but vision did have a significant {p < 0 001) stabilizing
effect across the critical band frequencies, as shown in figure 6 for the length of the
sway path. The magnitude of the change in sway path length (eyes closed minus eyes
open) appears to depend on critical band frequency; for example for critical band 22
the difference is 14*53 cm, while for critical band 11 it is only 2*35 cm.
A significant {p < 0 05) three-way interaction between vision, loudness and
critical band frequency was also observed. Figure 6 shows the similarity between
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Figure 4. The interaction o f vision and critical band frequency on the mean movement o f the
centre o f pressure in the anteroposterior direction (Ym). The average measurements with
eyes closed (EC) and eyes open (EO) and the average baseline (B) measurements are
presented.

the sway p a th length w ith vision fo r the tw o loudness levels, an d sim ilarly w ith o u t
vision suggesting th a t vision is th e m a jo r influencing facto r.
3.5. O th er sw a y com pon en ts
N eith er vision, loudness n o r critical b an d frequency h ad an y significant effect on an y
o f the o th e r calcu lated p o stu ra l sw ay p aram eters (table 3).

4.

Discussion

T h e results fro m this ex p erim en t suggest th a t th e w ay in w hich au d ito ry stim u latio n
an d visual feedback are perceived an d in terp reted , as observed by changes in p o stu ral
sw ay b eh av io u r, are n o t in d ep en d en t. It is clear fro m th e d a ta presen ted th a t visual
feedback does n o t alw ays o v errid e o th e r sensory m o d alities in the c o n tro l an d
m a in ten a n ce o f balance. C ertain critical b an d frequencies, in asso ciatio n w ith
loudness, a p p e a r to co m p en sa te fo r the lack o f visual feedback w hile stan d in g .
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Figure 5. The interaction o f loudness (LI: 80 phones and L2: 90 phones) and critical band
frequency on the mean movement o f the centre o f pressure in the mediolateral direction
(Xm).

Sim ilarly, som e c o m b in a tio n s o f loss o f visual feedback a n d a u d ito ry stim u latio n
have a m o re d estab ilizin g effect th a n m ig h t be expected fro m loss o f visual feed b ack
alone.
M arm e-K arelse a n d Bles (1977) w ere o f th e o p in io n th a t visual in fo rm a tio n w as
o f m o re im p o rtan ce th a n th a t fro m th e a u d ito ry system , su p p o rtin g th e ir a rg u m e n t
w ith the fact th a t th e reference fram e in everyday life is m ain ly visually d eterm in ed
w ith a u d ito ry in fo rm a tio n being su p p lem en tary . T h a t vision p ro v id es an im p o rta n t
source o f feed b ack is n o t q u estio n ed . H ow ever, it is also a p p a re n t th a t th e a u d ito ry
e n v iro n m e n t plays an im p o rta n t role in th e m a in ten a n ce o f b alan ce; this role is n o t in
term s o f p ro v id in g feed b ack , b u t m o re in rela tio n to being e ith er a stab ilizin g o r
d estab ilizin g influence. It is clear th a t in som e c o m b in a tio n s o f visual feedback an d
a u d ito ry p re se n ta tio n th e a u d ito ry stim uli o v errid e th e stab ilizin g influence p ro v id ed
by visual feedback. T h ese findings su p p o rt th o se o f R a p e r an d S oam es (1991), b u t
identify p a rtic u la r critical b a n d freq u en cies th a t h av e a d estab ilizin g effect, as well as
th o se th a t have a p o te n tially stab ilizin g influence.
W hy critical b a n d freq u en cy sh o u ld h av e a m a jo r influence on a n te ro p o ste rio r
sw ay an d lo u d n ess on m e d io lateral sw ay is u nclear. It has been suggested by som e
(K a p te y n 1973) th a t a n te ro p o s te rio r sw ay o ccu rs a b o u t th e an k le jo in t w hile
m e d io lateral sw ay is c o n tro lle d a t th e h ip , th ereb y im plying th a t different strateg ies
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Figure 6. The interaction o f vision (EO; eyes open and EC: eyes closed), loudness (LI: 70
phones and L2: 90 phones) and critical band frequency on the length o f the sway path. B:
the average baseline measurements.

are em ployed in th e c o n tro l o f m o v em en t in each o f these d irectio n s. Bensel e t al.
(1968), using 70 a n d 90 dB S P L a t 1000 H z, h ad earlier suggested th a t th e am p litu d e o f
m ed io lateral sw ay is m o re in d icativ e o f b alan ce ab ility w hen co m p a rin g subjects th a n
is a n te ro p o ste rio r sway. In th e p resen t stu d y w hile lo u d n ess (fo r X s, X m p < 0-025)
a n d possibly freq u en cy (fo r X m ax p < 0-05) influenced m e d io la te ra l sw ay, vision did
n o t. T his finding suggests th a t th e a u d ito ry system is m o re d o m in a n t th a n th e visual
in m a in ta in in g b alan ce in th e m e d io lateral d irectio n .
C ritical b a n d freq u en cy p ro v ed to be a significant fa c to r in th e reg u la tio n o f the
a n te ro p o ste rio r sw ay (Y s, Y m ). In a d d itio n it w as fo u n d th a t freq u en cy in teracts
stro n g ly w ith vision fo r b o th Y s an d Y m , th ereb y revealing its im p o rta n c e in the
reg u la tio n o f a n te ro p o ste rio r sway. T his frequency resp o n se selectivity suggests th a t
the p o s tu ra l re a d ju stm e n t to th e so u n d is n o t sim ply d u e to a startle reactio n .
T he frequen cy ran g e 1000 to 1500 H z h a d been suggested as being sensitive fo r
stim u latio n o f th e v estib u lar system (A des 1953), an d h as co n seq u en tly been used as a
stim u lu s frequen cy in several stu d ies (von Békésy a n d R o sen b lith 1951, Bensel e t al.
1968, H a rris 1972, V an d erh ei an d L o eb 1976). A cco rd in g to H a rris (1972) asy m m e
trical tones o f 1000 H z p resen ted in term itten tly a t in ten sities betw een 65 a n d 105 dB
resu lt in p o o r p e rfo rm a n ce in b alan cin g tasks; an d a t 120 dB p ro d u c e sm all reflexive
h ead m ovem ents o f th e o rd e r o f a m illim etre o r less as re p o rte d earlier by v o n Békésy
a n d R o sen b lith (1951). K w ee (1976) h as also suggested th a t th e m o st effective so u n d
fo r the o ccurren ce o f th e T u llio p h en o m en o n is 600 H z w ith an in ten sity o f 110 to
130dB . O n th e o th e r h a n d D ieterich e t al. (1989), using v ario u s frequencies betw een
220 an d 990 H z, fo u n d th a t th e frequency cau sin g m ax im al effects o n a p a tie n t w ith
o to lith T ullio p h en o m e n o n w as 480 ± 2 0 H z w ith an in ten sity ab o v e the stap ed iu s
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reflex (i.e. 95 dB A ). W h en th e sam e stim uli w ere used o n h ealth y subjects, n o effect on
the p o s tu ra l stability w as fo u n d .
In th e p resen t stu d y it is clear th a t th e critical b an d s 2 to 11 (frequency ran g e 100
to 1480 H z) have n o effect o n th e reg u latio n o f a n te ro p o ste rio r sw ay in h ealthy
subjects (table 4), w ith th e critical b a n d s tending to cause large an tero p o sterio r
dev iatio n s being 15 to 17 (frequency ran g e 2320 to 3700 H z). W ith in this la tte r range
the e a r is extrem ely sensitive w ith th e th resh o ld fo r h earin g b eing exceeded a t
rem a rk ab ly low so u n d p ressu re levels.
F igures 3 to 6 show th a t a n te ro p o ste rio r sway m a g n itu d e a n d sw ay p a th length
fluctuate eith er side o f th e baseline values d ep en d in g o n th e critical b a n d frequency.
H ow ever, m ed io lateral sw ay m ag n itu d es are suppressed co m p ared w ith th e baseline
values across all critical b a n d frequencies (figure 5). I t can b e arg u ed th a t a b ilateral
so u n d p resen ta tio n is n o t eq u iv alen t to a n o n -d irec tio n a l so u n d w ith subjects
a ttem p tin g to rem ain cen trally w ithin th e so u n d field, th e re b y leading to reduced
m ed io lateral sway m ag n itu d es; o th e r sw ay p aram eters w o u ld n o t be influenced by
this reac tio n an d co u ld th erefo re show decreases o r increases in value. Bensel e t al.
(1968) observed la teral sw ay su p p ressio n w ith a 1000 H z to n e a t 70 dB in agreem ent
w ith th e earlier findings o f F e rn a ld a n d M o o re (1966). Ish izak i e t al. (1991a, b) using
low er so u n d frequencies th a n th o se u sed in this stu d y (2 5 -6 3 H z), b u t a t 1 3 0 -1 3 2 d B
SPL, re p o rte d a decrease in sw ay velocity o f h ealth y subjects th ro u g h a n alerting
response. Bensel e t al. (1968) also observed a tendency fo r in creased an te ro p o ste rio r
sway w ith 70 dB , w hich w as m o re p ro n o u n c e d a t 90 dB a t th e sam e 1000 H z
frequency. It w o u ld ap p ear, th erefo re, th a t th e red u ced m e d io lateral sw ay m ag n i
tu d e w as a real o b serv atio n a n d n o t m erely an arte fa c t o f th e experim ental
pro ced u re.
T h e results fu rth e r suggest th a t som e sway p aram eters m a y be rep resen tativ e o f
p a rtic u la r reg u lato ry system s o r subsystem s, such as th e visual a n d a u d ito ry system s,
a n d th erefo re be used as ‘sig n atu res’ th a t co uld be used to m o n ito r th e efficiency o f
these system s in h ealth an d disease. F o r exam ple, th e p re se n ta tio n o f so u n d stim uli in
the a p p ro p ria te frequency ran g e co u ld possibly ‘d riv e’ o r ‘su p p ress’ p o stu ra l sway
beh av io u r. F u rth e rm o re , th e p o ssibility o f being able to ‘d riv e’ p o stu ra l sway,
to g e th er w ith th e fact th a t vision a n d so u n d in teract, m ay have im p o rta n t im phcatio n s in the in d u strial en v iro n m en t w ith respect to th e o ccu rren ce o f accidents. The
d a ta presen ted in th e p resen t stu d y show s th a t th e m o d e o f this in teractio n , a n d the
resulting o utcom e, is d ep en d e n t o n n o t only th e critical b a n d frequency b u t also the
lyudness o f th e so u n d . E q u ally as im p o rta n t w ill be th e n a tu re o f visual feedback in
the in d u strial en v iro n m en t. P erh ap s a tte n tio n sh o u ld be p a id to th e occurrence o f
repetitive so u n d s w ith in th e frequency ranges observed as h av in g a destabihzing
influence o n b alan ce b eh av io u r. T h e possibility o f ‘m ask in g ’ d eleterious critical b an d
frequencies w ith so u n d s o f o th e r frequencies co uld be exp lo red as a w ay o f over
com ing this pro b lem .
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Appendix. Critical bands spanning the audible frequency range. (Modified from
S c h a r f, B. 1970, Foundations o f Modern Auditory Theory, vol. 1, Academic,
New York)

Critical band

Lower cutoff
frequency (Hz)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

20
100
200
300
400
510
630
770
920
1080
1270
1480
1720
2000
2320
2700
3150
3700
4400
5300
6400
7700
9500
12000
15500
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Upper cutoff
frequency (Hz)
100
200
300
400
510 ,
630
770
920
1080
1270
1480
1720
2000 „
2320
2700
3150
3700
4400
5300
6400
7700
9500
12000
15500
20000

Geometric mean

Bandwidth (Hz)

45
141
245
346
457
567
696
842
997
1171
1371
1595
1855
2154
2503
2916
3414
4035
4829
5824
7020
8553
10677
13638
17607

80
100
100
100
110
120
140
150
160
190
210
240
280
320
380
450
550
700
900
1100
1300
1800
2500
3500
4500
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THE INFLUENCE OF HYPERVENTILATION ON POSTURAL SWAY
Vasiliki SAKELLARI and Adolfo BRONSTEIN.
MRC Human Movement and Balance Unit, National Hospital, Queen Square, London
WCIN 3BG. British Society of Audiology News 1995, 15:8,
Hyperventilation (HV) can produce or aggravate symptoms suggestive of vestibular
dysfunction. However, the effects of HV on balance control have not been studied in any
detail. In this paper, body sway was measured with a force platform and expressed as the
mean distance travelled by the centre of foot pressure during 30 s recording intervals.
Measurements were obtained with eyes open, closed, both standing directly on the
platform and on foam-rubber in different sized groups of normal subjects (n = 5 to 7).
Carbon dioxide tension (CO ) was measured transcutaneously with surface electrodes.
2

HV increased body sway under all test conditions but the largest and most
consistent increase occurred when subjects were standing directly on the platform surface
with their eyes closed. Recordings at intervals of HV of 30, 60 and 90 s showed that
although CO levels continued to decline at such intervals, body sway did not increase
2

further. The relationship between CO levels and degree of unsteadiness is therefore not
2

linear. Recordings obtained after active, vigorous head movements in pitch (’yes-yes’)
and after raising from a stool indicated that the HV effect persisted to a similar degree to
that observed during static recordings.
An attempt was made to identify if the source of HV-induced unsteadiness was the
decreased sensory information from the lower limbs by measuring vibration perception
thresholds at the ankles. Although subjects’ responses became less consistent under HV,
no constant change in thresholds was induced in ten subjects tested.
Preliminary data from five patients with bilateral absence of vestibular function
(documented with conventional caloric and rotational responses) suggest that the effects
of HV on body sway can be observed in the absence of peripheral vestibular function.
This preliminary study indicates that HV has a measurable effect on postural sway;
thus the dizziness reported in patients with HV syndrome may be partly due to the
objective unsteadiness. The data from the vestibular patients suggest that HV effects on
sway in the main are not mediated by the labyrinth.

This observation agrees with

previous studies showing that HV has multiple effects at central and peripheral levels of
the nervous system.
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TA SaMATAIZ0HTIKA AYNAMIKA ZTHN EPMHNEIA THE APAEHE TOY
YHEPAEPIEMOY ETHN AN0PQI1INH lEOPPOmA
EaicG^Mpri B, Bronstein A, Jones SJ,
MRC Human Movement and Balance Unit, National Hospital for Neurology and
Neurosurgery, Queen Sq, London.
Abstract of the Xth congress of the Greek Neuroscientists, Metsovo, 1995.
O üTcepctepiaixôç (YA) Tcapdyei f| eviaxuei augTT'aDgaxa evôsiKTiicd yia XT|
ôüaXsiToupyia

to o

ai0 o u aaio u auGTfjpaxoç. UapoA-a auxd

'CTjç laoppoTuaç ôev G%Gi péxpi axiypfiç

pgXgxti0 gî.

t|

87riôpaaT| xou axov
Mg xrj %pf|GT| piaç

PiopîixotviKfiç 7[^ax(|)6ppag laoppom aç pGXGxfiaagG xqv xaAdvxGuarj xou oépaxoç
axTjv ôp0ia axdaTi
a x a Tiôôia.

Ci

ôtccoç auxfj

Kaxaypd(|)Gxai aTi’xrj Ôiaôpopf| xou KGVxpou TrÎGcyTjç

pGxpf|aGiç éyivav gG gdxia av o r/x d

axôgcov (N = 5 GQç 7)

kœi

gg

kœi

KÀGiaxd

gg

ogdÔGç uyGiôv

aa0GVGiç gG ag(|)0XGpÔ7cX8upr| aTcmÀGia xou

ai0ouG aiou GUGxf|gaxoç (N = 6).

H xdaq xou ôio^Giôiou xou dv0paKa

Kaxaypa(|)ôxav ôiaÔGpgaxiKd gG xq xpqaq G7Ci(|)avGiaKou qXGKxpoôiou. Au^qgGvrj
xaAdvxGuaq 7rapaxqpf|0qKG

gg

ôlGg xiç G^Gxa^ôgGVGç Guv0f|KGç.

H ô p d aq xou YA g8X£xf|0qKG xauxôxpova a x a 7TGpi(|)Gpiicd ôuvagiKd GVGpyGiaç
(SAPs) KŒi Gxa GQgaxaiG0qxim ôuvagixd (SSEPs) ôtccoç auxd Kaxaypd(|)qKav gxo
Kpavîo, gGXd ŒTCÔ GpG0lGgÔ XOU yŒGxpoKvqgiou VGUpOU, GVÔÇ KŒ0apd aiG0qXlKOU
VGUpou. Ta SSEPs Kai xa SAPs icaxaypd(|)qKav TCpiv, Kaxd xq ôidpKGia Kai Gxqv
TCGpioÔo avdppcDGqç gGxd xov g0gX,ovxik6 YA.

ExaxiGXiKd aqgavxiKq gGicoaq

(p<0.05) Tcapaxqpf|0qKG gxo TcAdxoç xcov SSEPs gv© avxî0Gxa GqgGUD0qKG xdaq
aù ^ q a q ç xou TcAdxouç x©v SAPs. K ai gxiç

Ôu o

TCGpiTcxcoGGiç q aTCÔK^iaq aTcô xiç

gGxpqGGiç GÀGyxou Tcpiv xov YA GTcavj/G v a UTcdpxsi gxo xgX,oç xqç avappcoxucqç
TCGpiÔÔOU.
T a aTcoxG^Ggaxa xqç TcapaTidv© geXêxqç

Ô g ix v o u v

gGxpqaigq GTUôpaaq Gxqv iGOppOTCÎa.

xqv G^Gxaaq x®v aG0GV©v gG aTROÀGia

A tc ô

ôxi o YA éxsi avxiKGigGViKd

xou ai0ouG aiou GUGxqgaxoç GUgTCGpcttVGxai ôxi q ôpdaq auxq
Kupi©ç gGG® xou Àapupiv0ou.

Eg

ôg

pu0gîÇGxai

GUg(j)©vîa gG TCpoqyougGVGç gG>éxGç ôiac|)aîvGxai

ôxi o YA Gxsi 7ioA,Xa7cA,Gç GTCiôpdGGiç

GG

KGVxpiKd Kai 7C8pi(|)8piKd G qg^a xou

VGupiKou GUGxqgaxoç. riapôA-a auxd TCGpiGGÔXGpo KGVxpiKq Tcapd 7C8pi(|)GpiKq
a7COÔGix0qKG q ôpdaq xou.
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V. Sakellari, A.M. Bronstein, S. Coma and SJ. Jones
MRC Human Movement and Balance Unit, National Hospital, Queen Square, London
W CIN 3BG.
Eur J Neurol Suppl 1996, 3(2);45.
Hyperventilation-induced unsteadiness
Patients with the hyperventilation (HV) syndrome report confusion, anxiety as well as
dizziness and tingling sensations. Notably, HV may interfere with the rehabilitation of
patients with vestibular disorders. Whether HV actually induces unsteadiness, and if so
by what mechanism, is however not known.
In this study, body sway was recorded in groups of healthy subjects (n= 6 to 9)
immediately after voluntary HV. COj tension was measured transcutaneously with skin
surface electrodes. HV significantly increased sway area and mean and maximal sway
deviations, without significant increase in sway velocity. In agreement, Fourier analysis
showed increased sway oscillations at low frequencies.
The mechanism of the unsteadiness was further investigated. A similar tendency for
increased low frequency oscillations was observed in 9 patients with bilateral absence of
vestibular function, suggestive that the HV effects are, in the main, not mediated by the
labyrinth. This was further supported by the finding that click-evoked vestibulo-collic
responses in 6 normal subjects were unchanged by HV. Recordings of the somatosensory
evoked responses (n = 6) after electrical stimulation of the sural nerve showed reduction
of the cortical and a tendency for increase in the amplitude of the peripheral compound
action potentials.
We conclude that HV actually induces unsteadiness and that this is partly due to the effect
of hypocapnia on the somatosensory system.
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Reorientation of visually evoked postural responses
by different eye-in-orbit and head-on-trunk angular positions

Received: 16 January 1996/Accepted: 1 May 1996

Abstract We examined the question o f whether the po This has been demonstrated with experiments in which
sition o f the eyes in the head and o f the head on the trunk the visual surroundings are experimentally moved. Thus,
influence the direction o f visually elicited postural reac rotatory motion in the frontal plane (roll-motion) in a
tions. Normal subjects stood on a force platform viewing clockwise direction or a linear optokinetic stimuli to the
a large disc, rotating in the roll plane, always maintained right induce postural tilt to the right (Dichgans et al.
orthogonal to the line o f sight. The disc was presented at 1975; Clément et al. 1985; Bronstein 1986). It is accept
0°, 30“ and 90® to the right or left with respect to the ed that these experimentally induced postural movements
mid-frontal plane o f the subject’s body and was viewed are in response to a visually mediated sense o f self-m o
with various combinations o f horizontal eye-in-orbit and tion or tilt (Dichgans et al. 1972). Such “illusion” need
head-on-trunk deviations. It was found that the main di not be consciously perceived, since studies have shown
rection o f body sway was always reoriented to be paral that postural responses occur well before any vection il
lel to the disc (e.g. viewing the disc at 30® oriented sway lusion is reported (Previc and Mullen 1991) or with sub
responses at a mean angle o f 33®). The largest sway re jects unaware as to the cause of their unsteadiness (Lee
sponses were obtained when the disc was parallel to the and Lishman 1975).
In everyday life, the usual source o f large-field visual
sagittal plane o f the body and was viewed with an ipsilateral eye-neck deviation totalling 90® (head-on-trunk motion is motion of the subject. In this way, if one sways
60®-t-eye-in-orbit 30®). When eye and head deviations to the right whilst looking straight ahead onto a flat sur
cancelled each other (i.e. eye-in-orbit +30® combined face such as wall, the optic flow is towards the left o f the
with head-on-trunk -30®), directional effects on sway subject. Since this optic flow generates a postural re
also cancelled each other out. This result demonstrates sponse towards the left, visually evoked postural re
that signals o f eye-in-orbit and head-on-trunk position sponses clearly contribute to regaining uprightness when
have the capability to redirect visuo-motor commands to generated in response to self-motion in a visually stable
the appropriate postural muscles. This allows vision to environment. There are, however, instances in which this
regulate postural balance whatever the position o f the co-directionality between retinal im age flow and body
eyes in space. We speculate that this function is mediated sway is altered, but postural reactions in such conditions
by eye and neck proprioceptive signals (or alternatively do not seem to have been studied.
Imagine someone standing upright in a room, with
by efference copy) with access to gain control mecha
eyes and head in straight-ahead position, fixating a pic
nisms in the visuo-postural system.
ture on a wall and swaying in the frontal plane (Fig. 1,
K ey words Posture • Proprioception • Ocular - Visual •
left). In this instance, right-left body sw ay induces co-diSpatial orientation • Human
rectional optic flow. If the subject turned his body to the
right 90® whilst maintaining fixation on the same picture
(e.g. by deviating the head 60® and the eyes 30®, both to
Introduction
the left or the head alone 90®), right-left optic flow will
Vision controls balance by generating postural reactions
that are direction-specific to the visual motion stimuli.
C. J. Wolsley • V. Sakellari • A. M. Bronstein (E )
MRC Human Movement and Balance Unit,
Institute of Neurology, National Hospital for Neurology and
Neurosurgery, Queen Square, London WCIN 3BG, UK;
Fax:-h44-171-837-7281
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now indicate body sway not in the frontal but in the sag
ittal (antero-posterior) plane (Fig. 1, right). In spite o f
this lack o f correspondence between retinal and body co
ordinates, one would still expect vision to maintain con
trol o f postural balance. One possibility is that signals in
dicating the position o f the eyes in the orbit and the head
on the trunk are able to re-direct visuo-postural reacMs.
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Fig. 1 Left A subject swaying
in the right-left direction {thick
arrow) whilst looking at sta
tionary objects with eyes and
head straight ahead experiences
self-generated visual motion in
the left-right direction {dashed
arrow). Right This co-planarity
between body sway and visuoretinal motion is altered when
eyes and/or head are deviated.
In the case illustrated antero
posterior (sagittal plane), body
sway will generate left-right
(frontal plane) visuo-retinal
motion

Visual motion R-L

Body sway R-L

tions, effectively compensating for any lack o f alignment
between retinal and body co-ordinates. In this way, iden
tical retinal image flow should be able to activate differ
ent (i.e. the most appropriate) sets of postural muscles
according to the direction in which the eyes and head are
pointing in space. This is the question examined in this
paper. The technique used was that of inducing postural
responses by frontal (roll) plane visual motion in various
combinations o f eye-in-orbit and head-on-trunk posi
tions.

Materials and methods
Twelve normal subjects aged between 19 and 40 years took part in
the experiment after giving their informed consent. They were giv
en the instruction to stand relaxed and fixate on the centre of a
184-cm-diameter disc with coloured spots of different sizes ran
domly distributed over its surface. It was kept at a fixed distance
of 40 cm in front of the subject, covering most of their visual field
(133°). The disc could be set in one of three positions; straight
ahead 0°, and displaced around an arc either 30° clockwise or anti
clockwise from 0°. This allowed various combinations of head and
eye turn to be considered, while the line of sight (i.e. gaze: eye po
sition in space) remained orthogonal to the disc face. In total, nine
conditions were looked at: straight ahead (0°) and four to each
side. The latter were eyes 30° (E30), head 30° (H30), eyes
30°+head 60° (E+H=90) and eyes 30°-head 30° (E-H=0).
For each of these conditions j^were requested to stand up
right, relax and maintain fixation on a black spot at the centre of
the disc. A 100-s recording was then made consisting of three con
secutive parts; first, a baseline of sway recorded with subjects
looking at the centre of the static disc for 15 s. Then, within 2 s
the disc was accelerated clockwise to a constant angular velocity
of 50°/s and maintained for a further 70 s, before being stopped to
record the final 15 s.
Each subject observed the stimulus in the primary position
(eyes centre, head centre) and four other orientations. Therefore
we have recordings from twelve subjects in the primary condition
and six for each of the remaining eight conditions. The choice of
which subject took which condition was random. Adaptation was
avoided by limiting each subject to just five stimuli and giving
1-2 min break between them.

Visual motion R-L

Body sway A-P

Subjects stood on a force platform which measured the dis
placement of the centre of foot pressure in the lateral and anteriorposterior (AP) direction. They stood barefoot on marks placed
16 cm q)art, across the centre of the platform. In four subjects lat
eral and AP body sway was recorded, in addition to the force plat
form, with a three-dimensional (3-D) magnetic search coil system
(Polhemus 3space fastrak) attached to the skin at vertebra C7. The
signals were sampled at 250 Hz, digitally low-pass filtered (2nd
order) at 5 Hz and arithmetically normalized to represent the force
exerted by a 70-kg mass, thus taking into account the individual
subject weight. Lateral compared with AP displacements were
plotted and a linear regression was fitted to give the vector of dis
placement of foot pressure across the surface of the platform
{Y=aXi-b where T=AP, %=lateral sway, except when sway was
mainly in AP (conditions E+H=±90) and X,Y were exchanged).
Lateral and AP deviations before disc rotation (i.e. baseline sway)
were given a value of zero in order to normalize them to the centre
of the platform for illustration purposes. The results of different
subjects undergoing the same conditions were averaged around the
onset of disc rotation to enable comparisons for each orientation
of the eyes and head. In addition to this main, directional analysis
of body sway, Fourier analysis of each subject’s sway was per
formed and then amaan/piade for the group.

d V

Results
Figure 2 shows averaged sway platform traces from all
subjects, with standard deviations, during two extreme
positions of the disc [NB: raw recordings from a single
subject tested appeared in conference proceedings (Bron
stein 1994)]. The top diagram illustrates the clockwise
rotating disc; on the left viewed with eyes and head in
the straight position and on the right viewed in the -30®
eyes, -60° head deviation (E-»-H=90). It can be seen that,
in the former, the main body tilt response occurred from
left to right, whilst, in the latter, the body tilted anterior
ly.
Figure 3 illustrates averaged data from all subjects
during representative eye and neck deviations. The data
were analyzed by averaging over 5-s intervals and the
whole 100-s recording displayed as an X-Y plot. Each
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Fig. 2 Averaged sway platform recordings with standard devia
tions during viewing of the clockwise rotating disc with eyes and
head straight ahead (left) or with gaze deviation of 90° (right).
Note main sway deviation to the right in the former and forwards
in the latter

turning point in the illustration represents such 5-s inter
vals, the first three points (15 s) depicting the baseline
whilst the subject is looking at the static disc. It can be
seen that, when the disc began to move, the subjects
swayed within the next 20 s to an “equilibrium” position,
where they remained until the stimulus was stopped. The
main direction of sway was reoriented in all cases ac
cording to the position o f the disc. After stopping disc
rotation, a quick return to the starting position was ob
served (last three turning points).
A summary of results is found in Fig. 4, showing the
regression lines represented as vectors, fitting the data o f
all subjects. The angles o f these lines indicate the main
direction o f sway and its length the relative amplitude of
sway. In every combination o f eyes and head deviation
the main direction o f the visually evoked postural reac
tion was shifted to maintain a sway path parallel to the
plane o f disc rotation, orthogonal to the line o f sight. A
large-amplitude sway, almost purely in AP, was seen in
both cases of eye deviation combined with ipsilateral
head turn (Figs. 3, 4). The combined deviations, which
cancelled each other out, (e.g. -3 0 ° eyes combined with
+30° head) produced no change in the main direction of
sway. There was a trend for responses incorporating a

t

t

forwards-moving component to be larger than those
moving backwards.
The direction of sway and the orientation o f the disc
were always closely aligned (the difference between
mean angle o f sway and the plane o f the disc was 6.8°
SD 3.1°, Fig. 4). The individual variability ranged from
almost no sway in response to the rotating disc to sway
vectors 40° more than the mean angle. The 95% confi
dence limits when predicting an individual Y for any X
from the regression lines were, on average, ±0.49 cm
(SD 0.1 cm).
Power spectra of individual subject’s sway showed
frequencies mainly below 1 Hz. The rotating disc pro
duced little change in the frequency content but an in
crease (10 dB) in the amplitude o f all frequencies, particulary around 0.1-0.3 Hz. A comparison o f the Fourier
transform for the two conditions shown in Fig. 1 indicat
ed that the frequency content was similar for both lateral
and AP axes o f sway.
Recordings obtained with the Polhemus 3space fas
trak were similar in direction and amplitude to those ob
tained with the sway platform, but were dominated by
lower frequencies of the spectrum (below 0.5 Hz).
Subjects reported that when the disc began rotating an
illusion of self-rotation in the opposite direction of disc
motion (circular-vection) was present, which developed
within a few seconds for some subjects and was delayed
by up to 30 s in others. This illusion was usually sus
tained for the duration of disc rotation but did fluctuate
in some subjects. In the head/eye deviated positions, sub-
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Fig. 3 Averaged sway platform
recordings whilst viewing the
clockwise rotating disc in the
straight-ahead and left-sided
positions. Each turning point
represents 5-s data. During the
first 15 s {open circles) and the
last 15 s the disc was stationary
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jects reported that they felt their bodies rotating in differ
ent planes. In particular, while viewing the disc parallel
to the body (E-f-H=90 positions), they experienced an il
lusion that their body was turning in the sagittal, pitch
plane, even though visual stimulation was in frontal
(roll) retinal co-ordinates.

Discussion
Vision is capable o f modulating postural reactions of
vestibular or proprioceptive origin (Nashner and Berthoz
1978; Wicke and Oman 1982; Allum and Pfaltz 1985;
Timmann et al. 1994). Several studies have also shown
that visual motion stimuli can independently generate
postural reactions (Dichgans et al. 1975; Lee and Lish

EYE -30° . NECK -60°

man 1975; Lestienne et al. 1977; Bles et al. 1983;
Clément et al. 1985; Bronstein 1986; Dietz et al. 1994).
Two basic types o f stimuli have been used in these latter
studies. Long-lasting stimuli (usually at constant, high
velocities) elicit sustained postural responses (Dichgans
et al. 1975; Lestienne et al. 1977; Clément et al. 1985),
which are likely to represent the visual contribution to
postural adjustments in response to long-range, vehicular
or locomotor displacements. Studies using transient or
oscillatory, low-velocity stimuli are more likely to probe
visuo-motor mechanisms controlling spontaneous body
sway (Lee and Lishman 1975; Bronstein 1986).
Whilst these studies have stressed the importance of
visuo-postural control in man, a common ingredient in
all o f them has been the instruction to the experimental
group o f subjects to look straight ahead. In our experi
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EYE -30°

HEAD -30

EYE .30°
HEAD +30°
EYE -30°
HEAD -60°

EYE +30°

HEAD +30°

Fig. 4 Summary of results. Each test position is named (e.g. EYE
-30°) and indicated with a schematic drawing. Arrows represent
the main vector of the visually elicited sway response, obtained by
a linear regression procedure of the averaged AP versus lateral
sway for all the subjects. The length of the vectors is proportional
to the size of the response, and the angular direction of the vectors
is normalized with respect to the straight-head sway response

ments we used different combinations of eye and head
deviations and the results essentially show that the main
direction of visually induced sway always was in the
plane of motion of the stimulus. If the disc was posi
tioned at an angle o f 30° or 90° with respect to the sagit
tal plane o f the body, the major sway vector rotated so to
be in line with the stimulus.
Since in all experimental positions the retina received
an identical pattern of stimulation, the findings show that
signals indicating the position of the eye in the orbit and
of the head on the trunk are capable o f redirecting visu
ally evoked postural responses. In order to interpret the
functional significance o f these findings, it should be
borne in mind that in normal circumstances full-field vi
sual motion occurs not as a result of external visual stim
uli but as a result o f self-motion. Rightwards or clock
wise visual motion, which normally signals leftwards or
anticlockwise head motion, induce a postural response in
the same direction o f visual motion, i.e. to the right. In
normal conditions such a response would be compensa
tory, providing stability o f the subject with respect to the
surrounding visual environment. Our results, demonstrat
ing reorientation o f the direction o f the sway response as
a function o f gaze angle, indicate that visuo-motor mech
anisms provide appropriate postural adjustments what
ever the position of the eyes in the head and of the head
on the trunk. This is an obvious advantage for the indi

EYE +30°
HEAD -30°

EYE +30°
HEAD +60°

vidual, as he/she can use “focal vision” to examine de
tailed aspects o f the environment, located in any angular
position with respect to him/herself, whilst more auto
matic, subconscious visuo-motor processes deal with any
necessary postural adjustments.
The re-alignment o f sway responses observed can on
ly result from variable activation o f postural muscles at
the different gaze deviations examined. Thus, the find
ings imply that the link between retinal information and
postural muscles is extremely plastic. In particular, sig
nals coding eye-in-orbit and head-on-trunk position re
route visuo-postural information so that the appropriate
muscles are activated. In broader terms, the findings im
ply that eye-in-orbit and head-on-trunk position informa
tion signals have access to the central processors in
charge o f the spatial distribution and gain control of pos
tural electromyographic activity. This gain control pro
cess is particularly active in visuo-postural mechanisms,
as it is known that postural movements elicited by m o
tion of visual scenes can be either suppressed or en
hanced according to the availability of reliable vestibulo/proprioceptive cues (Bles et al. 1983; Bronstein 1986).
In the experiments it did not matter if the change in
gaze angle was obtained by eye or neck deviations, alone
or combined. The relative strength of eye-in-orbit or
head-on-trunk signals seemed the same, since eye and
neck deviations o f equal magnitude but opposite sign
(i.e. neck -30°; eye 4-30°) produced no realignment o f
the main sway direction. The only preferential effect o f
eye/neck deviations observed was on the magnitude o f
sway when the rotating disc was placed parallel to the
sagittal plane of the body and viewed with a combination
o f eyes 30°, neck 60° deviation. The larger sway induced
in this position is, however, most likely to be related to
general characteristics o f the postural system, including

228

641/6
larger mobilily of ankle and hip joints in the sagittal than
other planes, since normal and pathological sway is usu
ally predominant in the sagittal plane (Diener et al.
1984). The same applies to the preponderance of for
wards against backwards sway.
A comment is warranted as to the origin of the signals
coding eye-in-orbit and head-on-trunk position. Since in
the experiments the ocular and cervical deviations were
obtained by voluntary movements, a role for “efference
copy” or even cognitive knowledge of oculo-cervical po
sition cannot be ruled out. Presumably, however, these
experiments have identified a general property of the
postural system and one would expect that eye and neck
deviations continue to be registered and taken into ac
count when producing visuo-postural responses, even
when such oculo-cervical deviations occur during reflex
or passive head/eye movements. We would therefore
speculate that the eye-in-orbit and head-on-trunk posi
tion signals underlying the findings are monitored by
proprioception rather than by cognitive or efferent copy
mechanisms. This would be in agreement with reports of
directionally coded postural responses elicited by extra
ocular muscle vibration, thought to be due to propriocep
tive stimulation (Roll et al. 1989). It is also compatible
with the finding that neck afferents are the main source
of information used by human subjects to estimate headtrunk horizontal angular position, regardless of whether
the change in the alignment of the head with respect to
the trunk arises by passive or active head movement or
by passive trunk motion (Nakamura and Bronstein
1995). Thus, the view that eye and neck proprioceptive
signals contribute to the selection o f the most appropriate
muscles during a visuo-postural reaction is consistent
with a generally accepted role of muscle and tendon af
ferents in coordinating movements involving different
neural segments (e.g. Baldissera et al. 1981).
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ABSTRACT: Three interrelated experiments on visually evoked
postural responses (VEPR) are presented to Investigate the ef
fect of lack of coplanarity between retinal and body coordinates
(Experiment i) and the effect of directionaily conflicting infor
mation in the visual stimulus. Experiment I showed that the di
rection of VEPR is modified by eye-in-ortwt and head-on-trunk
position signals, presumably of proprioceptive origin. Experi
ments II and ill showed that VEPR can be critically suppressed
by the presence of conflict within the visual stimulus (Experi
ment II: a linear, tangential component of visual motion acting
in the opposite direction to the main angular component of a
roll-motion display; Experiment III: a non congruent "improba
ble" visual motion parallax linear motion stimulus). A conceptual
model of the postural system is presented, incorporating a gain
control unit for the visuo-postural loop witii Inputs from the oc
ular/cervical proprioceptive system and from Intra- and intersensory conflict detectors (comparators).
KEY WORDS: Postural control, Vision, Spatial orientation, Proprioception.
INTRODUCTION
Numerous experiments have shown that in response to linear or
angular movement of the visual surroundings human subjects
sway in the same direction to that of the visual stimuli [2,4,5].
It is accepted that these experimentally induced postural move
ments are in response to a visually mediated sense of self motion
or tilt [6].
The usual source of large-held visual motion in everyday life
is subject motion. If one sways to the right while looking straight
ahead, the optic flow is to the left of the subject and so generates
a postural response to the left, which contributes to regaining
uprightness in a visually stable environment However, situations
occur in which this codirectionality between retinal image flow
and body sway is altered. Imagine someone standing in a room,
with eyes and head in front fixating a picture on a wall and
swaying in the frontal plane. Right-left body sway induces codirectional optic flow. If the subject then turns his body to the
right 90* while maintaining fixation on the same picture (e g., by
deviating the head 60* on the trunk and the eyes in the head 30*,
both to the left), right-left optic flow will now indicate body
sway not in the frontal but in the sagittal (anteroposterior) plane.

Thus, identical retinal image flow should be able to activate dif
ferent (i.e., the most appropriate) sets of postural muscles ac
cording to the direction in which the eyes and head are pointing
in space and maintain control of balance. This effect will be in
vestigated in Experiment I, by assessing postural responses to
visual roll motion under different gaze angles.
While in normal circumstances sway or tilt in a particular
direction will be congruently signalled by visual vestibular and
somatosensory signals, visual motion experiments generate con
flict between die visual and the vestibulo-proprioceptive systems.
Responses to roll motion or linear visual stimuli are larger in
microgravity or in cases were the accuracy of proprioceptive sig
nals is pathologically or experimentally decreased [1,3,10]. This
suggests that the presence of conflict between different sensory
modalities can have marked suppressive effects on visually
evoked postural responses. However, little is known on the effect
of conflicting information within the same sensory chatmel. In
Experiments II and HI we will investigate two situations in which
the direction of visual motion stimuli are conflicting. In Experi
ment n, this * intravisual conflict” will be created by the addition
of a linear (tangential) component of visual motion on postural
responses evoked by angular visual motion.
In Experiment IQ, intravisual conflict will be set using an
"improbable” motion parallax situation. It is known that linear
movement of visual scenes induces ipsilaterally directed body
sway, but preliminary work in our laboratory also indicates that
if a subject fixates on a stationary object in the foreground, visual
motion elicits postural sway in the opposite direction to the visual
stimulus. This reversal is what is expected if motion parallax is
used as a source of self-motion information for the control of
postural sway (the reader can experience how parallax infor
mation can code self-motion by fixating on an object in the fore
ground and moving the head from side to side: it will be noticed
that the movement of the background induced by the movement
of the head is in the same direction as that of head movement).
The "improbable* ’ parallax situation used in Experiment IQ con
sists of asking the subjects to fixate on a moving background in
the presence of a stationary object in the foreground. Such a
situation caimot be reproduced by naturaL self-motion; fixating
on the background in the presence of foreground objects during
head sway makes both, background and foreground, appear to

' To whom requests for reprints should be addressed. Dr. Adolfo Bronstein, MRC Human Movement and Balance Unit, Institute of Neurology,
National Hospital for Neurology and Neurosurgery, Queen Square, London WCIN 3BG, UK.
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m ove in the opposite direction o f head motion (foreground faster
than background).
M ETHO D

Experiment I: Eye and Head Deviations
Tw elve normal subjects aged between 19 and 40 were asked
to stand while fixating on the centre o f a 184 cm diameter disc
( 133® in visual angle) rotating around the visual axis (roll-m o
tion) at a distance o f 4 0 cm . Each subject observed the disc with
eyes and head centre. Then six o f the subjects turned their body
90® to the left w hile maintaining fixation on the disc for instance,
deviating their eyes 30® and head 60® to keep the line o f sight
(i.e ., gaze: eye position in space) orthogonal to the disc face,
w hile the other half turned to the right.
A 100 s sw ay recording was made consisting o f three con
secutive parts; first, a baseline with subjects looking at the centre
o f the static disc for 15 s. Then, the disc was accelerated clock
w ise to a constant angular velocity o f 50®/s and maintained for
a further 70 s, before being stopped to record the final 15 s.
In both Experiments I and U, subjects stood bare foot on a
force platform that measured the displacement o f the centre o f
foot pressure in the lateral and anterior-posterior (A P ) direction.
Lateral vs. AP displacem ents were plotted and a linear regression
was fitted to give the vector o f displacement o f foot pressure
across the surface o f the platform. The results o f different sub
jects were averaged around the onset o f disc rotation for each
condition.

Results
Figure 1 show s averaged results o f the subjects; on the left,
view ed with eyes and head in the straight position, and on the
right view ed with left deviations; eyes 30®, head 60®. It can be
seen that, in the former, the main body tilt response occurred

1 cm

from left to right, while in the latter, the body tilted anteriorly.
The data were analyzed by averaging over 5-s intervals and the
w hole 100 s recording displayed as an X -Y plot. Each turning
point in the illustration represents such 5-s intervals, the first three
points (1 5 s) depicting the baseline while the subject is looking
at the static disc. Then when the disc begins to m ove, the subjects
sw ay within the next 20 s to an “ equihbrium” position where
they remain until the stimulus is stopped and a quick return to
the starting position is observed (last three turning points). In
both cases o f eye deviation combined with ipsilateral head turn
the main direction o f the visually evoked postural reactions was
shifted from the frontal to sagittal plane, maintaining a sway path
parallel to the plane o f disc rotation, orthogonal to the line o f
sight. The amplitude o f sway was also larger (approx 50% ).
The findings indicate that signals from eye-in-orbit and headon-trunk position reorientate the direction o f visually evoked pos
tural responses.

Experiment II: Combined linear/Angular Visual Motion
N ine subjects were exposed to the same 100-s stimulus except
this tim e they were asked to gaze separately three different areas
on the rotating disc; the centre, upper part, and the lower part
areas, w ith ey es and head in centre position. During fixation on
the upper half o f the disc, the linear and angular component o f
visual m otion are codirectional; during lower fixation they are in
opposing directions. N o fixation point was used for either upward
or downward gaze but subjects were instructed to keep their eyes
som e 4 0 cm up or down from the centre o f the disc. Six out o f
the nine subjects tested had not undergone the previous experi
ment.

Results
In three subjects there were no clear differences between look
ing up or down on the rotating disc but six out o f the nine subjects

2 cm

1 cm

P R IM A R Y POSITION 0 “

2 cm

EYE -30'». NECK -60*

FIG. 1. Averaged sway platform recordings whilst viewing the clockwise rotating disc in the
straight ahead and left sided position. Each turning point represents 5 s data. During the first
15 s (open circles) and the last 15 s the disc was stationary.
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showed larger lateral sway deviation when looking up than when
looking down. An average of the results from all nine subjects
preserves this difference (Fig. 2). All three traces have a similar
displacement from the baseline after the disc is initially rotated,
but during disc motion the deviation to the right is maintained
for central and upward gaze, whereas when looking down a re
turn to baseline is obseived after only 20 s of visual stimulation,
implying only a minimal directional response. The amplitude of
frontal sway measured from the average of all subjects over the
mid-30 s of the response for each condition was: centre 1.45 ±
0.79 cm, up 1.20 ± 0.90 cm, down 0.64 ± 0.75 cm. {p < 0.05
comparing centre with down, one-tailed f-test).
The results indicate that a linear (tangential) component of
visual motion acting in the opposite direction to the angular com
ponent of visual motion attenuates angular, visually evoked pos
tural responses.

O
CENTRE

A

0.64 cm
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Experiment III. "Improbable” Visual Motion Parallax
Ten normal subjects stood on the force-measuring platform
covered with a 5 cm thick piece of rubber foam. Subjects faced
a checkerboard pattern, 80 cm in diameter, backprojected by a
grating generator onto a translucent screen. The image was
moved in the horizontal plane by a grating generator, to and fro
from the centre with a raised cosine trajectory. The image moved
for 2 s, amplitude 25 mm (corresponding to 1.4" of horizontal
visual angle) at a peak velocity of 40 mm/s. A trial comprised
30 stimuli randomized to right, left motion or no motion.
Subjects fixated the background display through a self-illu
minating, earth-fixed window frame (27 X 19 cm) present in the
foreground. Eye-background distance was 100 cm and eye-window distance 50 cm. A baseline of 30 s was recorded before being
exposed to the visual motion stimuli.
Results

No consistent postural reactions were induced in this experi
ment. This is in contrast with separate findings (manuscript in
preparation) showing that background motion induces ipsilateral
sway if fixating on the background, when nothing is present in
the foreground, but contralateral sway if fixating on an earthfixed foreground object
The findings imply that postural responses to visual motion
occur when the visual stimulus mimics visual conditions that can
be experienced by motion of the subject. These include situations
with background only (no parallax) and with foreground and
background (parallax present) but not relative foreground-back
ground motion as delivered in this study, which is not geomet
rically possible to occur during self-motion.
GENERAL DISCUSSION
When visual motion is actually generated by body motion,
visually evoked postural reactions would be stabilizing. When
examined experimentally by motion of visual scenes, they are
unstabilizing. Therefore, information from other sensory sources
(labyrinth, proprioception) counteracts the visually mediated ef
fects or completely suppresses them.
In this article we examined three experimental situations in
which the visual stimuli were manipulated so that the usual co
planarity between retinal and body coordinates was modified
(Experiment I) or the visual stimuli incorporated “conflicting”
information (Experiments II and HI).
The findings from experiment I indicate that the link between
retinal information and postural muscles is extremely plastic. In
particular, signals coding eye-in-orbit and head-on-trunk position
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FIG. 2. Averaged data in the frontal plane from nine subjects viewing
the central, upper, and lower parts of the disc. The dashed line shows
the baseline. Arrows indicate onset and stop of disc rotation.

can reroute visuo-postural information so that the appropriate
muscles are activated. That is, these signals have access to the
central processors in charge of the spatial distribution and gain
control of postural EMG activity.
We would postulate that these signals coding eye-in-orbit and
head-on-trunk position arc of ocular and cervical proprioceptive
origin. This is on the assumption that the experiments have iden
tified a general property of the postural system and that one
would, therefore, expect that eye and neck deviations continue
to be registered even when oculo-cervical deviations arise during
reflex or passive (ie non voluntary) head/eye movements. This
would be in agreement with reports of directionally coded pos
tural responses elicited by extraocular muscle vibration thought
to be due to proprioceptive stimulation [9]. It is also compatible
with the finding that neck afferents are the main source of infor
mation used by human subjects to estimate head-trunk horizon
tal angular position, regardless of whether the change in the
alignment of the head with respect to the trunk arises by passive
or active head movement or by passive trunk motion [8]. A role
for “efference copy” or even cognitive knowledge of oculocervical position cannot be ruled out at this stage.
The second experiment showed that normal subjects had a
smaller directional bias of sway when looking at the lower part
of the clockwise rotating disc than the centre or upper parts. This
can be interpreted as resulting from conflict between the angular
and linear components of visual motion (the right to left linear
component in the lower half combines with the clockwise angular
component). Such reduction in visually induced sway secondary
to sensory conflict (in this case, intravisual directional conflict)
would be compatible with several previous reports. Vection il
lusions during roll-motion visual stimuli arc stronger during side
ways tilt or in microgravity, when otolith cues are attenuated
[10] ; postural reactions induced by visual motion stimuli are in
creased if proprioceptive cues are reduced [2,9]. Few have stud
ied visual linear motion in the frontal plane (y-axis) [2], but it
seems the intensity of vection illusions and postural reactions is
less during linear motion than roll or horizontal angular motion.
(Along the AP direction effects of linear visual motion are of the
order of 1" [7] compared to 4° found here.) Thus, additive effects
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between angular and linear visual motion during gazing above
the centre of the disc may not be detectable whereas the signifi
cant reduction of the response when gazing below the centre of
the disc can be explained by conflict detection in the system.
Complete suppression of the response cannot be expected to oc
cur as illusions and postural reactions to visual roll-motion are
extremely powerful. A similar situation has been observed in
vestibulo-ocular reflex experiments with directionally conflicting
angular-linear motion, in which the more powerful canal VOR
response could be attenuated by concurrent linear accelerative
stimuli but it could not be overridden (ie reversed) by the weaker
otolith VOR [3].
In Experiment III, one might expect to induce self-motion as
with most cases of linear optokinetic motion, but this is not the
result. If a subject spontaneously sways right whilst fixating the
background, parallax will make the foreground window appear
to move faster and more than, but in the same direction as, the
background (i.e., opposite to head sway). To mimic this situation
experimentally, both foreground window and background would
have to be moved in the same direction, the former faster than
the latter. The lack of a consistent response following movement
of the background while looking through the stationary window,
therefore, suggests that, unless the visual-motion stimuli accu
rately recreate the conditions encountered during body sway, vi
sually elicited postural responses are not released. Again an in
travisual “conflict” would seem to underlie the damping of
visuo-postural responses.
Postural control relies on multisensory processing and motor
responses of which we are largely unaware. It would seem that
automatic postural responses are critically dependent on the con
gruent detection of self-motion by different sensory systems, in
cluding the recognition of appropriate visual cues.
APPENDIX
I Conceptual Model of Balance and Eye Movement Responses
Elicited by Visual and Head Motion
This model is shown to conceptualize the possible mecha
nisms included in balance control during head and visual motion.
It includes the specific aspects derived from the experiments re
ported here such as a possible role for eye/neck proprioceptors
and for “ intravisual” conflict. Names appearing in the model
illustrated in Fig. 3 are shown in quotes ( “ ) in this appendix to
facilitate identification. The writing in italics illustrates the last
stage of the various loops mediating the responses restoring head
and visual stability following motion stimuli ("vestibulo-spinal
loop,” “ visuo-spinal loop,” optokinetic and vestibulo-ocular re
flex, for instance, “OKN-VOR” ). Somato-proprioceptive mech
anisms are not shown for simplicity but, only for the purpose of
this model, they can be equated to vestibulo-spinal mechanisms.
The optokinetic responses are initiated by “visual motion”
introducing retinal image slip (top summing junction), which,
through visual and motor delays/processing ( “visual dynam
ics” ), can reach the “eye muscles” to generate optokinetic “eye
movements,” which tend to cancel retinal slip. We have shown
that occurrence of intravisual conflict can cancel or limit the
visuo-postural reactions. The “visual dynamics” may comprise
a “visual comparator” to detect such a conflict. If no visual con
flict exists then “visual dynamics” can also reach “somatic mus
cles” so that retinal slip is reduced by “head/body movements”
( “ visuo-postural loop” ). Experiments have shown, however,
that a “ gain control” element operates in the visuo-postural loop
as visuo-postural responses can be suppressed when conflict with
other sensory signals occurs [2]; such intersensory conflict de
tection is represented by another comparator ( “comp.” ). Infor-
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FIG. 3. A conceptual model of the postural and eye movement mecha
nisms producing compensatory responses to visual and head motion.
Dashed lines represent response modulating signals as discussed in this
article. A description of the model can be found in the appendix.

mation about eye position in the orbit ( “eye proprioceptors” )
and head position on the trunk ( “neck proprioceptors” ) with
access to “gain control” mechanisms in the visuo-postural loop
are also required to account for the different spatial distribution
of somatic muscles activation, in response to identical optic flow
stimulation, during different positions of gaze.
Vestibular responses are initiated by “ head motion” (bottom
summing junction) and processed ( “vestibular dynamics” ) to
reach “eye muscles” whereby compensatory “eye movements”
will be generated ( “ VOR” ). In response to “ head motion,”
“ vestibular dynamics” also activate “somatic muscles,” which
generate “ head/body movements” to restore head stability
( “vestibulo-spinal loop” ).
In normal circumstances, for example, a push to the body,
“ head motion” and “visual motion” occur together and are co
herently associated. In this case, all the visually and vestibularly
elicited responses shown in the model work synergistically to
stabilize eye and head with respect to the visual and gravitoinertial world. In response to continuous visual motion without
concomitant head motion the “ visuo-postural loop” induces
“ head/body movements” that are unstabilizing with respect to
true upright (i.e., the gravito-inertial world). This visually in
duced “ head motion” tends to be able to override the vestibular
system ( “vestibular dynamics” ) as long as the stimulus is main
tained, whereas for a transient stimulus the induced postural re
action will ultimately be detected by vestibular dynamics. The
latter will lead both to activation of the “vestibulo-spinal loop”
to restore head stability with respect to true upright and to sup
pression of visuo-postural responses by activating the “gain con
trol” element via conflict detection in the comparator
( “comp.” ).
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COMMENTARIES
The first experiment demonstrates that a large, continuously rotating disc induces a postural adjustment in standing subjects when
they fixate the centre of the disc. The main point is that the direction of the induced adjustment depends upon the disc’s plane of
rotation relative to body coordinates. Even though the subject always receives the same retinal information the visual input drives the
body in different directions, depending upon other (possibly proprioceptive) information. This is an important result, and in many
ways mirrors the postural responses obtained from vestibular stimulation. Galvanic vestibular stimulation induces postural adjustments
in different direction, depending upon the orientation of the head and trunk relative to the feet [2]. It may be that visual and vestibular
information modulate posture via a common mechanism. However, one major difference between the vision-induced and vestibularinduced postural adjustments is their respective latencies. Galvanic vestibular stimulation produces an EMG response in leg muscles
at a latency of around 115ms [1], whereas the postural responses reported here appeared to have a latency more than an order of
magnitude longer. Even allowing for longer visual processing time, these discrepant latencies are difficult to explain. In the second
experiment subjects looked at different sections of the rotating disc. When looking at the top of the disc the angular and linear
components of the visual stimulus are both compatible with self-motion in one direction. When looking at the bottom of the disc the
two components suggest self-motion, but in opposite directions. This idea is supported by the observation that the postural response
is least when the subject fixates the bottom of the disc. However, by the same argument it might be expected that the response would
be greatest when the subject fixates the top of the disc. This did not seem to be the case. The greatest effect was obtained when the
subject fixated the centre of the disc. Two possible explanations (which are testable) are that there were secondary effects either due
to alterations in pitch gaze or because the visual stimulus occupied less of the visual field when looking high or low. In the final
experiment a different visual stimulus (linear motion) was used, which ordinarily produces postural responses. The finding was that
if the subject was provided with a stationary visual foreground while fixating the moving visual background, then postural responses
were not seen. Their explanation for this negative result is that the pattern of visual input (from foreground and background) is not
one that could ever be encountered in everyday life and so was not acted upon by the CNS. This is an interesting idea but the theoretical
argument is not yet clear. If we consider only retinal information and assume perfect fixation (without retinal slip) then if the
background moves right, say, and the eye follows it, the foreground will appear to move left relative to the eye. This would seem to
be the same situation as when both foreground and background are stationary and the subject moves to the right while fixating the
background, for instance, the foreground moves left relative to the eye. Perhaps a more complete analysis of this situation will need
to consider retinal slip or eye movement signals.

B. L. DAY
MRC HMBU Institute of Neurology, Queen Square, London, WCIN 3BG, UK
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Brian Day makes several interesting observations on our work,
a) The fact that postural latencies to roll-motion visual stimuli are of the order of several seconds has been noted from the original
experiments of this kind [2]. We think that no one has looked for short-latency events in response to visual roll-motion, but with
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linear visual stimuli, latencies are not that far off those mentioned for galvanic vestibular stimuli (< 150 ms to EMG modulation
in [3]).
b) It is not clear why there is no more sway when looking at the upper half of the rotating disc. The two explanations suggested
should be tested. In any case, it would seem that these postural reactions are more likely to be “shut down” by conflict in the
stimulus than enhanced by an additional codirectional stimulus. This clearly suggests a nonlinearity in the system.
c) As Brian Day suggests, there is more to it than just visual geometry! Maintaining “fixation” during self- or visual motion involve
ocular reflexes with their own limitations and latencies. For instance, linear whole-body displacement while fixating a target (which
combines pursuit/optokinetic and otolith ocular reflexes) elicits compensatory eye movements at ca. 40 ms; latencies to identical
but isolated visual motion (pursuit/optokinetic) are three or four times longer [1]. Including retinal slip and eye movements in the
equation, as Brian suggests, clearly allows the brain to disentangle what is actually happening. To follow on his own example then,
if a subject moves to the right while fixating on the background, the visual system will detect movement of the unfixed foreground
and of the fixed background to the left, the former faster than the latter due to parallax.
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APPENDIX t o t h e ANOVAs u s e d in. p a g e s 5 2 - 8 and 119 i n o r d e r t o e v a l u a t e t h e e f f e c t
o f HV on b o d y s w a y .
An SPSS f o r w in d o w s ( R e l e a s e 5 . 0 . 1 ) was u s e d t o p e r f o r m t h e ANOVAs d e s c r i b e d i n t h e
a b o v e p a g e s u n d e r t h e command s i m p l e f a c t o r i a l ANOVA.
F or e v e r y ANOVA p e r f o r m e d
t h e m e a s u r e m e n t s w e r e t a k e n f r o m t h e same g ro u p o f s u b j e c t s ( w i t h i n s u b j e c t s o r
rep ea ted m easu res).
' S u b j e c t , was used as a f a c t o r f o r t h e a n a l y s e s t o a l l o w f o r
th e d i f f e r e n c e s b etw een s u b j e c t s .
P o s t h o c c o m p a r i s o n s o f t h e m eans w e r e p e r f o r m e d
i f t h e f a c t o r o f i n t e r e s t ( f o r e x a m p le HV) h ad a s t a t i s t i c a l l y s i g n i f i c a n t e f f e c t .
An u n m o d i f i e d t - t e s t w a s u s e d f o r t h e s e c o m p a r i s o n s t a k i n g i n t o a c c o u n t t h e m ean
s q u a r e r o o t o f t h e r e s i d u a l s p r o v i d e d fr o m t h e ANOVA. The e q u a t i o n u s e d i s t h e
f o l l o w i n g t = (m e a n l - m e a n 2 ) / s q r t [mean s q u a r e r e s i d u a l s ( 1 / n + l / m ) ] f o r m ea n s 1 an d 2
w i t h n and m m e a s u r e m e n t s r e s p e c t i v e l y ( i n t h e ANOVAs p e r f o r m e d h e r e n=m) . The
d e g r e e s o f f r e e d o m o f t h e r e s i d u a l s w e r e u s e d f o r t h e c o m p a r i s o n s ( s e e A r m i t a g e P,
B e r r y G. S t a t i s t i c a l m e t h o d s i n m e d i c a l r e s e a r c h , B l a c k w e l l S c i e n t i f i c
P u b l i c a t i o n s , 1 9 9 4 , S e c t i o n 7 . 4 , pp224) .
P age 5 5 , l i n e
Ym.

6 a s w e l l a s p a g e 5 4 , g rap h 2 . 6 : t h e sw a y p a r a m e t e r E x am in ed i s

->

VARIABLES=Ym

->

BY s u b j e c t (1 1 2) HV(0 1)
* * *
A N A L Y S I S
Ym
by
SUBJECT
HV

OF

UNIQUE sums o f s q u a r e s .

V A R I A N C E

the

* * *

A ll e f f e c t s en tered sim u lta n eo u sly
S ig
of F

Sum o f
Squares

DF

Mean
Square

3 .5 1 1
2 .0 6 6
1.4 4 5

12
11
1

.293
.188
1 .4 4 5

8 .8 9 8
5 .7 1 1
4 3 .9 4 5

.000
.000
.000

.6 5 0
.650

11
11

.059
.059

1 .7 9 7
1 .7 9 7

.0 8 1
.081

E x p la in ed

4 .161

23

.181

5 .5 0 1

.000

R esid u al

1.5 78

48

.033

T otal

5.7 3 9

71

.081

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT
HV
2 -Way I n t e r a c t i o n s
SUBJECT HV

Page 5 5 , l i n e 6 , p a g e 5 4 , g r a p h 2 . 6 ,
->
VARIABLES=Xm
->
BY s u b j e c t (1 1 2) HV(0 1)
* * *
A N A L Y S I S
Xm
by
SUBJECT
HV

Main E f f e c t s
SUBJECT
HV
2 -Way I n t e r a c t i o n s
SUBJECT HV
E x p la in ed
R esid u a l
T otal

1

sway p a r a m e t e r Xm:
OF

UNIQUE sums o f s q u a r e s .
Source o f V a r ia tio n

F

V A R I A N

CE

* * *

A ll e f f e c t s en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
Square

1 .4 8 5
1 .3 4 7
.1 3 8

12
11
1

.124
.122
.138

1 5 .6 3 9
1 5 .4 7 7
1 7 .4 2 0

.0 0 0
.000
.000

.1 4 8
.1 4 8

11
11

.01 3
.013

1 .702
1 .7 0 2

.101
.101

1.6 3 3

23

.071

8 .9 7 4

.000

.3 8 0

48

.00 8

2 .0 1 3

71

.0 2 8

F

S ig
of F

236

\

, \
Page 5 5 ,
->
->

lin e

6, page 54,

graph 2 . 6 ,

VARIABLES=Ao
BY s u b j e c t (1 12) HV(0 1)
* * *
A N A L Y S I S
by

sw ay p a r a m e t e r Ao:

OF

N C E

* * *

Ao
SUBJECT
HV
UNIQUE sums o f s q u a r e s .

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT
HV
2 -Way I n t e r a c t i o n s
SUBJECT HV
E x p la in ed
R esid u al
T otal

* * *

A N A L Y

S I S

A ll e f f e c ts

en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
S q u a re

3 9 1 0 .1 1 6
3 0 7 9 .8 3 5
8 3 0 .2 8 1

12
11
1

3 2 5 .8 4 3
2 7 9 .9 8 5
8 3 0 .2 8 1

2 2 .9 3 8
1 9 .7 1 0
5 8 .4 4 9

.000
.000
.000

4 5 7.124
4 5 7.124

11
11

4 1 .5 5 7
4 1 .5 5 7

2 .9 2 5
2 .9 2 5

.005
.005

436 7 .2 4 0

23

1 8 9.880

1 3 .3 6 7

.000

68 1 .8 4 7

48

14.2 0 5

5 0 4 9.087

71

71.1 1 4

P age 5 5 , l i n e 7 , p a g e 5 4 , g r a p h 2 . 6 ,
->
VARIABLES=Vel
->
BY s u b j e c t (1 12) HV(0 1)

by

V A R I A

F

S ig
of F

sw ay p a r a m e t e r V e l ;

OF

V A R I A

N C E

* * *

V el
SUBJECT
HV
UNIQUE sums o f s q u a r e s .

A ll e f f e c ts

en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
S q u a re

7 .5 5 4
7 .2 9 3
.262

12
11
1

.630
.663
.262

9 .6 8 3
1 0 .1 9 8
4 .0 2 4

.000
.000
.051

.569
.569

11
11

.052
.052

.796
.796

.643
.643

E x p la in ed

8 .124

23

.353

5 .4 3 3

.000

R esid u a l

3.1 2 1

48

.065

11 .2 4 4

71

.158

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT
HV
2 -Way I n t e r a c t i o n s
SUBJECT HV

T otal

F

S ig
of F

P a g e 5 8 , l i n e 4 , p e r c e n t a g e d r o p o f t h e CO; (non sw ay p a r a m e t e r ) :
->
VARIABLES=per_drop ( p e r c e n t a g e d ro p o f t h e pCOg)
->
BY s u b j e c t (1 6) c o n d i t i o n (0 3)
* * *
by

A N A L Y S I S

OF

* * *

PER_DROP ( p e r c e n t a g e d r o p o f t h e pCOg)
SUBJECT
CONDITION (no HV, S O sec HV, 6 0 s e c HV, 9 0 s e c HV)
UNIQUE sums o f s q u a r e s .

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT

V A R I A N C E

A ll e f f e c t s en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
S q u a re

1 5 7 5 8.8 72
1 6 5 3 .4 2 7

8
5

1 9 6 9 .8 5 9
3 3 0 .6 8 5

F
15 7 .0 1 2
2 6 .3 5 8

S ig
of F
.000
.000
237

4'

,

CONDITION
2 -Way I n t e r a c t i o n s
SUBJECT
CONDITION
E x p la in ed
R esid u a l
T otal

1 4 1 0 5 .4 4 6

3

47 0 1 .8 1 5

3 7 4 .7 7 0

.000

7 6 7 .8 5 7
7 6 7 .8 5 7

15
15

5 1 .1 9 0
5 1 .1 9 0

4 .0 8 0
4 .0 8 0

.000
.000

1 6 5 2 6 .7 3 0

23

7 1 8 .5 5 3

5 7 .2 7 4

.000

6 0 2 .2 0 2

48

1 2 .5 4 6

1 7 1 2 8 .9 3 2

71

2 4 1 .2 5 3

P a g e 5 8 , l i n e 7 , p a r a m e t e r s Ym, Xm, A o , V e l , L:
->
VARIABLES=Ym
->
BY s u b j (1 6) c o n d (0 3)
* * *
A N A L Y S IS
OF
V A R I A
by

* * *

Ym
SUBJECT
CONDITION
UNIQUE sums o f s q u a r e s .

A ll e ffe c ts

Sum o f
Squares

DF

2 .9 3 9
1 .9 6 2
.977

8
5
3

.517
.517

15
15

E x p la in ed

3 .4 5 6

R esid u a l
T otal

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT
CONDITION
2 -Way I n t e r a c t i o n s
SUBJECT
CONDITION

VARIABLES=Xm
BY s u b j e c t (1 6) c o n d i t i o n (0 3)
* * * A N A L Y S I S

en tered sim u lta n e o u sly
Mean
Square

S ig
of F
.000
.000
.000

.034
.034

1 .0 7 6
1.0 7 6

.402
.402

23

.150

4 .6 8 9

.000

1 .5 3 8

48

.032

4 .9 9 4

71

.070

OF

.367 .
.392
.3 2 6

F
1 1 .4 6 4
1 2 .2 4 4
1 0 .1 6 4

P a g e 5 8 , l i n e 1 0 , t h e p o s t h o c t e s t i n g sh o w e d
p a r a m e t e r Ym a r e :
b etw een th e
b a s e l i n e (no HV) and a f t e r 30 s e c
b etw een th e
b a s e l i n e (no HV) and a f t e r 60 s e c
b etw een th e
b a s e l i n e (no HV) and a f t e r 90 s e c
->
->

N C E

th a t the s ig n if ic a n c e le v e ls

fo r the

HV t = 5 . 3 0 1 , DF=4B, p < 0 . 0 1 ,
HV t = 3 . 5 5 9 , DF=48, p < 0 . 0 1 ,
HV t = 3 . 8 9 4 , DF=4B, p < 0 . 0 1 .

V A R I A N C E

* * *

Xm

by

SUBJECT
CONDITION
UNIQUE sums o f s q u a r e s .

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT
CONDITION
2 -Way I n t e r a c t i o n s
SUBJECT
CONDITION
E x p la in ed
R esid u a l
T otal
(N o t m e n t i o n e d i n p a g e s 5 2 - 8 )
th e P ost hoc t e s t is :
b etw een th e
b a s e l i n e (no HV)
b etw een th e
b a s e l i n e (no HV)
b etw een th e
b a s e l i n e (no HV)

A ll e f f e c ts

en tered sim u lta n e o u sly

Sum o f
Squares

DF

Mean
Square

1 .8 7 9
1 .6 3 6
.242

8
5
3

.2 3 5
.3 2 7
.081

15 .1 5 7
2 1 .1 2 1
5 .2 1 6

.000
.000
.003

.276
.276

15
15

.018
.018

1 .1 9 0
1 .1 9 0

.312
.312

2 .1 5 5

23

.094

6 .048

.0 0 0

.744

48

.015

2 .899

71

.0 4 1

: F or t h e Xm t h e s i g n i f i c a n c e
and
and
and

a fter
after
after

30 s e c HV t = 2 . 5 7 2 ,
60 s e c HV t = 3 . 3 3 3 ,
90 s e c HV t = 3 . 5 9 3 ,

F

S ig
of F

l e v e l as in d ic a te d by
DF=48, p < 0 . 0 2 5 ,
DF=48, p < 0 . 0 1 ,
DF=48, p < 0 . 0 1 .

238

‘ I.

->

->

VARIABLES=Ao
BY s u b j e c t (1 6) c o n d i t i o n ( 0 3)
* * *
A N A L Y S I S
by

OF

VAR

I A N C E

* * *

Ao
SUBJECT
CONDITION
UNIQUE sums o f s q u a r e s .

A ll e f f e c ts

en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
Square

6 991.982
58 71.7 68
11 20.2 14

8
5
3

8 7 3 .9 9 8
1 1 7 4 .3 5 4
3 7 3 .4 0 5

2 3 .8 9 2
3 2 .1 0 2
ip .2 0 7

.000
.000
.000

886.9 22
886.9 22

15
15

5 9 .1 2 8
5 9 .1 2 8

1 .6 1 6
1 .6 1 6

.105
.105

E x p la in ed

7878 .904

23

3 4 2 .5 6 1

9 .3 6 4

.000

R esid u a l

1 7 5 5 .9 2 7

48

3 6 .5 8 2

T otal

9 6 34.8 31

71

1 3 5.702

Source o f V a ria tio n
M a in E f f e c t s
SUBJECT
CONDITION
2 -Way I n t e r a c t i o n s
SUBJECT
CONDITION

Page 58 , l i n e 10, f o r
t e s t are:
b etw een th e b a s e lin e
b etw een th e b a s e lin e
b etw een th e b a s e lin e
->
->

(ho HV) and a f t e r 30 s e c HV t = 4 . 2 3 0 , D F=48, p < 0 . 0 1 ,
(no HV) and a f t e r 60 s e c HV t = 4 . 4 9 7 , DF=48, p < 0 . 0 1 ,
(no HV) and a f t e r 90 s e c HV t = 4 . 7 6 4 , D F=48, p < 0 . 0 1 .

OF

Source o f V a ria tio n
M a in E f f e c t s
SUBJECT
CONDITION
2 -Way I n t e r a c t i o n s
SUBJECT
CONDITION

R esid u a l
T otal

VAR

I A N C E

* * *

V el
SUBJECT
CONDITION
UNIQUE sums o f s q u a r e s .

E x p la in ed

S ig
of F

t h e Ao t h e s i g n i f i c a n c e l e v e l s a s i n d i c a t e d b y t h e P o s t t

VARIABLES=Vel
BY s u b j e c t (1 6) c o n d i t i o n (0 3)
* * *
A N A L Y S I S
by

F

A ll e f f e c t s 1 en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
Square

1 1 .7 4 0
1 1 .0 8 4
.656

8
5
3

1 .4 6 8
2 .2 1 7
.219

3 6 .1 3 1
5 4 .5 7 9
5 .3 8 3

.000
.000
.003

1 .2 50
1 .250

15
15

.083
.083

2 .0 5 2
2 .0 5 2

.031
.031

1 2 .9 9 0

23

.565

1 3 .9 0 5

.000

1 .9 5 0

48

.041

1 4 .9 4 0

71

.210

F

S ig
of F

( N o t d e s c r i b e d i n p a g e s 5 2 - 8 , t h e t w o w a y - i n t e r a c t i o n o f s u b j e c t and c o n d i t i o n h e r e
m a k e s t h e i n t e r p r e t a t i o n d i f f i c u l t ) : For t h e V e l t h e s i g n i f i c a n c e l e v e l s a s
in d i c a t e d b y th e P o st hoc t e s t are:
b e t w e e n t h e b a s e l i n e (no HV) and a f t e r 30 s e c HV t = 2 . 3 2 0 . DF=48, p < 0 . 0 5 ,
b e t w e e n t h e b a s e l i n e (no HV) and a f t e r 60 s e c HV t = 2 . 8 3 1 . DF=48, p < 0 . 0 1 .
b e t w e e n t h e b a s e l i n e (no HV) and a f t e r 90 s e c HV t = 3 . 8 5 9 . DF=48, p < 0 . 0 1 .
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''

->
->

VARIABLES=L ( t h e r e s u l t s o f t h e sw a y p a t h l e n g t h : ! a r e a l w a y s s i m i l a r t o t h a t
o f t h e mean sw a y v e l o c i t y : V e l s i n c e l = V e l * t )
BY s u b j e c t (1 6) c o n d i t i o n (0 3)
* * *
by

A N A L Y S I S
L
SUBJECT
CONDITION

OF

UNIQUE sums o f s q u a r e s .

2 -Way I n t e r a c t i o n s
SUBJECT
CONDITION
E x p la in ed
R esid u a l
T otal

en tered sim u lta n e o u sly

DF

Mean
Square

1 0 5 5 9 .7 1 6
9 9 6 9 .9 3 4
5 8 9 .7 8 1

8
5
3

1 3 1 9 .9 6 4
1 9 9 3 .9 8 7
1 9 6 .5 9 4

3 6 .2 2 4
5 4 .7 2 1
5 .3 9 5

.000
.000
.003

1 1 1 5 .9 0 2
1 1 1 5 .9 0 2

15
15

7 4 .3 9 3
7 4 .3 9 3

2 .0 4 2
2 .0 4 2

.031
.031

1 1 6 7 5 .6 1 8

23

50 7 .6 3 6

1 3 .9 3 1

.000

1 7 4 9 .0 8 0

48

3 6 .4 3 9

1 3 4 2 4 .6 9 8

71

1 8 9 .0 8 0

P a g e 5 8 , l i n e 1 3 , p a r a m e t e r s Ym, Xm, V e l ,
->
VARIABLES=Ym
->
BY t e s t (1 3) c o n d i t i o n (0 3)
* * * A N A L Y S I S
OF

by

A ll e f f e c ts

* * *

Sum o f
Squares

Source o f V a r ia tio n
M ain E f f e c t s
SUBJECT
CONDITION

V A R I A N C E

F

S ig
of F

Ao:

V ,A R I A

N C E

* * *

Ym
TEST ( r e p e t i t i o n o f t h e :same c o n d i t i o n )
CONDITION
UNIQUE sums o f s q u a r e s .

A ll e f f e c ts

en tered sim u lta n e o u sly

Sum o f
Squares

DF

Mean
Square

1 .0 2 7
.050
.977

5
2
3

.159
.159

E x p la in ed

F

S ig
of F

.205
.025
.3 2 6

3 .2 3 8
.396
5 .1 3 3

.012
.675
.003

6
6

.0 2 7
.0 2 7

.418
.418

.864
.864

1 .1 8 6

11

.10 8

1 .7 0 0

.095

R esid u a l

3 .8 0 7

60

.0 6 3

T otal

4 .9 9 4

71

.070

OF

V .A R I A

Source o f V a r ia t io n
M a in E f f e c t s
TEST
CONDITION
2 -Way I n t e r a c t i o n s
TEST
CONDITION

->
->

VARIABLES=Xm
BY t e s t (1 3) c o n d i t i o n (0 3)
* * *
A N A L Y S I S
by

N C E

* * *

Xm
TEST
CONDITION
UNIQUE sums o f s q u a r e s .

A ll e f f e c ts

en tered sim u lta n e o u sly

F

S ig
of F

.076
.068
.0 8 1

1 .8 3 4
1 .6 4 9
1 .9 5 8

.120
.201
.130

.007
.007

.175
.175

.983
.983

Sum o f
Squares

DF

Mean
Square

M a in E f f e c t s
TEST
CONDITION

.379
.136
.242

5
2
3

2 -Way I n t e r a c t i o n s
TEST
CONDITION

.043
.043

6
6

Source o f V a r ia tio n

240

*"4

E xp la in ed

.4 2 2

11

.038

R esid u a l

2 .4 7 7

60

.041

T otal

2 .8 9 9

71

.041

OF

V A R I A

->
->

VARIABLES=Vel
BY t e s t (1 3) c o n d (0 3)
* * * ANA L Y S I S
by

N C E

.929

.5 1 9

* * *

V el
TEST
CONDITION
UNIQUE sums o f s q u a r e s .

A ll e ffe c ts

en tered sim u lta n eo u sly

F

S ig
of F

.163
.0 7 9
.2 1 9

.7 0 1
.3 4 1
.9 4 0

.6 2 5
.7 1 2
.4 2 7

6
6

.0 2 8
.0 2 8

.1 2 2
.1 2 2

.9 9 3
.9 9 3

.985

11

.090

.385

.957

R esid u al

13 .9 5 4

60

.233

T otal

14.9 4 0

71

.210

Sum o f
Squares

DF

Mean
S q u a re

M ain E f f e c t s
TEST
CONDITION

.815
.159
.656

5
2
3

2 -Way I n t e r a c t i o n s
TEST
CONDITION

.17 1
.17 1

E x p la in ed

Source o f V a r ia t io n

->
->

VARIABLES=Ao
BY t e s t (1 3) c o n d ( 0 3)
* * * A N A L Y S I S

OF

V A R I A N C E

* * *

Ao
by

TEST
CONDITION
UNIQUE stuns o f s q u a r e s .

A ll e f f e c t s en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
S q u a re

F

S ig
of F

13 07 .6 4 8
1 8 7 .4 3 4
1 1 2 0 .2 1 4

5
2
3

26 1 .5 3 0
9 3 .7 1 7
37 3 .4 0 5

1 .9 2 4
.6 8 9
2 .7 4 7

.10 4
.506
.051

1 7 0 .7 7 0
1 7 0 .7 7 0

6
6

2 8 .4 6 2
2 8 .4 6 2

.20 9
.2 0 9

.97 3
.973

E x p la in ed

14 78 .4 1 8

11

134.402

.98 9

.46 7

R esid u al

8 1 5 6 .4 1 3

60

1 3 5.940

T otal

9 6 3 4 .8 3 1

71

1 3 5 .7 0 2

Source o f V a r ia t io n .
M ain E f f e c t s
TEST
CONDITION
2 -Way I n t e r a c t i o n s
TEST
CONDITION

P a g e 1 1 9 / l i n e 6/ p a r a m e t e r s Xm and V e l ;
->
VARIABLES=Xm
->
BY s u b j e c t (1 6) H V _tim e(0 2)
* * * A N A L Y S I S
OF
V A R I A N C E
Xm
by
SUB
HV_TIME (no HV, 30 s e c HV, 60 s e c HV)
UNIQUE sums o f s q u a r e s .
Source o f V a r ia t io n
M ain E f f e c t s

* * *

A ll e f f e c t s en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
Square

.683

7

.098

F
1 6 .3 8 8

S ig
of F
.000
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f

.6 1 3
.071

5
2

.1 2 3
.0 3 5

2 0 .5 7 3
5 .9 2 5

.000
.0 1 1

2 -Way I n t e r a c t i o n s
SUBJECT
HV__TIME

.0 9 8
.0 9 8

10
10

.0 1 0
.010

1 .6 4 5
1 .6 4 5

.1 7 2
.1 7 2

E x p la in ed

.7 8 1

17

.0 4 6

7 .7 1 6

.0 0 0

R esid u a l

.107

18

.0 0 6

T otal

.889

35

.0 2 5

SUBJECT
HVjriME

P a g e 1 1 9 , l i n e 9 , f o r t h e Xm t h e s i g n i f i c a n c e l e v e l s a s i n d i c a t e d b y t h e P o s t h
t e s t are:
b e t w e e n t h e b a s e l i n e (no HV) an d a f t e r 30 s e c HV t = 0 . 2 2 4 , D F=18, p > 0 . 1 ,
b e t w e e n t h e b a s e l i n e (no HV) a n d a f t e r 60 s e c HV t = 2 . 2 3 6 , DF=18, p < q . 0 5 .
P age 1 1 9 , l i n e 6 , p a r a m e t e r V e l :
->
VARIABLES=Vel
->
BY s u b j e c t (1 6) HV t i m e ( 0 2)
* * *
A N A L Y S T S

by

OF

I A N C E

* * *

V el
SUBJECT
HV_TIME
UNIQUE sums o f s q u a r e s .

Source o f V a r ia t io n
M ain E f f e c t s
SUBJECT
. HVTIME

VAR

.

2 -Way I n t e r a c t i o n s
SUBJECT
HV_TIME
E x p la in e d
R esid u a l
T otal

A ll e f f e c ts

en tered s im u lta n eo u sly
S ig
of F

Sum o f
Squares

DF

Mean
Square

1 6 .0 6 5
1 4 .5 5 6
1 .5 0 9

7
5
2

2 .2 9 5
2 .9 1 1
.7 5 4

1 1 .2 2 2
1 4 .2 3 5
3 .6 8 9

.000
.0 0 0
.045

3 .1 9 8
3 .1 9 8

10
10

.3 2 0
.3 2 0

1 .5 6 4
1 .5 6 4

.196
.196

1 9 .2 6 3

17

1 .1 3 3

5 .5 4 1

.000

3 .6 8 1

18

.2 0 5

2 2 .9 4 4

35

.6 5 6

F

Page 1 1 9 , l i n e 9 , f o r t h e V e l th e i s i g n i f i c a n c e l e v e l s a s i n d i c a t e d b y t h e P o s t
t e s t are:
b e t w e e n t h e b a s e l i n e (no HV) a n d a f t e r 30 s e c HV t = 0 . 0 0 0 , DF=18, p > 0 . 1 , (NS)
b e t w e e n t h e b a s e l i n e (no HV) a n d a f t e r 60 s e c HV t = l . 0 7 6 , D F=18, p > 0 . 1 , ( N S ) .

P a g e 1 1 9 , l i n e 7 , p a r a m e t e r s Ym, A o .
->
VARIABLES=Ym
->
BY s u b j e c t (1 6) HV t i m e (0 2)
* * *
A N A L Y S I S
OF
Yia
by
SUBJECT
HV TIME
UNIQUE sums o f s q u a r e s .
Source o f V a r ia t io n
M ain E f f e c t s
SUBJECT
HVTIME
2 -Way I n t e r a c t i o n s
SUBJECT
HV_TIME
E x p la in ed
R esid u a l
T otal

VAR

I A N C E

* * *

A ll e f f e c t s 1 en tered sim u lta n e o u sly
S ig
of F

Sum o f
Squares

DF

Mean
Square

2 .6 7 0
2 .4 4 6
.223

7
5
2

.381
.489
.112

8 .8 3 8
1 1 .3 3 8
2 .5 8 9

.0 0 0
.0 0 0
.1 0 3

.558
.558

10
10

.056
.056

1 .2 9 4
1 .2 9 4

.3 0 4
.304

3 .2 2 8

17

.190

4 .4 0 0

.0 0 2

.777

18

.043

4 .0 0 5

35

.114

F
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->

V A R IA BLES=A o

->

BY s u b j e c t (1 6) HV t i m e ( 0 2)
* * *
A N A L Y S I S
Ao
by
SUBJECT
HV_TIME

OF

UNIQUE sums o f s q u a r e s .

V A R I A

A ll e f f e c ts

N C E

* * *

en tered sim u lta n eo u sly

Sum o f
Squares

DF

Mean
Square

3 7 2 5 .0 3 7
3 4 3 2 .7 4 0
292 . 2 9 7

7
5
2

5 3 2 .1 4 8
6 8 6 .5 4 8
1 4 6 .1 4 8

8 .7 3 8
1 1 .2 7 3
2 .4 0 0

.000
.000
.119

7 9 7 .5 5 0
7 9 7 .5 5 0

10
10

7 9 .7 5 5
7 9 .7 5 5

1 .3 1 0
1 .3 1 0

.297
.297

E x p la in ed

4522 . 5 8 7

17

2 6 6 .0 3 5

4 .3 6 8

.002

R esid u a l

1 0 9 6.193

18

6 0 .9 0 0

T otal

5 6 1 8 .7 7 9

35

1 6 0 .5 3 7

Source o f V a r ia t io n
M ain E f f e c t s
SUBJECT
HV_TIME
2 -Way I n t e r a c t i o n s
SUBJECT
HV_TIME

F

S ig
of F
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