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Does vestibular damage cause cognitive
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Abstract. For more than a decade, evidence from animal studies has suggested that damage to the vestibular system leads to
deficits in spatial navigation which are indicative of impaired spatial learning and memory. More recently, direct evidence has
emerged to demonstrate that humans with vestibular disorders exhibit a range of cognitive deficits that are not just spatial in
nature, but also include non-spatial functions such as object recognition memory. Vestibular dysfunction has been shown to
adversely affect attentional processes and increased attentional demands can worsen the postural sway associated with vestibular
disorders. Recent MRI studies also show that humans with bilateral vestibular damage undergo atrophy of the hippocampus
which correlates with their degree of impairment on spatial memory tasks. These results are consistent with those from animal
studies and, together, suggest that humans with vestibular disorders are likely to experience cognitive dysfunction which is not
necessarily related to any particular episode of vertigo or dizziness, and therefore may occur even in patients who are otherwise
well compensated. These findings may be related to the observation that patients with vestibular deficits experience a high
incidence of depression and anxiety disorders.
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1. Introduction idence that the loss of vestibular sensory information
may alter, perhaps permanently, the way that cognitive
The effects of unilateral or bilateral peripheral —Processing areas of the brain integrate spatial and non-
vestibular damage on ocular motor and postural reflexes spatial information (see [59] for a review of the early
in humans have been studied extensively (see [2,13] literature).
for reviews). However, over the last decade, there has ~ Despite the process of vestibular compensation that
been a steady accumulation of evidence to suggest that Usually occurs following vestibular damage, many of
vestibular lesions may also lead to cognitive deficits, the ocular motor and postural symptoms either do not
including deficits in attention, learning and memory, COmPpensate or else compensate incompletely. This
that are not necessarily directly attributable to the re- IS particularly true of the vestibulo-ocular reflexes
flexive symptoms and perceptual abnormalities associ- (VORS), which never recover their normal response to

ated with the damage. Rather, there is increasing ev- high acceleration stimuli (see [12,13] for reviews). It
can therefore be difficult to distinguish between the

perceptual consequences of ongoing reflex deficits and
*Corresponding author: Tel./Fax: +64 3 479 5747; E-mail: paul. defiCits in cogpnition itself (i.e., the processes of atten-
smith@stonebow.otago.ac.nz. tion, learning, memory, analysis and mental imagery),
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unless suitable controls are used. There is also the electrical stimulation of the labyrinth [14,28] and that
possibility that cognitive deficits appear in certain sit- the firing of complex spike cells (likely to be place cells)
uations because of the demands that maintaining com- in CA1 could be evoked by electrical stimulation of
pensation of reflex deficits places on cognitive function the medial vestibular nucleus [30]. Studies in alert be-

(e.g., [51]). The aim of this mini-review is to critically

having rats demonstrated that bilateral vestibular deaf-

evaluate the current evidence that vestibular damage ferentation could severely disrupt the normal function

leads to cognitive dysfunction in humans. We will fo-

cus specifically on cognitive studies in humans with
vestibular dysfunction; animal studies will be men-

tioned only briefly since these have been reviewed in
detail elsewhere [59,60,64].

1.1. Animal studies of the effects of vestibular damage
on learning, memory and hippocampal function

Since Beritoff [3], numerous theorists have consid-
ered the possibility that vestibular information is used
to construct spatial maps of the environment and to
navigate from one place to another (see [3,4,6,18,43,
44,50,60,64] for reviews). This notion was supported
by animal studies which demonstrated that unilateral
or bilateral vestibular damage resulted in impaired per-
formance by rats and guinea pigs in various radial arm
maze, water maze or foraging tasks [9,34,42,45,48,54,
62,66]. In some of these studies, the impaired perfor-
mance was confounded by the severity of the vestibu-
lar symptoms soon after an acute peripheral vestibu-
lar lesion; however, in others, the studies were con-
ducted months following the lesion, when partial com-

of thalamic ‘head direction cells’, which appear to en-
code the directional heading of the animal in space [63].
The response of hippocampal place cells was also dis-
rupted, even 6 weeks following the lesion [55,61]. Hip-
pocampal theta rhythm was also reduced in power [56]
and hippocampal slices removed from rats that had re-
ceived a previous unilateral labyrinthectomy showed a
reduction in the size of field potentials in CA1 evoked
by electrical stimulation of the Schaffer collaterals [77].
Furthermore, peripheral vestibular lesions were shown
to produce significant neurochemical changes in the
hippocampus, including changes in nitric oxide syn-
thase and N-methyl-D-aspartate receptor subunit ex-
pression, that last for weeks following the damage [38,
39,74,76,78-80]. Neurochemical changes have also
been found in the perirhinal and entorhinal cortices
following vestibular damage [37].

A major limitation of the behavioural studies in an-
imals is the fact that, of necessity, they have all used
locomotion as a dependent variable; even though the
animals were clearly capable of moving in a maze en-
vironment so long after the vestibular lesion, it is diffi-
cult to completely exclude the possibility that the im-

pensation had occurred, and therefore the results were paired performance was partially due to the effects of

unlikely to be due simply to loss of motor control
(e.g., [54,62,66]). In fact, in some studies, rats with
bilateral vestibular lesions were found to be hyperac-
tive [54,66].

Many early anatomical and electrophysiological

the vestibular damage on locomotor control. Since
movement of the eyes or limbs is virtually the only way
of measuring cognition in animals, this is a difficult lim-
itation to overcome. Another limitation of all of these
studies is that the animals sustained auditory damage

studies demonstrated that there are several pathwaysduring the vestibular lesion, and therefore the potential
from the vestibular nucleus to areas of the limbic sys- contribution of the hearing loss is unclear. There is
tem and neocortex concerned with learning and mem- evidence to suggest that auditory information is not im-

ory (see [4,20,59,67] for reviews). Considerable inter-

portant for hippocampal place cell function in rats [29,

est focussed on the hippocampus, due to its recognised 53]; however, the issue has not been fully investigated.

role in spatial information processing. In particular,
hippocampal ‘place cells’ in region CA1 were knownto

This potential confound is also a problem for many of
the human studies discussed below.

respond to specific locations in space which the animal

had explored (see [18,43,44] for reviews). Numerous

studies showed that the response of place cells could 2. Evidence for hippocampal changesin humans

be modulated by vestibular stimulation (e.g., [21,22, with vestibular damage

68]; see [59] for a review). Studies by Horii and col-

leagues [31-33,46] also showed that electrical stimula- A number of studies have shown that stimulation of
tion of the vestibular nucleus could evoke the release of the vestibular system in humans results in changes in
acetylcholine in the hippocampus; later studies showed activity in the hippocampus and other related areas of
that hippocampal field potentials could be evoked by the medial temporal lobe (e.g., [2,5,16,65]). However,
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few studies have analysed either medial temporal lobe
function or structure following vestibular damage in
humans. In a study so far published only in abstract
form, Bense et al. [2] have shown that, during the acute
stage of recovery from vestibular neuritis, cerebral glu-

3. Clinical evidencefor cognitive dysfunction in
humans following vestibular damage

In general, the available clinical evidence can be di-
vided into studies in which some cognitive function is

cose metabolism (measured using PET) was increased measured through a form of motor activity to which

in the parieto-insular vestibular cortex, the anterior cin-
gulate gyrus, the hippocampus, the posterolateral tha-
lamus and the ponto-mesencephalic brainstem. Dur-
ing caloric stimulation, patients with bilateral vestibu-
lar failure showed a small activation in the contralateral
posterior insula [2].

In the first study of its kind, Brandt et al. [8] have
reported that neurofibromatosis type 2 (NF2) patients
with bilateral vestibular failure, which show deficits
in spatial memory [57], exhibited atrophy of the hip-
pocampus (measured using MRI). Surprisingly, the hip-
pocampus was the only area of the brain to show such

the vestibular reflexes are known to contribute, such
as walking, and those studies in which cognitive func-
tion is measured through another kind of motor per-
formance, such as verbal communication, writing or
movement of a cursor on a computer screen. Needless
to say, as direct measures of cognitive function, the lat-
ter studies are easier to interpret because of the possi-
bility that residual reflex deficits contribute to apparent
cognitive deficits in the former studies (most of which
were not designed to evaluate cognitjmen se). Stan-
dard neuropsychological tests, such as the Weschler
Memory Scale (WMS), have been used to evaluate
memory [27]; specific WMS tests such as Visual Re-

atrophy, and the degree of atrophy correlated with the production Tests are designed to assess memory for vi-
degree of impairment in spatial memory. According  gyal information [27]. The Digit Span Test is a part of
to the Weschler Memory Scale (WMS), the patients  the Weschler Intelligence Test which specifically mea-
had similar general intelligence before and after the sures attention: random numbers are read forwards and
loss of vestibular function. Whether the decrease in backwards, with the span between the digits becom-
the volume of the hippocampus was due to cell death ing increasingly larger, and the subject must accurately
or changes in hippocampal cytoarchitecture (such as repeat the digit sequences [27]. More recent studies
the changes in dendritic arborization that occur with have used ‘virtual’, computerized versions of the Mor-
chronic stress), remains to be seen. ris water maze task, to assess memory for places in
Although the effects of bilateral vestibular damage space (i.e., spatial memory), without the subject having
have not yet been investigated, it is interesting to note to move anything but a cursor [56].
that in hippocampal slices removed from rats that had
compensated for unilateral vestibular deafferentation, 3-1. Path trajectory studies
Zheng et al. [77] observed markedly reduced field po-
tentials indicative of a decrease in electrical excitabil-
ity. If cell death does occur in the hippocampus after
vestibular damage, it would be remarkable given that
there is little evidence for cell death in the vestibular
nucleus under such conditions (e.g., [15]). Chronic

A number of studies have reported that patients with
vestibular impairment have difficulty with ‘path in-
tegration tasks’ in which they have to learn to walk
a specific path through the environment, either with
their eyes closed or open. Patients with Meniere’s dis-
ease, benign paroxysmal positional vertigo (BPPV) or

stress has been shown to cause ceI.I deqth in the hlp'chronic vestibulopathy exhibit errors in such tasks not
pocampus (see [41] for a review). While evidence from seen in labyrinthine-intact humans (e.g., [7,10,11,49)).

animals suggests that stress levels, as indicated by Sa”'These deficits were not due simply to motor dysfunc-
vary or blood glucocorticoid concentrations, decrease s or an acute vertiginous episode, but seemed to be
rapidly after acute vestibular damage [24,36,73], itis gye to deficits in learning and remembering tasks that
possible that recurring vestibular symptoms in humans  are spatial in nature. Peruch et al. [49] studied 8 uni-

are associated with continuously high levels of cortisol
which could lead to hippocampal cell death [58]. How-
ever, this would not explain why, in some cases, well
compensated patients (i.e. no complaints of dizziness
or imbalance) still appear to exhibit cognitive deficits
(see below) [51].

lateral vestibular deficient patients with Meniere’s dis-
ease who received a unilateral vestibular neurectomy
to relieve vertigo but preserve hearing. During the first
week of post-operative recovery, turn error during path
integration tasks was significantly greater than for con-
trols. Although in this case the auditory contribution
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to the performance deficit can be excluded, it is diffi-

cult to completely disentangle the ‘cognitive’ aspect of

the dependent variable from the vestibulospinal reflex
contributions. These studies were, of course, specifi-
cally designed to evaluate path integration, not cogni-
tion itself, and at the very least performance in such
tasks probably represents a complex combination of
cognitive and sensori-motor function [7].

3.2. Sudies of attention, reaction time and memory

One of the first studies of cognitive function in pa-
tients with vestibular disorders was reported by Grimm
etal.[27], who detailed perceptual and memory deficits
in patients with perilymph fistula syndrome (PLFS).
All of the patients in the study had confirmed positional
vertigo and perilymph fistulae, which in most cases
were confirmed at the time of surgery. It was presumed
that the fistula resulted from head trauma, chronic ear
infection or acceleration forces that caused a tear in the
round or oval window membranes and a consequent
leakage of perilymphatic fluid into the middle ear. At
the same time, otoconia dislodged from the utricle ac-
cumulated in the cupula of the posterior canal ampulla,
causing BPPV. From a total sample of 102 patients,
more than 95% suffered from long-term ‘disorientia-
tion’ in any situation involving conflict between visual
and vestibular information, such as movement of the
visual field in the absence of self-motion [27].

The surprising observation was that more than 85%
of the patients reported memory loss of some sort. In
a quantitative study of a sub-sample of these patients,
performance on digit symbol, block design and picture

ley et al. [71] have also reported that patients with
vestibular dysfunction performed significantly worse
than controls on a mental arithmetic task when they
were being passively oscillated and asked to monitor
their orientation. In another study, Yardley et al. [70]
measured the postural stability of 48 patients with a
variety of vestibular disorders on a moving platform
while they were required to perform various spatial and
non-spatial tasks. They found that as the balancing
task became more difficult, the subjects’ reaction times
became slower and their accuracy poorer on spatial and
non-spatial mental tasks. The authors suggested that
the process of monitoring orientation can make sub-
stantial demands on cognition in a vestibular deficient
patient and that this may lead to poorer performance
in a cognitive task [71]. By contrast, Andersson et
al. [1] reported no significant effects of different bal-
ance conditions on performance in cognitive tasks by
vestibular deficient patients; however, when attention
was focussed on body sway, significantly greater sway
was observed during the cognitive tests when there was
no calf stimulation.

More recently, Redfern et al. [51] studied 15 patients
with unilateral vestibular loss. All of the patients were
well compensated, with no complaints of dizziness and
all had normal hearing in their remaining ear. The sub-
jects were tested in 4 postural conditions: 1) seated,;
2) standing with a fixed floor and a stable visual envi-
ronment; 3) standing on a sway-referenced floor with a
stable visual environment; and 4) standing on a pseudo-
random translating floor with a stable visual environ-
ment. During these 4 postural conditions, the subjects
were given either an auditory simple reaction time task,

arrangementwas in the impaired range despite a normal an auditory choice reaction time task, or an inhibitory

level of intellectual function. Although performance on
the WMS Information, Digit Span and Visual Repro-
duction tests was normal, scores on auditory recall and
learning and paired associate learning were all below
the normal range. Interestingly, many of these patients
also suffered from affective symptoms such as anxiety
and depression [27]. In the case of PLFS, it is difficult
to exclude the contribution of auditory dysfunction to
the cognitive deficits observed, since vestibular and au-
ditory dysfunction are both part of the syndrome and
occur together.

Risey and Briner [52] reported that patients with ver-
tigo of central origin exhibited significant impairments
in counting backwards by two and in mental arithmetic
(‘dyscalculia’). The subjects also showed deficits in
central auditory processing, therefore there may have
been an auditory componentto the phenomenon. Yard-

reaction time task. Compared to controls, the reaction
times were significantly longer for patients in all tasks,
and the difference increased with the complexity of the
task. However, perhaps the most surprising result was
that the patients’ reaction times were longer even in the
seated condition without any sway, and this difference
was much greater for the more complex cognitive tasks
(see Fig. 1). Since there was no postural challenge in
this situation, this result seems to provide direct evi-
dence for a cognitive deficit which is not confounded by
any movement to which the vestibular reflexes would
normally contribute. In the auditory simple reaction
time task, the subjects had to respond with a simple but-
ton press when they heard a particular tone. Inthe com-
plex choice reaction time task, they had to press a but-
ton with their dominant hand and another button with
their non-dominant hand. In the inhibitory reaction
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time task, they had to respond to a visual ‘go’ stimulus, 400+ O controls
unless they heard a ‘stop’ tone through the headphones.

The possibility that the patients could not perceive the *
stimuli as accurately as the controls cannot be totally
excluded. However, the fact that subjects had only to
press a button in response to a stimulus of varying com-
plexity and the patients performed so poorly even while
seated, suggests that some aspect of cognitive function,
i.e. attention, memory or ability to analyse information,
was impaired. Importantly, the differences in hearing
between the patients and controls could not account for
the results. The patients were receiving the auditory 250
information only through the unoperated ear; however, CRT IRT

control studies using monaural versus binaural presen-

tation in the control subjects showed no differences in reaction time task

reaction times. Furthermore, the patients showed sim- o

Jat responses i the complex choice reacton time and 8,1 Co7es eacion (e e g fom Reder
inhibitory reaction time tasks, even though in the latter yesiipyiar loss on a choice reaction time task (CRT), and aninhibitory
the response stimulus was visual. Redfern et al. [51] reaction time task (IRT)while seated (i.e. without any postural chal-
considered the issue of whether cognitive performance lenge), Bars represent means calculated from Fig. 2 in Redfern et
might be decreased as a direct result of the vestibular %"r [;g’n:‘roTs 223'2;32;??‘290”8‘; between the mean reaction times
damage or because of the demands that maintaining T

the compensated state places upon cognitive processes.

M petients

350+

300+

reaction time (ms)

They suggested that if the latter were true, one might X >0 O controls
expect that cognitive deficits would be greater in pa- S 404 W paients
tients who have not compensated. In the study of Yard- §
ley et al. [70], the patients were currently complaining g 304
of dizziness; however, in Redfern et al's [51] study, all S *
of the patients were well compensated (i.e., they did % 20-
not complain of dizziness or imbalance) and yet still £
displayed deficits in reaction time. gr 104
Schautzer et al. [57] studied the performance of 10 o
patients with bilateral vestibular loss as a result of NF2 s,

and 10 sex- and age-matched controls, on a computer-
ized virtual water maze task. The task was used to eval-
uate the subjects’ ability to successfully navigate to a Fig. 2. Data regraphed from Schautzer et al. [57], showing the time
particularplace nspace,simiar o thereal water maze P 1 e PV e ity i, 1 it
task, buthad the advantage that the SUb]_eCtS only had to lated from Fig. 3 in Schautzer et al. [574,: significant difference
move a cursor on a computer screen using a keyboard. petween controls and patientsga 0.01.

Only 5 of the 10 NF2 patients could directly navigate to

the hidden platform on the screen, compared to 10/10 the patients were not impaired in cued navigation tasks
for the controls. Patients exhibited longer latencies to in which the platform was visible, suggests that the
navigate to the platform; during the probe trial in which  deficit was not due simply to deficits in motor control,
there was no platform, whereas the controls spent most visual perception or motivation [57]. Only one of the
of their time in the quadrant where the platform had NF2 patients had complete hearing loss, and therefore
been previously, the NF2 patients spent only 25% of it is unlikely that deafness contributed to the results.
their time in that quadrant (see Fig. 2). Since the Mor- Despite these studies, Gizzi et al. [23] have argued
ris water maze is a standard and reliable test for spa- that there is no causal connection between vestibular
tial learning and memory, this study provides evidence dysfunction and cognitive impairment. They studied
that patients with bilateral vestibular failure experience 200 patients at an outpatient balance disorders clinic,
deficits in memorising spatial locations. The fact that usingthe Neurobehavioral Symptom Inventory (a ques-

subject group



tionnaire which measures a range of neurological and
psychological symptoms), and found that cognitive
complaints were more common in dizzy patients with
a history of brain trauma and that there was no sig-
nificant correlation between the diagnosis of vestibular
dysfunction and the frequency of cognitive complaints.
However, this study was epidemiological in nature and
involved no quantitative analysis beyond the frequency
of cognitive dysfunction as assessed by the inventory.

4. Implicationsfor treatment

Takentogether, the available studies provide substan-
tial evidence that patients with vestibular disorders ex-
perience cognitive dysfunction, some of which involves
spatial information processing, and some of which is
non-spatial. Studies such as that by Redfern et al. [51]
make it unlikely that the cognitive deficits are due to
motor dysfunction or deafness. The use of cued vir-
tual navigation control tasks such as those employed
by Schautzer et al. [57] excludes the possibility that
the spatial memory deficits are due to problems with
vision, motor control or motivation. Although the re-
sults of Brandt et al. [8] suggest that the hippocampus
is dramatically affected by bilateral vestibular damage,
it is important to recognise that the non-spatial deficits
are unlikely to be due to changes in the hippocampus.
For example, Mumby [47] has argued that non-spatial
memory such as object recognition memory is more
likely to be related to areas like the perirhinal cortex.
In this respect it is interesting to note that deficits in
object recognition memory and exploration have been
reported 3 and 6 months following bilateral vestibular

P.F. Smith et al. / Does vestibular damage cause cognitive dysfunction in humans?

that might lead to anxiety. Aside from the obvious pos-
sibility that patients with cognitive problems secondary
to vestibular damage develop anxiety disorders because
of the difficulties that their symptoms present in daily
life, it is also conceivable that some of the emotional
changes are due to the direct effects of vestibular dam-
age in the hippocampus. It has been argued that the
hippocampus is as much an emotional as a cognitive
processing center (see [26] for a review). These two
views of the hippocampus are, of course, not mutually
exclusive, since most memories have emotional value
and it is logical that spatial memories would be rep-
resented in the brain with an emotional grade. Our
recent studies of rats with bilateral vestibular damage
suggest that, even 6 months following the lesion, they
display a lack of interest in exploration and, if given
the opportunity, will remain in a concealed home cage
rather than exploring for food in a foraging task [75].
Whether this is related to agoraphobia in humans with
vestibular damage remains to be seen.

4.2. Use of cognitive therapy in rehabilitation

If patients with vestibular disorders suffer from cog-
nitive deficits, then it is possible that cognitive and
vestibular therapies might be useful in alleviating these
symptoms. Johansson et al. [35] used cognitive be-
havioral therapy with vestibular rehabilitation in 9 pa-
tients with dizziness, and reported a significant de-
crease in symptoms. The intervention lasted 7 weeks
with 5 weekly group sessions and the dizziness was
assessed using walking time, response to provoca-
tive head movements, and the Dizziness Handicap In-
ventory (a standardized questionnaire which quantifies

damage in rats [75], and neurochemical changes have dizziness symptoms). If the cognitive burden of main-

also been found in the perirhinal and entorhinal cortices
following peripheral vestibular damage [37]. Itis there-
fore likely that many areas of the limbic system and
neocortex undergo reorganisation following vestibular
damage [5].

4.1. Connection with anxiety and agoraphobia

It is well established now that patients with vestibu-
lar disorders experience a high incidence of depression
and anxiety disorders, including agoraphobia [17,19,
58,69,72]. Is there a connection between the cognitive
effects of vestibular damage in humans and emotional
disorders? Godemann et al. [25] have reported that
patients with vestibular disorders exhibit a high fre-
guency of dysfunctional and ‘catastrophic’ cognitions,

taining a compensated state is an important factor [51],
it is conceivable that cognitive training could be of sig-
nificant benefit in improving performance in divided
attention situations. The virtual water maze tasks used
by Brandt et al. [8,57] might also be extended for the
purposes of retraining in spatial navigation, and incor-
porated into a vestibular rehabilitation programme [35].
During rehabilitation, therapists could also attempt to
use the constructs of divided attention in an attempt to
further rehabilitate people with vestibular dysfunction.
Persons could be asked to multitask with a verbal cog-
nitive task in order to attempt to optimize the person’s
ability to perform two skills at the same time without
significant degradation of the skills. Examples could
include walking and talking [40], where poor perfor-
mance has been related to fall risk in older persons.
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