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The vestibular system provides three-dimensional idiothetic cues for updating of one’s position in space
during head and body movement. Ascending vestibular signals reach entorhinal and hippocampal
networks via head-direction pathways, where they converge with multisensory information to tune the place

and grid cell code.

Recent findings

Animal models have provided insight to neurobiological consequences of vestibular lesions for cerebral
networks controlling spatial cognition. Multimodal cerebral imaging combined with behavioural testing of
spatial orientation and navigation performance as well as strategy in the last years helped to decipher

vestibular-cognitive interactions also in humans.

Summary

This review will update the current knowledge on the anatomical and cellular basis of vestibular
contributions to spatial orientation and navigation from a translational perspective (animal and human
studies), delineate the behavioural and functional consequences of different vestibular pathologies on these
cognitive domains, and will lastly speculate on a potential role of vestibular dysfunction for cognitive aging
and impeding cognitive impairment in analogy to the well known effects of hearing loss.
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Preclinical and clinical studies in the past decades
have clearly shown a contribution of vestibular
signals to cognitive processes foremost in the
domains of spatial orientation, navigation and cog-
nition [1,2"]. Based on theoretical considerations, it
is reasonable that target-oriented navigation relies
on both allothetic, that is, mostly visual cues from
the environment, and idiothetic, that is, vestibular
and somatosensory cues for a continuous updating
of one’s own position in space during active and
passive movement [3-5]. Spatial orientation and
navigation is guided by a widespread network of
brain regions (prefrontal cortex, basal ganglia, tha-
lamus, cerebellum, posterior parietal cortex, retro-
splenial cortex, posterior parahippocampus, lingual
gyrus, hippocampus, and entorhinal cortex) [6].
Creating a mental representation of a novel environ-
ment seems to depend critically on the hippocam-
pus, entorhinal cortex, and retrosplenial cortex with
its highly specialized cell ensembles (place cells, grid
cells, and head direction cells) [6]. Given the exten-
sive ascending projections of the vestibular system
to neocortical and hippocampal networks [7*%,8"],
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there is an overlap of vestibular/multisensory net-
works with hubs and circuits involved in spatial
cognition [1]. In this review, we will give an update
on the behavioural consequences of vestibular
lesions for spatial orientation and navigation in
conjunction with considerations on the underlying
cellular and circuitry mechanisms including both
animal and human studies.
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KEY POINTS

o The vestibular system mostly contributes to allocentric
spatial orientation strategies.

o Unilateral peripheral vestibular lesions mostly affect
ipsilateral hippocampal plasticity.

o Patients with peripheral vestibular lesions have subtle
deficits in spatial and nonspatial cognitive domains.

o Peripheral vestibular loss may contribute to accelerated
cognitive aging.

o The relevance of peripheral vestibular deficits as an
independent risk factor for cognitive impairment and
dementia remains unclear.

VESTIBULAR INPUT TO HIPPOCAMPAL
AND EXTRAHIPPOCAMPAL NAVIGATION
NETWORKS

Vestibular input from the semicircular canals and
otolith organs gets transmitted to the hippocampus
via the vestibular nucleus, vestibulocerebellum and
ascending multisynaptic pathways involving the
dorsal brainstem tegmentum, anterior thalamus,
subiculum and entorhinal cortex [9]. By this route,
information on heading direction reaches hippo-
campal networks, which is relevant for the updating
of one’s own position in space during movement in
interaction with other sensory sources [10,11%]. Fur-
thermore, vestibular input to hippocampal place
cells and grid cells has been well documented
[12]. Modulation of vestibular afferent signals dur-
ing head and body movement has instantaneous
consequences on hippocampal and entorhinal theta
rhythm [13-15]. Selective electrical stimulation
experiments of the semicircular canals and otolith
organs in rats have demonstrated a rather wide-
spread and variable bilateral induction of hippo-
campal local field potentials arising from single
sensor stimulation [16"]. In addition, a vestibular
contribution to extrahippocampal head-direction
networks, for example, in the retrosplenial cortex
has been described [17,18%,19%%,20""].

BEHAVIOURAL CONSEQUENCES OF
VARIOUS VESTIBULAR DISEASES ON
SPATIAL COGNITION

Vestibular animal models are optimally suited to
experimentally control for the extent (complete
vs. incomplete), endurance (transient vs. perma-
nent), and laterality (unilateral vs. bilateral) of a
vestibular deficit, as well as the timely dynamics
and magnitude of spatial orientation and
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navigation deficits following peripheral vestibular
lesions [21]. Consequently, vestibular contribution
to spatial orientation has been studied predomi-
nantly in animal models over the last decades.

Several studies have shown that bilateral vestib-
ular damage in rodents leads to severe and persistent
navigation deficits in real space by disrupting the
head direction cell code in the dorsal brainstem
tegmentum, anterior thalamus, subiculum and
entorhinal cortex, the place cell code in the hippo-
campus, and the grid cell code in the entorhinal
cortex. Recently, it could be shown that the implan-
tation of a vestibular prosthesis can inversely
improve spatial orientation in animals with vestib-
ular deficits [22]. Galvanic vestibular stimulation in
mice had some effect on visuospatial cognition, if
the bilateral peripheral vestibular deficits were
incomplete [23"]. However, it is unclear how persis-
tent such an effect would be, as repetitive subthres-
hold noisy galvanic vestibular stimulation (nGVS)
in rats with incomplete bilateral vestibular loss had
no enduring effect on the movement pattern in an
open field and no modulatory effects on hippocam-
pal energy metabolism in vivo [24"].

Recently, long-lasting egocentric and allocentric
spatial memory deficits and impaired ipsilesional hip-
pocampal plasticity have also been found following
complete unilateral vestibular loss in rats [25].
Nguyen et al. [26] furthermore documented an impact
of the lesion side, with left-sided unilateral labyrin-
thectomy having a more severe effect on short-term
and long-term spatial cognition. Galvanic vestibular
stimulation was able to improve spatial cognition after
unilateral labyrinthectomy in mice [27].

Following the seminal publication of Brandt et al.
[28] in 2005, which showed selective deficits of spatial
cognition in a virtual Morris Water Task in patients
with a complete bilateral vestibular loss, several studies
have been published over the last years reporting
differential spatial orientation and navigation deficits
in patients with various vestibular pathologies in real-
space as well as desktop and immersive virtual reality
setups [29,30,31%,32"]. As a general note, these results
may be interpreted in consideration of different
vestibular inputs and reference frames inherent to
the respective setups, that is desktop virtual reality
or paper-pencil applications may rather probe two-
dimensional static vestibular spatial memory [29,33],
while real-space or immersive virtual reality naviga-
tion allows for multisensory and specifically 3D ves-
tibular inputs induced by translational and rotational
head and body movements [3,34].

In a recent study, real-space navigation perform-
ance and strategy, as well as visual exploration and
landmark fixation was tested in patients with bilat-
eral vestibulopathy [4]. Patients performed worse
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than matched healthy controls, when recombining
novel routes (allocentric navigation), whereas retrac-
ing of familiar routes (egocentric navigation) was
normal (Fig. 1 a—d). Importantly, these deficits corre-
lated with the severity of the bilateral vestibular loss.
Patients exhibited higher gait fluctuations, spent less
time at crossroads, and used path optimization strat-
egies such as possible shortcuts less often. Overall,
this pattern reflected a selective deficit in allocentric
navigation strategies, which rely on a mental repre-
sentation of a cognitive map, while visual landmark-
based and stimulus-response strategies were used
more abundantly, likely in an attempt of functional
compensation. Similar results were reported in a
recent study, which applied a virtual reversed T-maze
paradigm to document a preference for egocentric or
allocentric navigation strategies in patients with
bilateral or unilateral vestibular loss [35"%]. It was
observed that patients with bilateral vestibulopathy
had a generally reduced ability to select a specific
navigation strategy and specifically had some
reduced odds to use an allocentric strategy. In con-
trast, patients with chronic unilateral vestibular loss
tended to use an egocentric navigation strategy less
frequently. Only right-sided vestibular loss affected
the ability to adopt a specific spatial orientation
strategy [35""]. In another recent cohort study,
patients with a chronic unilateral or bilateral vesti-
bulopathy performed significantly worse in a triangle
completion test for path integration and rotational
memory test, but showed no differences in terms of
the visuospatial subset of the Berlin intelligence
structure test (BIS-4) and d2-R for attention and
concentration [36]. Lately, Oh et al. [37""] tested
performance in visuospatial perception and memory
tasks by paper-pencil tests (i.e., the Visual and Object
Space Perception battery, Block design test, Corsi
block-tapping test) in 72 patients with acute unilat-
eral peripheral vestibulopathy at 2 days and 4 weeks
after symptom onset. In the acute phase, patients
performed significantly worse on visuospatial mem-
ory, but not perception tasks. At this time, patients
with right-sided vestibular lesions had decreased
visuospatial memory and perception compared to
left-sided lesions. Visuospatial abilities crossly recov-
ered within 4 weeks of compensation.

PATHOPHYSIOLOGY OF SPATIAL
NAVIGATION DISORDERS IN
VESTIBULOPATHIES

Recent animal studies have given further insight in
the consequences of vestibular lesions on hippo-
campal structure and function. Serial in vivo
whole-brain imaging of neuronal activity after a
unilateral chemical labyrinthectomy in rats
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depicted a decrease in the ipsilesional posterior
and anterior hippocampus as well as entorhinal
cortex glucose metabolism and a relative increase
in the contralesional anterior hippocampus and
entorhinal cortex from day 1 to 15 after unilateral
chemical labyrinthectomy [38,39%]. Recently, long-
lasting impaired plasticity mechanisms in the ipsile-
sional hippocampal formation were documented
following unilateral vestibular neurectomy in the
rat [25"]. The overly ipsilateral effects on hippo-
campal neurobiology could speak for a functional
lateralization of vestibulo-hippocampal projections,
similar to the well known ipsilateral dominance of
vestibular projections to the parieto-insular cortex
[40]. In a bilateral chemical labyrinthectomy rat
model, hippocampal glucose metabolism decreased
on both sides from days 1-60 post lesion [24"]. In
vivo synaptic density imaging depicted no major
synaptic loss in the hippocampus during this time
period [417]. This finding is in accordance to older in
vitro studies, which indicated no major synaptic loss
in the hippocampus following bilateral vestibular
deafferentation, but only a minor change in den-
dritic structure [42].

In humans with peripheral vestibular disorders,
multimodal imaging studies in the last years have
added to the understanding of functional and struc-
tural hippocampal alterations. During real-space
navigation, the right hippocampus and entorhinal
cortex were less active in patients with bilateral
vestibular loss, while the bilateral parahippocampal
place area were more active than in healthy controls
(Fig. 1e). Patients with a complete bilateral vestibul-
opathy due to neurectomy additionally showed
reduced activations in the pontine brainstem, ante-
rior thalamus, posterior insular, and retrosplenial
cortex compared to patients with incomplete bilat-
eral vestibular loss [4]. This navigation-induced
brain activation pattern in BVP is compatible with
deficits in creating a mental representation of a
novel environment. Residual vestibular function
allows recruitment of brain areas involved in head
direction signalling to support navigation. Parahip-
pocampal place area activation may reflect a com-
pensatory visually guided navigation strategy in
patients with bilateral vestibular loss. Volumetric
brain imaging studies have reported differential
results in terms of structural consequences of ves-
tibular loss for hippocampal volume (for a recent
review see [27]). While single studies showed a global
atrophy of the hippocampus [28] following bilateral
vestibular loss, others reported a decrease of volume
only in hippocampal subregions [43%,44"], while
some studies found no volumetric changes at all
[35%,45]. It is currently hypothesized that hippo-
campal volumetric changes depend on several
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FIGURE 1. Realspace navigation testing in patients with bilateral vestibulopathy. (a) Navigation paradigm in real space. The
area, in which five target items had been placed, was shown to the individuals first on an investigator-guided walk
(exploration, left side). Afterwards, individuals had to find the items in a defined pseudo-randomised order over the next

10 min beginning from the starting point (red square). The first five routes in the navigation paradigm were identical to the
previous exploration routes and therefore had to be simply retraced (middle). Then, the order of target items was changed in a
way that required recombining novel routes (right side); (b) Individuals wore a gaze-monitoring head camera to allow posthoc
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analysis of their visual exploration; c) [18F]-FDG was injected at the start of the 10-min navigation phase to depict the
cerebral glucose utilization during navigation; (d) The normalized error rate during the navigation is depicted for the total
paradigm, as well as separately for retraced familiar and recombined novel routes. (e) During navigation, BVP patients had a
decrease of rCGM in the right hippocampal formation and bilateral insular cortex, and an increase of rCGM in the bilateral
parahippocampus and lingual gyrus (i.e., parahippocampal place are, PPA) compared to healthy controls. BVP, bilateral

vestibulopathy. Figure adapted from [4].

cofactors such as disease duration, extent of the
vestibular lesion, or concomitant hearing loss. It
seems that hippocampal volume loss is not a pre-
requisite nor a core substrate of spatial disorienta-
tion but rather a morphological correlate of an
enduring loss of hippocampal signal input [27].

CLINICAL RELEVANCE OF SPATIAL
NAVIGATION DEFICITS IN
VESTIBULOPATHIES

Patients with incomplete unilateral or bilateral ves-
tibular loss rarely complain about functionally rel-
evant spatial orientation deficits in everyday life. It
seems that compensatory mechanisms via land-
mark-based strategies, residual function of the head
direction system, or stimulus-response strategies can
functionally cope for most of the allocentric spatial
orientation deficit in these disorders. However, ves-
tibular deafferentation may reduce the functional
reserve of hippocampal, insular, and parietal net-
works during aging and may thus be a susceptibility
factor for an earlier cognitive decline during aging.
In line, patients with bilateral lateral semicircular
canal or bilateral utricular dysfunction have worse
rotational spatial orientation [46]. Patients with
vestibular disorders may also show mild deficits of
nonspatial cognitive domains ([477], for a recent
meta-analysis see [48™]). Vestibular function deficits
mostly from otolith pathways are more prevalent in
patients with Alzheimer’s dementia especially if
spatial orientation deficits are the predominant clin-
ical phenotype [49]. While several theoretical con-
cepts have been proposed to explain the possible
impact of vestibular loss for cognitive decline, the
concept is not substantiated by longitudinal cohort
studies and less well established than for hearing
loss.

CONCLUSION

Current studies in animal models and patients have
substantiated the view that vestibular signals crit-
ically contribute to spatial cognition and orienta-
tion. Potential mechanisms may be the following: a
deficit in creating a mental representation or cog-
nitive map of a novel environment due to a func-
tional disturbance of head-direction, place and grid
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cell systems, an impaired heuristic in topographical
processing with difficulty to select the most appro-
priate navigation strategy for a given situation or
task, or a noisier and less accurate path integration
due to imprecise convergence of idiothetic and allo-
thetic cues with a partial “multisensonsory con-
flict”. The extent of the spatial orientation deficits
in vestibular disorders depends on multiple factors
such as laterality and magnitude of vestibular loss.
Overall, right-sided vestibular lesions in humans
tend to have more severe effects on spatial cogni-
tion. Hippocampal effects of unilateral vestibular
loss seem to have a preponderance to the lesion side.
Consequences of vestibular loss for nonspatial cog-
nitive domains have been reported, but their rele-
vance as a risk factor for cognitive impairment
remains elusive. Future studies need to address
the long-term effects by a longitudinal and compre-
hensive assessment of visuospatial function in
patients with vestibular disorders to answer these
questions. A further topic will be whether novel
methods for restoration or augmentation of vestib-
ular function (i.e. vestibular implant, galvanic ves-
tibular simulation) in patients with bilateral
vestibular failure can effectively improve spatial
navigation performance and also nonspatial cogni-
tive function.
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