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Vestibular and Multi-Sensory
Influences Upon Self-Motion
Perception and the Consequences
for Human Behavior

Zelie Britton and Qadeer Arshad*

Department of Neuro-Otology, Charing Cross Hospital, Imperial College London, London, United Kingdom

In this manuscript, we comprehensively review both the human and animal literature
regarding vestibular and multi-sensory contributions to self-motion perception. This
covers the anatomical basis and how and where the signals are processed at all levels
from the peripheral vestibular system to the brainstem and cerebellum and finally to the
cortex. Further, we consider how and where these vestibular signals are integrated with
other sensory cues to facilitate self-motion perception. We conclude by demonstrating
the wide-ranging influences of the vestibular system and self-motion perception upon
behavior, namely eye movement, postural control, and spatial awareness as well as new
discoveries that such perception can impact upon numerical cognition, human affect,
and bodily self-consciousness.

Keywords: self-motion perception, vestibular system, cerebellum, cortex, behavior

INTRODUCTION

Despite the vestibular system being evolutionarily ancient (1), it has long been overlooked as a
primary sensory organ, notably by Flourens who, whilst identifying that pigeons with peripheral
vestibular lesions suffered from imbalance, concluded that the semi-circular canals were involved
in generating motor responses for head and eye movements (2). The inner ear itself was first
recorded in the 1,500 s by Andreas Vesalius and Gabriele Fallopio, reviewed by Weist (3). Initial
research into the mechanics behind how acceleration can be detected took place in the 1870s by
three independent scientists: Josef Breuer, a Viennese doctor, Ernst Mach, a professor of physics
and Alexander Crum Brown, who worked as a chemist having received degrees in medicine and
chemistry. They identified the semi-circular canals as the organs for motion sensation, suggested
relative inertial motion of endolymph to the bony skull as the method of transduction, and observed
that the semi-circular canals and otoliths might work in combination to differentiate between linear
motion and tilt, and whose work forms the basis of our current understanding, well-reviewed by
Weist and Baloh (4) and Weist (3). The vestibular system is found in different forms across the
animal kingdom and is reviewed by Lowenstein (5) and Beisel et al. (6).

The paired vestibular organs consist of three semi-circular canals and two otoliths, which
together sense rotational and linear accelerations and are responsible for maintaining both stable
vision during head movements [via the vestibular-ocular reflex (VOR)] and a stable posture (via
vestibular-spinal reflexes). Furthermore, they also contribute to an awareness of our movement
in space as demonstrated by the ability of a subject to report passively applied movements whilst
seated in a rotating chair in darkness. In everyday life, vestibular stimuli are integrated with
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visual, somatosensory, auditory, and motor efference inputs to
derive estimates of self-motion. Perhaps the reason for the
omission of vestibular perception from the traditional human
senses is that, compared with the perceptual times for other
senses, vestibular perceptual awareness is relatively slow (70—
160 ms) and less sensitive (7, 8). Accordingly, during daily life
we are often unaware of workings of the vestibular system until
it fails. Patients with vestibular disorders suffer not only from
difficulties with balance but also report head-movement induced
oscillopsia and difficulties during complex behaviors such as self-
motion perception and navigation (9). This review will examine
the role of the vestibular system in the perception of self-
motion and explore how self-motion perception can modulate
other behaviors.

SENSING MOTION

The vestibular organs are our motion detectors and consist of
the otoliths and the semi-circular canals. These detect changes
in velocity via stimulation of the hair cells which contain
cilia projections from their apical surface. The cilia are named
according to their length: the longest being the kinocilium, the
others, the stereocilia. Even in the absence of any stimulation,
they exhibit a low level of tonic activity (10-12). Hair cells
depolarise when the stereocilia deflect toward the kinocilium and
hyperpolarise when the deflection of the stereocilia is directed
away from the kinocilium (13-15). Depolarisation leads to release
of neurotransmitters onto first-order vestibular neurons. Such
deflections occur due to the relative inertia of the endolymph
in the semi-circular canals into which the cilia project: when
the head accelerates, the lag of this fluid deflects the cilia. The
hair cells also receive efferent synapses which can modulate the
activity of the hair cells (16). The utricle and saccule are the two
otoliths and detect linear accelerations in the axial and coronal
planes, respectively. Their hair cells project into a gelatinous layer
which is covered with calcium carbonate crystals. The anterior,
posterior, and horizontal canals work in pairs to sense rotations
in the sagittal (pitch), coronal (roll), and transverse (yaw) planes,
with an increase in impulse discharge during ipsilateral rotation
and a reduction seen during contralateral rotation (11) [it might
be added here that the semi-circular canals have also been shown
to respond to tilting and linear acceleration, albeit with a much
greater threshold (17)]. Two distinct types of afferent neurons,
categorized by the regularity of their resting activity spike pattern,
carry signals from the hair cells to the vestibular nuclei (12).
For canal afferents, regular fibers, which have smaller axon
diameters, are thought to predominantly transmit information
about head motion over time whereas the irregular fibers are
more sensitive to motion, exhibiting higher gain (18, 19). Both
fibers respond similarly to active and passive head motion
(20). Otolith afferents are similarly formed of regularly- and
irregularly-firing neurons (21).

THE VESTIBULO-OCULAR REFLEX

The vestibulo-ocular reflex (VOR) serves to stabilize visual input
on the retina during short, fast head movements by driving

the eyes with a velocity of equal magnitude and in opposite
direction to the head movement. It was first described by Andreas
Hoegyes who demonstrated that each semi-circular canal was
connected to the appropriate extra-ocular muscle (22). The canal
afferents, having tonic discharge that is modulated according
to the direction of rotation (10, 11), work in pairs, such that
stimulation of one side occurs whilst the other side is inhibited
(23). Similar mechanisms exist for translational head movements,
which result in a linear VOR (24, 25). The VOR is fittingly
fast, operating with latencies of 5-6 ms (26), which is in keeping
with the short three-neuron pathway involved: the primary
afferent neuron of the vestibular nerve, an interneuron, and a
motor neuron to the corresponding extra-ocular muscle (27-
29). The functional importance of which was first recognized by
Lorente de No, who discovered that feedback pathways within
the neuronal arc are involved in the VOR, a concept extended
by Raphan et al. in their description of the velocity storage
mechanism (30, 31). Furthermore, the VOR is sensitive, and
can respond, to changes in the relationship between vestibular
signals and the visual field: wearing magnifying lenses leads
to adaptive increases in VOR gain whilst left-right reversing
Dove prisms lead to adaptive decreases in the gain of the VOR
(32-34). The mechanism for these adaptations appears to be
via long-term depression in the cerebellar flocculus (35, 36).
[Note that removal of the vestibulocerebellum does not abolish
the VOR (34)]. Following unilateral vestibular loss, there is an
impressive recovery of the VOR, revealing the importance of
multimodal input integration, in particular, proprioceptive, and
motor efferent inputs (37, 38). Nystagmus arises when there is
slow, continuous movement of the head, with the slow, vestibular,
component in the opposite direction of the motion, and a fast,
“catch-up” saccade in the same direction [note that nystagmus
can, of course, arise in other circumstances, namely: physiological
nystagmus (optokinetic and end-point); infantile nystagmus and
pathologic nystagmus, reviewed by Abadi (39)]. Early work
carried out by Lorente de No established the importance of the
role of the reticular nuclei in these reflexes: in rabbits with lesions
of the raphe nuclei of the pons and the medulla oblongata, thus
severing the axons of the reticular nuclei, the fast component of
nystagmus disappeared (40, 41).

WHAT IS SELF-MOTION PERCEPTION
AND HOW DOES THE VESTIBULAR
SYSTEM AND ASSOCIATED CENTRAL
PROCESSING GIVE RISE TO IT?

Perception of Angular Motion

Perception of passive self-rotation can be quantified in terms
of the minimum (or threshold) rotation required for perceptual
awareness and by a subject’s estimates of angular velocity and/or
displacement. Vestibular perceptual thresholds are dependent
upon the axis of rotation, with thresholds for whole-body
rotations about the vertical axis (yaw) being significantly lower
than those for roll and pitch (42). Additionally, perceptual
thresholds improve as the frequency of sinusoidal rotation
increases up to 0.2Hz, and plateau beyond 0.5Hz, findings
that suggest that vestibular signals undergo high-pass filtering
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(see Figure 1) (43). Vestibular perception thresholds for yaw
rotations in young healthy subjects are significantly greater at
1.18 deg/s* compared with the angular acceleration required for
nystagmus (0.51 deg/sz) (44).

Eye movements can also be used to indicate perceived rotation
by implementing a paradigm in which participants are either
asked to hold a given direction of gaze in the dark during angular
rotation (which requires both the vestibular-ocular reflex and a
compensatory saccade), or are instructed to make a saccade back
to a previously seen visual target after having been rotated in
the dark (vestibular memory-contingent saccade) (45). Subjects
perform marginally better in the latter, possibly secondary to
interference between the VOR and the rotation being estimated
during the former task (46). As with threshold perceptions, yaw
rotations yield the best accuracy (46). Labyrinthine-defective
patients are unable to produce any structured response as would
be expected of a task designed to test vestibular perception (47).

The ability to estimate and reproduce rotational displacement
is another method to probe vestibular perception. Metcalfe and
Bronstein examined the ability of patients with labyrinthine
disease and healthy controls to re-orientate themselves
using a self-controlled motorized Barany chair after passive
displacement in the dark in a “go-back-to-start” paradigm
(48). Controls demonstrated high accuracy with low degrees
of variation (5-15° for 30-180° displacements). Patients with
acute unilateral vestibular failure (within a month of symptom
onset) demonstrated an inability to accurately perceive rotations
in either direction, consistently underestimating magnitude of
displacement toward the lesion and exhibiting highly variable
responses to rotation in the opposite direction. The study
followed the patients up for several months, by which time
there was partial restoration of perception and the symmetry
of the responses had been restored, suggesting compensatory
central mechanisms.

More recently, Panichi et al. sat subjects in a head-fixed
rotating chair in darkness and asked them to fixate on
the location of a previously seen target (presented straight
ahead prior to rotation) (49). The chair rotated in an
asymmetric sinusoidal pattern, with a fast component in one
direction and a slow, restoring component in the opposite
direction, an arrangement previously shown to selectively bias
central vestibular perceptual processing (50). They found that
patients with acute vestibular neuritis have a large deficit in
vestibular perception during conditions in which the slow-
phase acceleration was toward the lesioned side and that
whilst this improved over the 1-year follow-up period, it did
not return to normal. Notably, this asymmetry of self-motion
perception correlated with patients’ dizziness handicap inventory
score. It has been well-documented that clinical outcomes in
patients with chronic dizziness correlate poorly with low-level
brainstem reflexes (i.e., VOR) (51-53) and much better with
cortical processes including visual dependence and anxiety and
depression (54, 55). These observations provide support for
the theory that there exist different central mechanisms for
compensation of VOR and vestibulo-perceptual responses, with
the latter higher-level processes affording better predication of
prognosis following vestibular dysfunction.

Mean yaw rotation thresholds and model fit

6
' m  Grabherr et al., 2008
55 ! Model fit
51 \ < <| Benson etal., 1989, Exp. 1
\ > Benson etal., 1989, Exp. 2
45} \ — — Canal model
g \ Velocity storage model
M \
- 35} \
© \
c 25} \
ol \
2r \
\
15} Y
1t s
05}
0 L 1 L i

0.01 0.02 0.06 0.1 0.2 05 1 2 5
Frequency (Hz)

FIGURE 1 | From section Perception of angular motion. This figure, modified
from Grabherr et al. (43). Graph showing velocity thresholds as a function of
sinusoidal motion frequency, where velocity is the peak velocity achieved in
each cycle of sinusoidal acceleration. Black squares represent mean data from
Grabherr et al. (43), n = 7. Left and right pointing triangles from Benson et al.
(42), n = 6 and n = 8, respectively. Solid black line represents the fitted model
for the high-pass filter Kyg/(TS + 1).

Perception of Linear Motion

Linear accelerations are sensed by the otolith organs, and
the double integral of their signal can be used to estimate
passive linear displacement in the absence of other sensory
inputs (56, 57). In their study, Israel et al. found that whilst
subjects were unable to spontaneously produce a passive linear
displacement of two meters when blindfolded, they were able
to reproduce the distance traveled, peak velocity, and velocity
profile following passive displacement and that, in this paradigm,
reproduction of parameters relating to velocity appeared to
have been processed independently of the reproduction of
displacement (56). Regarding vestibular perception of linear
motion, lateral movements have lower thresholds than anterior-
posterior movements: in one study using a sinusoidal stimulus
of frequency 1 Hz, thresholds for accelerations were 6.5 cm/s?
and 8.5 cm/? for lateral and anterior-posterior movements,
respectively, whilst thresholds for velocity were 10.4 and 13.5
cm/s (58). Vertical linear movements have a perceptual threshold
greater than that for lateral movements but less than that for
anterior posterior motion (59). Using single acceleration steps,
Gianna et al. found acceleration thresholds of 4.84 cm/s® and
velocity thresholds of 7.93 cm/s for lateral movements (60). Other
movement profiles with linear and parabolic ramping of the
acceleration resulted in higher thresholds, thereby supporting the
view that large acceleration gradients facilitate perception (see
Figure 2). The study also examined the thresholds of patients
with impaired vestibular function. Although their average
thresholds were worse than healthy controls, there was overlap
between the two groups, suggesting that somatosensory cues were
also used in the task. A recent paper examined the effects of a
central (vestibular migraine) and peripheral (Meniére’s disease)
vestibular dysfunction on linear motion perception, finding that
perceptual thresholds were higher for patients with Meniéres
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FIGURE 2 | From section Perception of linear motion. This figure, modified from Gianna et al. (60). (A) Motion profiles for acceleration steps and corresponding rate of
change of acceleration and velocity. (B) Acceleration thresholds for normal subjects (Ns) (mean +/- standard deviation) and individual subjects with vestibular
impairment in the different conditions: step accelerations, low linear ramp (SlowR), high linear ramp (FastR), and parabolic acceleration (Par).
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disease but not significantly different for vestibular migraine
patients compared with controls (59). These findings contradict
recent findings of abnormal tilt thresholds in vestibular migraine
patients (61).

Perception of Heading

The ability to estimate ones direction of translation is
termed heading perception and the vestibular system plays
an important role in this process. For example, in macaques
heading discrimination thresholds in the dark increase 10-
fold after bilateral labyrinthectomy (62). Regarding the relative
contribution of the visual and vestibular systems in heading
estimation tasks, it appears that when subjects are asked to point
out the heading direction, the visual system enables more precise
determination (63), but when asked to perform a discrimination
task (forced choice of two), thresholds are similar for the

two senses (62). Interestingly, body position relative to gravity
can modify vestibular heading perception, but visual heading
perception is unaffected by changes in body position (64).

Calculating Self-Motion Relative to the
World

Signals generated by the vestibular system create an egocentric
reference of self-motion: to be useful for guiding our movements
and behavior relative to the external world, a transformation to
an earth-referenced frame of self-motion is required. To create
an earth-referenced model of self-motion, two difficulties need
to be overcome. Firstly, the signal from the semi-circular canals
does not vary with the attitude of the head in space, for example,
a raw rotation generates the same signals at the level of the
hair cells whether the subject is upright or supine. Secondly, the
otoliths alone cannot distinguish linear acceleration from head
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tilt relative to gravity (65). These difficulties can be overcome
through integration of vestibular signals with additional inputs
including visual and proprioceptive stimuli (reviewed below).
However, even when undergoing passive motion in a dark
room, a solution can theoretically be computed by combining
information from the canals and the otoliths. To resolve these
problems, it has long been hypothesized that the brain calculates
an estimate of the attitude of the head relative to gravity using
multisensory inputs, including canal signals, a value that can then
be used to resolve the above issues (66). In monkeys undergoing
passive movements, some cerebellar nodulus/uvula Purkinjie
cells respond preferentially to translation (or rather, to the vector
perpendicular to gravity) (67) whereas others respond to tilt (68).
These neurons project to the vestibular nuclei and the fastigial
nucleus, and from there to the thalamus, which also demonstrates
varying degrees of separation of movement types relative to
gravity (69, 70). Modeling work suggests a similar mechanism
exists in humans (71).

Differentiating Between
Actively-Generated and Passively-Applied

Motion

An unaddressed question is how we differentiate active vs.
passive motion. In life, we experience a combination of
actively-generated and passively-applied motion. Yet the relative
movement of the endolymph, and the subsequent deflection
of the hair cells, is identical during both active and passive
movements of a given profile and acceleration. The question
arises as to how changes in sensory signals due to external
variables (exafference) vs. those resulting from our own actions
(reafference) can be distinguished. An in-built mechanism would
be to use a copy of any motor commands against which to
compare sensory stimuli: this exists in the form of discharge
corollaries, also known as motor efference copies. Subtraction
of the actual sensory signal from the predicted sensory result
of an action theoretically leaves the signal from any additional
passive motion.

As noted previously, in alert primates, semi-circular
canal afferents respond identically to actively- and passively-
generated head movements (20). In contrast, vestibular nuclei
neurons show differential activation to passive and active head
movements, with reduced responsiveness to vestibular afferents
during actively-generated movements (72-74). In an experiment
designed to probe the mechanism for such modulation of
vestibular neurons responsiveness, Roy et al. compared the
activity of medial vestibular nuclei neurons during a range
of tasks including: passive whole-body rotations; active head
movements; passive body rotations, controlled by the monkey
using a steering wheel to drive a turntable, with an earth-fixed
head (to activate neck proprioceptors); and, head restrained
monkeys actively trying to turn their heads (motor commands
but no corresponding proprioceptive signals) (75). Only during
the actively generated head movements did the authors observe
a reduction in vestibular nuclei neuron responsiveness to
vestibular afferent signals. Furthermore, in the paradigm where
the monkeys were attempting but unable to move their heads

(i.e., there was muscular activation but not a corresponding
change in muscle length and joint movement), there was
minimal modulation of vestibular nuclei neuron responsiveness.
Taken together, these observations suggest that motor efference
copies and not proprioceptive signals nor prior knowledge of
the movement that lead to suppression of vestibular neuron
responses during actively generated movements, and that only
when the motor efference copy matches the proprioceptive input
does reafference occur. As a neural correlate of this, during active
self-motion, neurons in the fastigial nucleus continually compare
predicted and actual sensory stimuli (76) and respond only to
unexpected self-motion (77). Neurons in the posterior parietal
cortex also exhibit a differential response to active and passive
movements, although the responses of individual neurons to
different types of movement here is more complicated than that
observed for the vestibular nuclei neurons, perhaps reflective of
more complicated cortical processing (78).

Prolonging Self-Motion Perception: the

Velocity Storage Mechanism

The use of the relative motion of the endolymph to the bony
canals as an indicator of head motion works well for short, fast
head movements. However, with prolonged head movements,
friction reduces the relative motion of the endolymph, leading
to a decay in the signal generated. When the head is rotating
at constant velocity, the signal from the semi-circular canals
falls to 1/e of its maximum after 3-7 s: i.e,, the time constant
of the canals lies between 3 and 7s (79, 80). However, it is
conceivable that it might be physiologically disadvantageous for
vestibular reflexes and perception to exhibit a similar decay
curve, and indeed measured time constants for the VOR and
vestibular perception are on the order of three to four times
greater than that of the canals (30, 81). The network responsible
for prolonging the time constant of the VOR and perception
and thus sustaining behavioral responses beyond the time when
the endolymph has ceased to move relative to the head is called
the velocity storage mechanism. It can be modeled as a leaky
integrator with reversal of the sign of the signal and works as
a form of imperfect positive feedback on the canal signal to
the nuclei (30). The integrator is leaky to prevent inappropriate
propagation of noise. The velocity storage network is thought
to reside in the cerebellum. Whilst there has been some debate
as to whether the VOR and vestibular perception use the same
velocity storage network, most work now supports the theory
that they share the mechanism. In healthy subjects, there were
no differences in perceived rotational velocity and the slow-
phase response of the VOR after suddenly stopping yaw and
pitch rotations in the dark (82); time constants of the VOR and
perceived rotation co-varied in patients with chronic vestibulo-
cerebellar degeneration and healthy controls (83); and, when
measuring post-rotational nystagmus and perceived rotation
using a hand-driven wheel connected to a tachometer, intra-
subject group decay time constants for the two variables were
the same for healthy controls (16 s), and patients with congenital
nystagmus (7s) ( see Figure 3) (84). It is worth noting at this
point that the velocity storage network is not the only mechanism
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FIGURE 3 | From section Prolonging self-motion perception: the velocity
storage mechanism. This figure, from Okada et al. (84). (A) Eye velocity and
vestibular sensation averaged across subjects (normal, n = 31, and congenital
nystagmus, n = 14) after suddenly stopping whole-body passive rotations in
the dark. (B) Mean duration, time constant and area under the curve of turning
sensation in subjects with congenital nystagmus and healthy controls.

responsible for prolonged self-motion perception: the visual
system also plays an important role. In general, initial, short-
latency responses to self-motion are generated by the vestibular
system, whilst responses of greater duration and latency are
produced predominantly from visual flow inputs (85).

Cognitive Cueing

Cognitive, top-down influences are important for many neural
processes: self-motion perception is no different. When subjects
were asked to imagine themselves rotating in a chair prior to
actual rotation, when the imagined and real rotations were in the
same direction, vestibular perceptual thresholds were lower and,
interestingly, so were thresholds for the VOR (86). Conversely,
the ability to generate and manipulate mental images itself
relies upon an intact vestibular system: subjects with vestibular
impairment performed worse than healthy controls in object-
based mental transformations (87). Furthermore, vestibular
stimulation can facilitate mental transformations (88), with
improved performance during congruent inertial motion (89).
Such cognitive cueing is also evident during traditional passive
linear self-motion tasks: with sufficient acceleration, one might
expect subjects to experience tilt due to the somatogravic illusion.

However, this is generally not reported by participants. Wertheim
et al found that when subjects have prior knowledge that they
will be accelerated from rest during an experiment, they do not
report tilt, but that up to 50% of participants report tilt when they
have no prior knowledge, suggesting that the sensation of tilt is
suppressed in the former group (90).

SO WHERE IS SELF-MOTION
PERCEPTION PROCESSED?

Traditionally, perception was thought to be the preserve of the
cortex, with sensory inputs passing first through the thalamus
and then to a unimodal area of primary cortex before reaching
higher association areas to be combined with other sensory
inputs. However, this view is changing: more recent findings
suggest that multisensory processes occur in primary sensory
cortices and recognize the role of non-cortical areas (91). No
specific unimodal vestibular cortical area has been identified;
rather, cortical neurons that are modulated by vestibular stimuli
also respond to visual, proprioceptive, and motor efference
inputs. Therefore, the perception of self-motion is believed to
be processed by a network of different structures and regions,
centered on the lateral fissure and the parieto-insular “vestibular”
cortex and including the vestibular nuclei, cerebellum and other
cortical areas, a theory that is supported by the multiple areas
found to be involved in self-motion perception in animal and
human studies. Having a distributed network is of evolutionary
benefit as it reduces the risk that a focal brain lesion leads to a
significant defect in self-motion perception. Figure 4 summarizes
the main components of this vestibular network.

The Vestibular Neurons and Their

Projections

The vestibular fibers, whose cell bodies are found in Scarpas
ganglion, run to the four principal vestibular nuclei in the
dorsolateral pons and medulla and directly innervate the
posterior cerebellum, as well as projecting to other central
structures (92). These nuclei are also interconnected. Many
second order vestibular neurons receive convergent inputs from
otolith and canal afferents, thus providing a mechanism for
early integration of the two signals (93-95). For vestibular-only
neurons, so-called as they respond only to change in head attitude
and not to eye movement, this appears to occur physiologically in
the form of sub-additive integration, with canal afferents more
heavily weighted at lower frequencies and otoliths at higher
frequencies (72). As an aside, this may be the basis for a correlate
seen in human psychophysical experiments, in which perception
of combined passive linear and rotational motion cannot be
predicted as the simple sum of the two components (96).
Vestibular neurons at this level are also modulated by visual and
proprioceptive stimuli and from central, top-down inputs (97).
The nuclei project to the spinal cord via the lateral vestibulospinal
tract and descending medial longitudinal fasciculus; to the
autonomic nervous system; to the extra-ocular nuclei via the
ascending medial longitudinal fasciculus; to the cerebellum; and,
to the thalamus from where there are connections to the cortex
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FIGURE 4 | From section So where is self-motion perception processed? Diagram summarizing the main vestibular projections and brain regions contributing to
self-motion perception. Dashed arrows indicate integration with extra-vestibular inputs.

(92). A study of patients with acute posterolateral thalamus
lesions using positron emission tomography during caloric
vestibular stimulation (CVS), demonstrated reduced vestibular
temporo-parietal cortex activation on the side ipsilateral to
the lesion but did not find any significant effect on motion
perception (98).

Cerebellar Contributions to Self-Motion

Perception

Recently, the role of the cerebellum has been recognized as
extending beyond the traditional confines of motor control of the
eye movements and posture to include sensory discrimination
and self-motion perception (99, 100). Anatomically, the nodulus/
uvula and fastigial nucleus of the cerebellum receive significant
input from the vestibular system: a smaller contribution is of
primary afferent fibers projecting to the ipsilateral uvula and
nodulus and a larger proportion of secondary fibers from the
vestibular nuclei (101). The vestibular nuclei are reciprocally
innervated by the cerebellum. As described above, in monkeys
the nodulus/ uvula appear to be important in generation of
a world-referenced frame of self-motion (67, 68), whereas the
fastigial nucleus generates signals of unexpected self-motion by
comparing motor efference signals and actual proprioceptive
feedback from movement (76, 77).

In humans, psychophysical studies on subjects with cerebellar
degeneration have yielded informative observations: patients
with midline cerebellar lesions, when rotated in the dark, showed
impairment in multiple parameters compared with healthy
controls, including the duration of self-motion perception and
the perceptual time-constant (see Figure5) (102), findings
replicated in a subsequent study of patients with chronic

degeneration of the vestibulo-cerebellum (83). A further study
investigated the vestibular perceptual thresholds of two patients
with cerebellar agenesis, finding them to be globally elevated,
particularly for movements which only activated the otoliths
(103). These observations support the view that the cerebellum
has a role in extracting information about self-motion from
multiple signals generated by both self and passive movements,
and from background noise.

Cortical Processing of Self-Motion

Perception
From the brainstem and cerebellum, vestibular inputs
pass through the thalamus, predominantly via the main
somatosensory nucleus, the ventroposterior complex, to the
cortex. At the thalamus, it has been proposed that information
flows in two channels, one encoding head motion, the other body
motion (104). Many vestibular-sensitive neurons are already
multi-sensory, being modulated by visual, proprioceptive and
motor efference signals (105). There are two major cortical
areas implicated in the processing of vestibular information
for the perception of self-motion: the ventral intraparietal area
(VIP) and the parieto-insular vestibular cortex (PIVC). A third,
the medial superior temporal area (MST), is critical for visual
motion perception but also receives vestibular inputs. The
supplementary eye fields appear to be important in the control
of eye movements during self-motion: the neurons here are
modulated by vestibular stimuli (106); and, patients with lesions
of the supplementary eye field exhibited worse accuracy during a
vestibular memory-contingent saccade (107, 108).

Neurons in the MST respond predominantly to visual
stimuli, and in particular to visual motion stimuli. Several
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studies have confirmed the importance of this area in visual
heading perception (109-112). It has also been shown that a
subset of MST neurons are modulated by passive whole-body
translations [a response that is not seen following bilateral
labyrinthectomy (62)] albeit with smaller and less directionally
selective responses than for optic flow stimuli. Combining
vestibular stimulation with congruent and incongruent optic
flows varied the amplitude and direction-selectivity of these
neurons (113). These findings were since extended to show
that the response of MST neurons to inertial motion cues
was correlated with heading discrimination (62) and that
visual and vestibular cues were summed in neurons with
congruent heading preferences (114). However, it remains likely
that vestibular cues only have a minor influence over the
MST area, a theory that is supported by the finding that
inactivating MST using muscimol, a GABA, agonist, had
little effect on vestibular heading thresholds, but did impair
visual thresholds (111). Humans with MST lesions display
great difficulty in navigation and have impaired visual motion
perception (115).

VIP neurons respond reliably to vestibular, visual and
somatosensory inputs (116, 117) and receive inputs from MST

(118, 119). Compared with MST, VIP neurons are modulated to
a greater extent by vestibular stimuli and show greater correlation
with perceptual decisions (120). Subgroups of neurons show
preferential response to different types of inertial motion, a
characteristic that is invariant with respect to head attitude
and gaze direction. It is worth noting that responses to active
motion are generally smaller than those to passive motion (116),
thus raising the question as to the role the VIP cortex plays
in distinguishing active vs. passive motions and coordinating
appropriate behavioral responses.

Around two-thirds of PIVC neurons respond to vestibular
stimulation (121). Vestibular-responsive neurons are more
strongly activated by semi-circular canal inputs compared
with those from the otoliths. Of those neurons modulated
by canal signals, there were subgroups which preferentially
encoded rotations in a specific plane. As noted above, the
PIVC is multisensory, and neurons there also respond to
somatosensory and (particularly large-field) visual stimuli (122,
123). In primates, lesions of the PIVC led to impaired heading
perception (124). In humans, whilst direct stimulation of this
cortical area during craniotomies led to a range of vestibular
sensations including movement of the world and vertigo (125),
cerebral infarctions affecting the PIVC are reported to cause
an impairment in subjective vertical (126). Functional magnetic
resonance imaging studies have revealed activation of the
PIVC and posterior insular cortex during caloric vestibular
and direct galvanic stimulation (127-129). During this series of
experiments, some conditions required subjects to keep their
eyes closed, whilst in others they viewed random movement or
a fixation cross. The posterior insular cortex responded strongly
to visual motion, whereas in the PIVC there was a trend for
visual motion to reduce activity (130). The role of the posterior
parietal cortex in self-motion perception is demonstrated in
a series of psychophysical experiments. Repetitive transcranial
magnetic stimulation to this region impairs performance on
a whole-body displacement task that required angular path
integration based only on vestibular inputs (131). The same
stimulation applied to the right posterior parietal cortex also
worsened a motion-reproduction task (i.e., one not requiring
path integration) when applied during the motion reproduction,
although it had no effect when applied during the initial rotation
(encoding phase) (132).

The role of the posterior parietal cortex in top-down vestibular
perception (as defined by vestibular perceptual thresholds)
has also been established: transcranial direct current over the
temporoparietal junction (TPJ) alters vestibulo-perceptual and
VOR thresholds (133, 134). Nigmatullina et al. found that
in ballerinas, who are typically trained to perform multiple
pirouettes, display remarkable vestibular adaptation, compared
with rowers, who are physically active but not trained to tolerate
numerous rotations, there is differential white matter volume in
the TPJ bilaterally (135). Lesion studies demonstrate a split in
processing dependent upon the nature of the task: subjects with
parieto-occipital lesions perform well in “low level” tasks such as
discriminating the direction of moving stimuli, but poorly when
asked to judge heading direction; the reverse is true for patients
with occipital lesions (136). Further studies support this theory
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of split cortical processing for parallel channels carrying different
information about motion (137, 138).

Lateralisation of Vestibular Cortical

Processing

Vestibular stimulation activates both cerebral cortices, but it
is recognized that there is a right hemisphere dominance
in right-handed individuals, and an even stronger left-sided
bias in left-handed subjects (139). Although this asymmetry
has been shown to lead to differential effects on both
vestibular low-level reflex behaviors including the VOR (140)
and on vestibular-sensitive cognitive processes [for example,
as recently proposed, anxiety (141)], the effects, if any, on
self-motion perception remained to be fully explored. As
discussed above, repetitive transcranial magnetic stimulation to
the posterior parietal cortex can differentially impair perceived
whole-body angular displacement, with worse performance
when the right hemisphere is stimulated (affecting leftward
rotations) compared with left hemisphere rotations (132). Future
work could explore whether control of self-motion perception
is more commonly the result of asymmetric or symmetric
cortical activity.

INTEGRATION OF VESTIBULAR AND
NON-VESTIBULAR CUES IN
SELF-MOTION PERCEPTION

Whilst the vestibular system clearly plays an important role in
self-motion perception, it is far from the only system that can
provide such information. This is important because:

a) The human body is not rigid and can move with
several degrees of freedom, as explored in a novel
paradigm establishing relationships in movement between
different body parts (142). Thus, the vestibular system
alone is insufficient to provide a complete representation
of self-motion.

b) Using one sensory input alone to perceive self-motion would
leave one vulnerable to illusions and false interpretations
(for example, the somatogravic illusion in which aviators,
deprived of adequate visual stimuli, sense linear forward
acceleration as a backwards tilt of the head, potentially leading
to the dangerous situation of pitching the nose of their
aircraft) and to loss of information (constant velocity is not
encoded by vestibular system).

¢) When using one input, accuracy is worse than can be achieved
by integrating multiple inputs.

d) Comparison of sensory inputs with motor efference copies
enables discrimination between self-generated and passive
motion, as described above.

The vestibular system is unusual in that it receives early input
from multiple other systems including visual, somatosensory and
motor efference signals [reviewed here (97)]. These multisensory
inputs enable refinement of self-motion estimates and thereby
attune behavioral responses (143). In general, multisensory
processing is a skill which improves over time, and self-motion

is no different. Supporting this view are recent findings that
demonstrate older adults are able to improve their performance
in a driving task by a greater margin than younger adults
when additional vestibular cues were added to the visual
stimulus (144).

Integration of Visual and Vestibular Inputs
The visual system contributes to self-motion perception, with
optic flow-induced perception being highly accurate and precise.
Studies in primates reveal that they rely predominantly on the
visual system for navigation in three-dimensional space (145).
Visual-vestibular interactions occur as early as the vestibular
nuclei, although this is mostly seen in neurons involved in the
VOR, not in vestibular-only neurons, and thus such interactions
are unlikely to be involved in self-motion perception (146,
147). Indeed, Bryan and Angelaki show that VOR neurons in
the vestibular and deep cerebellar nuclei cease to respond to
optic flow once the OKN was suppressed (by requiring the
animals to fixate on a head-fixed target) (147). At higher levels,
visual-vestibular input is integrated in cortical areas traditionally
associated with visual processing, including the MST and VIP
areas. In these regions, there are neurons that respond both to
motion in darkness and to optic flow, and the former response
is abolished following bilateral labyrinthectomy (62, 148, 149).
This may be the neural substrate to explain how combined visual-
vestibular stimuli improves self-motion perception compared
with either stimulus alone.

When examining the relative contributions of the visual and
vestibular systems to self-motion perception, it has become clear
that they vary depending upon the experimental conditions
rather than having some pre-defined weighting. In a study
in which subjects experienced linear acceleration, visual cues
enabled more precise determination of heading than vestibular
cues (150), whereas in a separate experiment, in subjects
undergoing roll rotations, vestibular perception was better at
frequencies of sinusoidal motion >2Hz and visual perception
better at frequencies <1 Hz (151). Kolev et al. rotated supine
subjects about the earth-vertical axis, i.e., they underwent roll
without otolith stimulation (152). Whilst it is unsurprising
that coherent, simultaneous visual-vestibular signals improve
perceptual thresholds, the authors found that even conflicting
visual-vestibular signals, generated when the subjects fixated on
a visual target that rotated with them, yield lower perceptual
thresholds than seen with vestibular-alone stimulation (152).
The study also demonstrated a frequency-dependence of
perceptual thresholds. However, experiments designed to probe
the sensation of self-motion as induced by moving visual fields
reported visual dominance despite the presence of conflicting
vestibular stimulation. That is, in subjects undergoing yaw
rotations whilst watching visual fields that were rotating in the
same direction but at different velocities, the reported magnitude
of self-motion appeared to relate to that of the incongruent
visual stimuli (153). In a similar setup, subjects reported self-
motion perception in the opposite direction to actual whole-body
rotation during prolonged periods of yaw rotation during which
the visual field rotating in phase and in the same direction as
the vestibular rotation (154). These apparent discrepancies are
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likely to reflect dynamic reweighting of visual and vestibular cues
under different conditions, perhaps reflecting the unlikelihood
that information from the visual system is incorrect in daily life.

There is additional cross-talk between the two systems
beyond the mere computing self-motion: perceptual learning,
as measured by an improvement in vestibular motion
discrimination thresholds performed in the dark, occurs
when training rotations occur in the light, but not when subjects
are blindfolded during training (155).

Integration of Proprioceptive,

Somatosensory, and Vestibular Inputs
Proprioception is another important sensory input used
alongside vestibular signals to calculate self-motion.
Anatomically, integration of the proprioceptive and vestibular
systems occurs directly (dorsal root axons innervate vestibular
nuclei) and indirectly (via second order neurons and via the
cerebellum) [reviewed in (156)]. Functionally, vestibular-only
neurons are modulated by passive neck rotations in squirrel
monkeys (157) and in cynomolgus monkeys (158), leading to
reduced neuronal activity during head only motion compared
with whole-body motion. The latter study found that during
passive vestibular and proprioceptive stimulation signals
underwent linear summation, but that sub-additive integration
occurred during active head movements and during gaze
shifts. Such differential processing under different experimental
conditions might explain the apparently conflicting finding that
during passive movements of the head of the rhesus monkey
no modulation of vestibular-only neurons was seen (74). The
authors hypothesized that this might be a reflection of the
arboreal habitats of squirrel and cynomolgus monkeys compared
with the predominantly ground-dwelling rhesus monkey.
Proprioceptive-vestibular interactions are also documented
in the thalamus, primary somatosensory cortex and ventral
intraparietal region (159, 160).

The role of the proprioceptive system in self-motion
perception in humans is well-established. During a remembered-
target task, subjects performed better when there were combined
vestibular and neck proprioceptive inputs compared with
the vestibular-alone condition (161). In a similar setup,
reducing the stimulus amplitude reduced gain in the vestibular-
only condition, but not in proprioceptive conditions (47);
the study also found that detection of head turns was
predominantly determined by somatosensory inputs (47); and
that proprioceptive afferents can reliably encode head on body
rotations even when there is no vestibular stimulation (162).

This relationship between the vestibular and somatosensory
systems is to some degree reciprocal. Vestibular activation
improves sensitivity to tactile stimuli (153, 163-167), possibly
via a non-linear mechanism that is only in effect once a certain
threshold of self-motion perception has been achieved, and this
occurs independently to changes in attention (168). Furthermore,
vestibular activation can transiently reverse hemianesthesia
secondary to brain lesions, possibly due to altered neuronal
dynamics in the putamen, insula and secondary somatosensory
cortex (169, 170).

Optimal Integration

As discussed above, the precision of self-motion perception is
greater when more than one sensory input is used. Recently
there has been interest into the way in which multi-sensory cues
deriving from a common cause are integrated. Across sensory
systems, including the vestibular system, data from experiments
appear to suggest that inputs are integrated in a Bayesian
optimal way, i.e., the weight of each cue is proportional to its
reliability (1/variance) (171). Regarding self-motion perception,
visual and vestibular cues appear to be optimally integrated
during heading discrimination and rotational movements (151,
172-174). Furthermore, the brain can dynamically change the
relative weights of cues to reflect changing conditions (173)
and can even integrate conflicting sensory cues in a statistically
optimal way to minimize variance (172, 175). Recordings from
multi-sensory neurons in the dorsal medial superior temporal
area point to its role in visuo-vestibular cue integration, with
evidence of near-optimal processing (114, 176).

Aftereffects: Evidence for Shared

Hardware to Process Different Stimuli

A method to probe to what degree the same neuronal networks
are used to process information from different sensory inputs
is to examine cross-modal aftereffects. Aftereffects are the
sensations that occur following cessation of the initial stimulus.
In the case of motion perception, they typically occur in the
opposite direction, thereby shifting perception of subsequent
stimuli. For example, in the waterfall illusion, after watching
the water drop down toward earth for some time, stationary
rocks and trees appear to drift upwards (177, 178). Cross-modal
aftereffects refer to sensations that occur in a different modality
to the initial stimulus and are thought to represent recalibration
rather than a fatigue-induced process as is evidenced by the
lack of aftereffects to visual stimuli when they are presented
with an appropriate vestibular stimulus (179). When the lights
are extinguished following prolonged exposure to a rotating
drum, subjects experience self-motion in the opposite direction,
an effect which is accompanied by an “after-nystagmus” (180,
181). If the stimulus is not sufficiently long, no aftereffects are
experienced: whilst exposure to optic flow inducing a sensation of
linear self-motion for 15 s resulted in a shift in perception, shorter
durations of up to 7s had no such effect, even though the onset
of vection had occurred by this time (182, 183).

VECTION: AN ILLUSION OF SELF-MOTION

First described in the nineteenth century by Mach (184) and
Wood (185), vection is the false perception of self-motion
induced by sufficiently large stimuli moving across the retina in
the absence of any true acceleration as signaled by the vestibular
system. Today, vection is perhaps most recognizably experienced
whilst sitting as a rail passenger, looking out of the window
and believing that one’s own carriage is leaving early, only to
realize that it is rather a train on an adjacent platform that is
pulling away. The illusion is widely exploited in virtual reality,
theme park rides and I-Max cinemas, but it also remains of
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interest in neuroscience as it reveals details of the relationship
of different sensory inputs in the generation of self-motion
perception (vection is not solely generated by visual inputs:
proprioceptive and auditory stimuli have also been shown to
provoke the illusion (186, 187).

Vection is typically experienced several seconds after the onset
of the stimulus. For visually-generated vection, there are some
general precepts that have been established, with the following
all increasing the credibility of the illusion: greater velocity up
to a point, previously suggested as 120 degrees/s for a rotating
stimulus (188); larger stimulus size (188-190); increased density
of moving objects (190); and, circular and curvilinear rather than
linear motion (191). Furthermore, Brandt et al. established that
it is predominantly the peripheral vision that is responsible for
vection: whilst masking the central visual field with black disks,
diameters of up to 120° exerted minimal effect on the generation
of vection, but when blocking the peripheral vision, central
visual stimuli of up to 30° diameter fail to induce self-motion
perception; and, when the central and peripheral visual stimuli
are of equivalent area, it is the peripheral stimulus that dominates
(188). And the perception is remarkably compelling: Brandt et al
also demonstrated that subjects still experienced circular vection
when the rotating stimulus accelerated at 15°/s2 (188).

During vection there is a conflict between incoming visual,
somatosensory and vestibular information, with corresponding
deactivations in the PIVC during rotational vection (192, 193).
In contrast, during linear vection functional magnetic resonance
imaging found only activations in various cortical areas with
no PIVC or any other cortical deactivations (194). A further
study attempted to correlate the intensity and duration of vection
with brain activity in different regions. Whilst no correlation was
found with PIVC, enhanced activity of the cerebellar vermis and
parieto-occipital areas amongst others was reported (195). The
authors concluded that this might represent a “dorsal stream”
responsible for the intensity of vection. As might be expected
given the hypothesized role of the cerebellar nodulus, there is
increased activity during periods of reported self-motion illusion
compared with object motion (193). Experimentally, subjects
with bilateral impaired vestibular function report vection sooner,
for longer and more compellingly than healthy controls (196,
197). Such a process of reciprocal inhibition might be explained
physiologically as a consequence of a system of flexible dominant
sensory weights given to incoming signals which enables self-
motion perception during periods of incongruent information
(for example, after prolonged rotation when the relative motion
of the endolymph has ceased).

As with many perceptions, visual vection can be modulated
by the presence or absence of additional inputs. Whilst
proprioceptive stimuli alone do not reliably induce vection in
all subjects, they can enhance vection. For example when small
vibrations are applied to the subjects’ seat at the time of onset
of visual stimuli (198) or during auditory self-motion illusions
(199). Proprioceptive stimuli can also enhance vection induced
by auditory stimuli (200) and even static leaning of the upper
body can enhance vection (201). In addition, the role of top-
down processing and expectation should not be underestimated.
It is common practice to “prime” subjects by demonstrating that

actual self-motion is possible, even if it will not occur. Work
in children demonstrated that linear vection is felt earlier is
when a chair is placed on rollers compared with directly on the
ground (202).

HOW VESTIBULAR FUNCTIONING AND
SELF-MOTION PERCEPTION CAN
MODULATE BEHAVIOR

Perception of self-motion is critically important for many
human behaviors, including heading and navigation and
control of body and eye movements. Therefore, it is not
surprising that self-motion perception should modulate such
behaviors. This section will review the effects of the vestibular
system and self-motion perception upon eye movement,
postural control and spatial awareness and more abstract
behaviors including numerical cognition, human affect and
bodily self-consciousness.

The Relationship Between Self-Motion
Perception and Visually-Induced Postural

Responses

Lee and Lishmann (203) demonstrated that visual information
is important for the control of stance, and visual motion stimuli
can induce postural sway (visually-evoked postural response,
VEPR). The VEPR is known to be influenced by stimulus size and
displacement across the retina (204) and it would appear logical
that information containing cues regarding self- vs. object-
motion would also modulate sway. Using transient movements
of a visual scene to induce a postural response, Guerraz et al.
(205) showed that sway was reduced when the subject could
control some aspect of the stimulus motion compared with
the uncontrolled condition. Moreover, in an oscillating room
paradigm, when participants are aware that there is object-
motion rather than self-motion, not only do they sway less than
subjects who are unaware, they also do not show any change in
sway as this distance between them and the wall increases (206).
The authors also observe that the variability within each subject
group was the same, and concluded that the prior information
leads to a reweighting of different sensory cues in the control
of posture. In further experiments, (static) subjects viewed a
horizontally-translating background with either a head-mounted
or earth-fixed LED at the center of a luminescent window frame
(207). In these scenarios, the direction of postural sway depends
upon the nature of the foreground, being in the direction of the
background motion for the head-fixed display and transiently
reversed in the earth-fixed case, whilst vection only occurred
in one direction (opposite to that of the background motion).
Subjects experienced vection sooner and for longer in the head-
fixed condition. As vection is delayed compared with the VEPR,
and as it is unidirectional compared with the bidirectional VEPR,
it is likely that the two are processed differently. However, when
subjects were experiencing self-motion there was significantly
greater sway in both conditions as measured by displacement
at C7 level, an effect that preceded vection onset (as indicated
by pushing a button) by ~1s. The authors argued that there
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may be a dual system at work, similar to that governing the eyes
and reviewed here (85), in which as short-latency, brief VEPR
(responsive to parallax) is subsequently replaced by a longer-
latency visuo-postural response that can be enhanced by vection
and might control posture during prolonged body displacements.

Self-Motion and the Detection of

Movement

Whilst freely walking, one perceives the world to be stationary
despite its projection moving across one’s retina, and additionally,
moving objects are perceived as moving, the result of subtracting
expected inputs from actual inuts, discussed above and reviewed
by DeAmgelis and Angelaki (208). The thresholds at which
object motion can be detected, as well as the reaction times
for such visual perception, are, however, increased during self-
motion as compared with when the subject is stationary (209).
Conversely, the threshold for vestibular perception are increased
when subjects simultaneously view a moving visual pattern (189).
Furthermore, when viewing a bistable rotating Necker cube,
participants perceived the cube to be rotating in a congruent
direction with their own passive whole-body rotation (210), and
when viewing a bistable plaid, in which the observer perceives
either two gratings moving across each other, or a single percept
moving coherently, self-motion modified the dominance of each
percept such that when self-motion and the global coherent
percept were in opposite directions, the dominant percept was
of a coherent image, and when self- and global percept- motion
were orthogonal, subjects were more likely to view the image as
two gratings moving independently (congruent motion had no
effect) (211). The authors of the latter study suggest that this
occurs as a result of an interaction between the visual motion and
self-motion vectors at the stage of motion integration.

Self-Motion Perception and Spatial

Awareness

Spatial representation within the brain has been the focus of
much research over the last 70 years, and the vestibular system
plays an important role in tracking and updating one’s location
in space reviewed by Moser et al. (212, 213) and Fyhn et al.
(214). It might be noted here that this role is not limited to space
as defined by visual inputs: the construct of auditory space is
also dependent upon self-motion and it was recognized in 1940
that, despite movement of the head, human subjects can perceive
a stable auditory environment and use it to accurately localize
sounds (215). More recently, experiments have demonstrated
that auditory space can be distorted by passive and active
self-motion, with constructed space shrinking during forward
acceleration (i.e., subjects indicate that sounds are located as
being physically further away from them during periods of
forwards acceleration compared with the stationary scenario,
a phenomenon that has a dose-dependent relationship) (216,
217). For the purposes of this review, we will focus on the
role of the vestibular system in: the perception of vertical, the
modulation of visuospatial attention, with particular reference
to patients experiencing visuospatial neglect, and visuospatial
memory and navigation.

The Perception of Vertical and Vestibular Dysfunction
Verticality can be perceived through via visual, somatosensory
and vestibular cues, and it follows that such perception can
be affected by vestibular dysfunction. Following peripheral
vestibular lesions, humans tilt their head, and shift their center of
mass toward the side of the lesion (218, 219). Vestibular lesions
have dissociative upon the perception of verticality dependent
upon the experimental paradigm: whilst the subjective visual
vertical was strongly deviated toward the side of the lesion
in patients, the subjective seated postural vertical was not
significantly different between the patient and control groups
(220) [perception of the static visual vertical typically returns
around 1 year after the insult (221, 222)]. The deviation in
visual vertical is likely explained by altered inputs from the
otoliths, leading to an altered representation of the gravitational
vector and disturbance of the subjective visual vertical (223), and
indeed, patients with bilateral peripheral vestibular dysfunction
have been observed to have normal subjective visual vertical
(224). This latter patient group also have a preserved postural
vertical, although the sensitivity of this is reduced in patients
who have a fluctuating (as opposed to stable) abnormality in
vestibular dysfunction (225), suggesting that proprioceptive and
somatosensory inputs are important in this perception, with the
vestibular system refining the estimate for verticality. Subjective
visual vertical can be improved, although not normalized, by the
presence of visual cues for horizontal and vertical, for example as
are found in an ordinary room (226). In the same experiment,
Borel et al. found that the postural tilt toward the size of the
lesion was reversed in the condition when visual cues were
provided. Estimates for visual vertical also improve when subjects
are balancing in a precarious position, for example on a beam,
leading to the hypothesis of the “dynamics of balance,” that
is, that we have a heightened awareness of our orientation the
more unbalanced we are (227). These findings are reviewed
by Lopez et al. (228), who propose that the changes seen in
relation to patients’ perception of verticality following peripheral
vestibular lesions are adaptive and might be explained in terms of
changing the frame of reference (gravitationally-, egocentrically-
or allocentrically-orientated) and of higher postural constraints.
The neural substrate underpinning such reference frames is
suggested to be a distributed neural network including the
premotor cortex, premotor cortex, inferior parietal lobule,
posterior parietal cortex, insula, and the temporo-parietal
junction (228).

The Effect of Self-Motion Perception on Gaze
Direction and Optokinetic Nystagmus

During self-motion perception, as compared with visual field
motion without self-motion perception, there is a shift of the
mean gaze direction toward the incoming visual stimulus, which
reverts when the perceptual state reverts to object motion (229,
230). The change in mean gaze direction may be viewed as a
shift in visuospatial attention during times of perceived self-
motion (230). It is worth noting that this shift in gaze toward the
incoming visual stimulus is seen when subjects are instructed to
passively stare at the rotating stripes [in contrast, subjects actively
pursuing the visual stimulus undergo a shift of mean gaze in

Frontiers in Neurology | www.frontiersin.org

12

March 2019 | Volume 10 | Article 63


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

the direction the stimulus is moving toward (231)] and thus the
subtleties of human behavior modulation, reflecting underlying
perceptual strategies, are revealed.

Thilo et al. (230) also found that shifts in perceptual state
were also linked to changes in the slow-phase gain of optokinetic
nystagmus (OKN), with self-motion associated with reduced
gain, possibly as a result of conflict between the need to
accurately pursue the visual stimulus (moving in one direction)
and the drive of the eye toward the incoming visual field
(in the other direction). Additionally, slow-phase gains were
generally decreased when the subjects were supine compared
with upright (all subjects viewing the same stimulus rotating
about their longitudinal axis). This is the opposite finding to
earlier work that showed enhanced slow-phase gains in the
supine position compared with the upright position when the
optokinetic stimulus was rotating about the subjects’ naso-
occipital axis, generating a torsional OKN (232). The authors
postulate that this differential response is a result of the presence
or absence of conflict between information arising from the
otoliths and the visual system: in times of conflict, the otoliths
may exert an inhibitory influence on the OKN.

Visuospatial Neglect and the Vestibular System

Neglect is the clinical phenomenon whereby patients fail to
respond to, report or orient toward stimuli on the contralesional
side (233). It can be multimodal and includes visuospatial,
auditory, and somatosensory neglect. In one study, Bisiach and
Luzzatti found the neglect can even affect internal visualization:
in patients asked to recall the Piazza del Duomo in Milan, when
imagining the scene with their backs to the cathedral, they were
observed to omit places on the left side of the scene, places
that they subsequently named without prompt when asked to
imagine the same scene from the other side of the piazza, facing
the cathedral (234). Neuroanatomically, neglect is particularly
associated with lesions of the right posterior parietal cortex,
including the TPJ (235). Perhaps it is not so surprising then
that stimulation of the vestibular system, which is intricately
linked with the TPJ], can modulate neglect. First reported in
1941, left-cold and right-warm CVS temporarily alleviates left
visuospatial neglect, an effect which appears to be related to
shift of spatial attention to the left and facilitation of left lateral
gaze (236-238), and functional MRI during left-cold stimulation
does demonstrate activation of the right hemisphere (239).
Galvanic vestibular stimulation appears to have a similar effect,
with right-cathodal stimulation most effectively improving line
bisection error in patients with neglect (240). These findings
have been extended by work demonstrating that optokinetic
stimuli can also improve performance in behavioral tests of
neglect (241-243), improvements that have been reported to
last for up to 2-4 weeks after treatment (244, 245). However,
whilst performance on behavioral tasks might improve following
optokinetic stimulation in patients with neglect, there is evidence
to suggest that such stimulation does not correct the suspected
underlying asymmetry of spatial representation in the brain.
Leftwards optokinetic stimulation improved performance in line
bisection, but accentuated the leftward bias that patients had

when asked to construct a line of known length on the basis of
a given “midpoint” (246).

Vestibular Dysfunction, Visuospatial Memory and
Navigation

That the vestibular system might play a role in spatial
memory is suggested by neuro-anatomical studies which
demonstrate connections between various vestibular centers and
the hippocampus, where so-called place cells are found, (9, 247)
and supported by functional MR imaging during CVS (248). And
whilst it is evident that the vestibular system is responsible for
simple navigation tasks in the absence of other cues (for example,
estimation of passive rotational and linear displacements in
silence and in dark), it has only been more recently demonstrated
that such impairments extend to more complex navigational
tasks. Peruch et al. allowed subjects to explore a path using
either proprioceptive-vestibular, visual-vestibular, or visual-alone
inputs and then asked them to reproduce or reverse it or to take
a “shortcut” back to the start in the same environment (249).
Patients with unilateral vestibular impairment did much worse
in the visual-alone and visual-vestibular conditions, the deficit
being more marked the more complex the task. The fact that
performance is impaired even in the visual-alone paradigm is
perhaps surprising: patients with vestibular impairment might
have been expected to perform better than their healthy peers
in view of upregulated visual pathways to compensate for their
vestibular loss. Yet the findings have been replicated in an
experiment using a virtual Morris water task to test spatial
memory and navigation, and furthermore that patients with
bilateral vestibular loss have significant specific hippocampal
atrophy compared with healthy controls (9) and also in animals
(250, 251), lending further evidence that the vestibular system
is important in spatial memory and navigation. Adding to
this evidence is the observation that left-cold CVS significantly
improved performance in an object-location-recall task (252).

The Vestibular System and a Sense of Self
Bodily self-consciousness, which comprises of self-location, self-
identification and first-person perspective, is one of the higher-
order functions influenced by the vestibular system. Bodily
self-consciousness is thought to be the summation of different
sensory and motor efference inputs, including that of the
vestibular system, that allows for the construct of personal space
(i.e., the space occupied by the body and the space immediately
surrounding the body) and of extrapersonal space, reviewed by
Blanke (253). Evidence for the role of the vestibular system
in the construct of bodily self-consciousness also comes from
patients with vestibular impairment: it is well-recognized that
patients with vestibular dysfunction can experience a range of
abnormal sensations, from distorted body image and schema
to depersonalization, derealisation and out-of-body experiences,
observations that were first recorded a century ago by Bonnier
(254) [republished (255)] and Schilder (256). The role that the
vestibular system plays in each of these symptoms is reviewed
by Lopez and by Pfeiffer and for a fuller account the reader is
directed to (257, 258).
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Altered bodily self-consciousness has been linked with
changed perception of body parts: patients with vestibular
impairment reported changes in how various body parts feel
during episodes of dizziness (254, 256) and caloric and galvanic
vestibular stimulation has been observed to modify healthy
subjects’ perception of hand size (259, 260). Additionally, body
integrity image disorder, which describes a syndrome in which
patients complain of a mismatch between how they feel and
how they physically are, with the result that they often request
limb amputation, and somatoparaphrenia, in which patients,
following a right parietal stroke, reject their left arm as being
alien, can be improved temporarily by CVS (261, 262).

Depersonalization, the sensation of being detached from
oneself, and derealisation, that of being detached from one’s
surroundings, are also thought to be a consequence of disturbed
bodily self-consciousness. Not only have these symptoms been
documented in patients with vestibular dysfunction, but Jauregi-
Renaud et al. found that the depersonalization/derealisation
scores of patients as measured by Cox and Swinson’s
questionnaire were correlated with their error in estimation
of passive whole-body rotation (263, 264). Symptoms of
depersonalization and derealisation can also be induced in
healthy controls by CVS (265). Although the neural correlate
of such symptoms has yet to be conclusively identified, the
superior temporal gyrus and TP] seem to be the strongest
candidates: electrical stimulation of this area caused subjects
to report that they felt strange [for review, see (266)]; patients
with depersonalization/derealisation symptoms had altered
metabolism here on positron emission tomography (267); and,
repetitive transcranial magnetic stimulation of the right TPJ has
been reported to alleviate these symptoms (268).

Out-of-body experiences are also associated with disturbed
bodily self-consciousness. Such experiences typically have three
characteristics: the person feels that they are in an illusory body
that is removed from their physical body and that they have a
first-person perspective of looking back at their physical body.
They have been linked with a TPJ dysfunction, most often
affecting the right side (269, 270). Sufficiently strong electrical
stimulation of that region of the cortex also induces the illusion,
with lower levels of stimulation inducing a sensation of falling
or sinking (271). Out-of-body experiences have been observed to
occur most typically when subjects are in a non-upright position
(272), which is proposed to be due to visual-vestibular conflict,
the otoliths, by signaling the direction of gravity, normally being
important for forming a strong world-referenced image of oneself
(273). Out-of-body experiences can also be induced by combined
visual-vestibular-somatosensory conflict, for example, in healthy
subjects watching the back of a virtual body being stroked whilst
feeling a synchronous stroking on their own back (274). In
such cases, interfering with TP] functioning using transcranial
magnetic stimulation abolished the illusion, yet the ability to
imagine transformations of external objects was unaffected,
suggesting that the TP] performs a specific role in the processing
of self in space and of bodily self-consciousness (275).

Interestingly, patients with schizophrenia have been observed
to have a degree of vestibular dysfunction and reduced functional
connectivity of the vestibular system (276-278). Schizophrenia

can be thought of as a disease of impaired multisensory
processing with symptoms of depersonalization, derealisation,
distorted first person perception, and loss of agency. The onset
of psychosis is often preceded by a period of social withdrawal
and sub-delusional detachment from reality. The psychotic
period of the illness was defined historically by the presence
of Schneider’s first rank symptoms of delusional perception,
auditory hallucinations, and delusions of thought interference
and passivity. The TPJ] has been implicated in auditory
hallucinations (279, 280), with reported symptom improvement
following repetitive transcranial magnetic stimulation (281) and
reduced TPJ-hippocampal connectivity has been associated with
poorer social performance and negative symptoms (282, 283),
reviewed by Wible (284). CVS has been recorded as improving
insight into illness in schizophrenia (285) and reducing delusions
in schizoaffective disorder (286).

The Vestibular System and Human Affect
Patients with vestibular impairment have been observed to
suffer from a high burden of psychiatric disease, particularly
affective disorders such as anxiety and depression (287-290).
Moreover, patients with psychiatric disease and no diagnosis
of vestibular impairment have been found to have abnormal
behavioral responses in tests known to rely upon intact vestibular
functioning, including postural control (291) and vestibulo-
oculo-motor tasks (292), and even in healthy subjects, mood state
modifies balance control (293). It is thought, therefore, that the
increased burden of psychiatric disease amongst patients with
vestibular impairment compared with the general population
might be explained by more than just the observation that
chronic disease can negatively impact upon mood. Neuro-
anatomically, there are cortical areas that are known to process
vestibular information and to be involved in the regulation
of mood and affect, including the anterior cingulate cortex
(ACC) (294, 295). CVS has been shown to modify activity
in the ACC and left-cold stimulation has been shown to
increase risk estimation (and reduce unrealistic optimism) (296),
improve anosognosia (a syndrome in which patients with evident
disability deny any illness) (296) and modulate affective control
and mood (297). Furthermore, positron emission tomography
has revealed increased activity in the ACC of patients with
mania associated with bipolar disorder and euthymic controls
(298), and CVS has been reported to temporarily reduce the
symptoms of mania in such patients (286, 299). The role of the
ACC and vestibular stimulation in depression has yet to be fully
investigated, although one might note that there are reports of
abnormal eye movement control in depressed subjects (300).
Chronic pain, itself associated with changes in mood and affect,
is thought to be partly mediated by C-nociceptor input to the
ACC, and in some patients, CVS has been reported to reduce
symptoms (301, 302).

Self-Motion Perception and Recovery

From Vestibular Dysfunction

After an insult to the vestibular system, it is usual for there
to be abnormalities of low-level vestibular functions, such as
the VOR, as well as of higher-order functions, such as motion
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perception. In such patients, and after a certain delay, it
has been observed that whilst vestibular perception may have
returned to normal or near-normal, the lower-level functions
may remain abnormal, so-called perceptuo-reflex uncoupling,
suggesting that, under optimal circumstances, higher-order
processing can compensate for vestibular dysfunction (48, 135).
Such compensation need not be the preserve of recovery from
illness: as mentioned above, ballerinas who are accustomed to
performing multiple pirouettes demonstrate similar perceptuo-
reflex uncoupling (135), an uncoupling that has been proposed
to occur via cerebellar sensory gating (77, 135, 303). [The
reverse, symptoms of dizziness without abnormal VOR is, of
course, a well-known phenomenon seen in brainstem infarction,
epileptic seizures and electrical stimulation (126, 304). It is
possible that in patients who go on to develop chronic symptoms
after an initial vestibular insult, there is an impairment in
such central compensatory processing. Such patients typically
demonstrate poor correlation between VOR function (which is
often unremarkable on clinical testing) and their symptoms (52).
Research suggests that factors for good recovery from vestibular
lesions include anxiety, visual dependence, autonomic arousal,
depression, and fear of bodily sensations (54), and whilst some
of these might be viewed as contributing to a psychological
component to their symptoms, as summarized above, the co-
existence of vestibular disorders and anxiety may point to
shared central pathways. A better understanding of these might
improve identification of such patients and clinical management
of their disease.

The Effect of Self-Motion Perception on

Numerical Magnitude Allocation

Other more abstract influences of self-motion on behavior
include the relationship between numerical magnitude allocation
and perception of self-motion. This is interesting not least
because, at first consideration, the two processes might appear
to be relatively independent. It is worthwhile acknowledging
here that the exact relationship between numerical representation
in the brain and visuospatial attention is debated (305, 306).
Nevertheless, various experiments investigating the effect of self-
motion on magnitude allocation have been carried out. Evidence
supporting the hypothesis that numerical magnitude allocation
can be influenced by self-motion includes: the bidirectional
relationship between numerical magnitude and self-motion
perception thresholds observed in subjects undergoing whole-
body linear motion (307); modulation of the spontaneous
number generator by lateral head turns and galvanic vestibular
stimulation (308, 309); and, in stroke patients with visuospatial
attentional biases (who have been shown to have concomitant
biases in numerical estimations (310) viewing a visual stimulus
moving toward the side of the neglect temporarily reversed
the numerical bias (311, 312). In a recent study examining
the effect of perceptual state of self during motion on a
mental number-pair bisection task (estimating the mid-point
between two numerical values), it was found that: vestibular-
alone stimulation exerted no differences in number-pair bisection
compared with baseline; when the subject perceives the world

Visually mediated changes in self-motion perception
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FIGURE 6 | From section, The effect of self-motion perception on numerical
magnitude allocation. This Figure, modified from Arshad et al. (306). Graph
showing percentage error in the number bisection task (normalized to 0% error
by subtracting the baseline) for the four perceptual conditions: world motion
right and left and self-motion (vection) right and left. Box-plots represent the
median and interquartile range with whiskers denoting 10th and 90th
percentile. “Marks significance at p < 0.01.

to be moving and themselves stationary, rightwards motion
reduced the magnitude of estimates compared with baseline
and leftwards motion increased the magnitude; and, during
vection, both leftwards and rightwards vection elicited the
same increase in magnitude of estimates as leftwards world
motion, a finding explained by the inhibition seen in the
right vestibular cortex during vection and thus leading to left
hemisphere dominance and biasing toward larger numbers
(see Figure 6) (3006).

Self-Motion Perception and Economic

Decision Making
Related to the role of the vestibular system in numerical
magnitude allocation are the recent findings that implicate
vestibular stimulation in economic decision making (297).
Purchase decision making describes the and
considerations involved in buying a product and include
the desirability of that product as well as its cost and the
maximum the individual is willing to pay (313-315). In their
experiment, Preuss et al. had subjects choose to buy or not to buy
products (listed at 20% of the market price) either during sham
or left-cold CVS. In the second half of the experiment, subjects
ranked the desirability of products and their own “willingness to
pay” for those products when the products were displayed at a
range of prices, up to 100% of the market price. During left-cold
CVS, subjects were less likely to buy products, and they also
rated products as being less desirable. In contrast, the willingness
of the subjects to pay for those products was not significantly
different during sham and stimulation conditions.

Also probing the effects of the vestibular system on
economic and prosocial decision making, Arshad et al. (316)

motives
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used a modified version of the dictator game and a non-
numerical prosocial questionnaire probed the effects of vestibular
stimulation and binocular rivalry on participants’ strategies.
They found that there exists a correlation between inherent
number-pair bisection error and the mean amount of money a
subject donated to an unknown stranger, and that modulating
numerical magnitude perception through combined CVS and
binocular rivalry led to congruent changes in the mean amount
donated, and that this occurred in a proportional manner.
The intervention had no effect on the results of the altruism
questionnaire, suggesting that the effect was mediated via
numerical magnitude. The neural mechanism for such behavior
remains to be determined, although a role for the ACC has been
hypothesized (316).

CONCLUSION

The vestibular system may have developed as an organ to
sense movement and coordinate postural and eye reflexes
designed to stabilize the body, but its role in the generation
of perception of self-motion, though less well-recognized, is
equally important. Our understanding of the neurophysiology
of self-motion perception has increased over the past few

REFERENCES

1. Graf W, Klam F. Le systéme vestibulaire: anatomie fonctionnelle et
comparée, évolution et développement. Comptes Rendus Palevol. (2006)
637-55. doi: 10.1016/j.crpv.2005.12.009

2. Flourens P. Expériences sur le Systéme Nerveux: Faisant Suite aux Recherches
Expérimentales sur les Propriétés et les Fonctions du Systéme Nerveux Dans les
Animaux Vertébrés. Paris: Crevot (1825).

3. Weist G. The origins of vestibular science. Ann N Y Acad Sci. (2015)

1343:1-9. doi: 10.1111/nyas.12706

. Weist G, Baloh R. The pioneering work of josef breuer on the vestibular

system. Arch Neurol. (2002) 1647-53. doi: 10.1001/archneur.59.10.1647

5. Lowenstein OE. Comparative morphology and physiology. In: Kornhuber
HH, editors. Vestibular System Part 1: Basic Mechanisms. Handbook
of Sensory Physiology, Berlin, Heidelberg: Springer (1974). p. 75.
doi: 10.1007/978-3-642-65942-3_3

6. Beisel KW, Wang-Lundberg Y, Maklad A, Fritzsch B. Development and
evolution of the vestibular sensory apparatus of the mammalian ear. |
Vestibul Res. (2005) 15:225-41.

7. Barnett-Cowan M, Raeder SM, Biilthoff HH. Persistent perceptual delay for
head movement onset relative to auditory stimuli of different durations and
rise times. Exp Brain Res. (2012) 220:41-50. doi: 10.1007/s00221-012-3112-x

8. Barnett-Cowan M, Harris LR. Perceived timing of vestibular stimulation
relative to touch, light and sound. Exp Brain Res. (2009) 198:221-31.
doi: 10.1007/s00221-009-1779-4

9. Brandt T, Schautzer F, Hamilton DA, Briining R, Markowitsch HJ, Kalla

R, et al. Vestibular loss causes hippocampal atrophy and impaired spatial

memory in humans. Brain. (2005) 2732-41. doi: 10.1093/brain/awh617

Hoagland H. Impulses from sensory nerves of catfish. Proc Natl Acad Sci

USA. (1932) 18:701-5. doi: 10.1073/pnas.18.12.701

Lowenstein O, Sand A. The activity of the horizontal semi-circular canal of

the dogfish, Scyllium canicula. ] Exp. Biol. (1936) 416-28.

Goldberg JM, Smith CE, Fernandez C. Relation between discharge regularity

and responses to externally applied galvanic currents in vestibular nerve

afferents of the squirrel monkey. ] Neurophysiol. (1984) 51:1236-56.

doi: 10.1152/jn.1984.51.6.1236

10.

11.

12.

decades through a multitude of electrophysiological studies,
psychophysical experiments, and observations from clinical
medicine. Vestibular afferents undergo early processing and
integration with somatosensory, visual and motor efference
inputs in the vestibular nuclei. Such processing is evident
throughout the vestibular network including in the cerebellum
where it contributes to generation of world-framed motion and
unexpected motion and in the PIVC and VIP where heading
perception is processed. Future work might focus on the effects of
different perceptual states on higher cognitive processes, perhaps
examining the role, if any, that vestibular cortical lateralisation
plays, and in doing so discover better tests for the monitoring of
patients with central and peripheral vestibular disorders which
may open up new avenues for the treatment of these diseases.

AUTHOR CONTRIBUTIONS

ZB conceptualized and wrote the manuscript. QA conceptualized
and edited the manuscript.

ACKNOWLEDGMENTS

We thank the Neuro-otology Unit at Charing Cross Hospital.

. Breuer J. Uber die Funktion der Bogengange des Orhlabyrinthes. Vienna: Wien
Med Jarhb (1874).

. Lowenstein O, Wersall J. A functional interpretation of the electron
microscopic structure of the sensory hairs in the cristae of the elasmobranch
Raja clavata in terms of directional sensitivity. Nature. (1959) 184:1807-8.
doi: 10.1038/1841807a0

. Augustine GJ, Chikaraishi DM, Ehlers MD, Einstein G, Fitzpatrick D, Hall
WG, et al. Neuroscience. Sunderland, MA: Sinauer Associates, Inc. (2004).

. Lowenstein O. Functional significance of the efferent control mechanisms.
Prog Brain Res. (1972) 37:459. doi: 10.1016/S0079-6123(08)63920-5

. Lowenstein O. Electrophysiological experiments the
surviving labyrinth of elasmobranch fish to analyse the responses

J. Stahler,
on Earth and in Space. Pergamon: Pergamon Press (1970). p. 35-41.
doi: 10.1016/B978-0-08-015592-0.50010-X

. Sadeghi SG, Chacron M]J, Taylor MC, Cullen KE. Neural variability,
detection thresholds, and information transmission in the vestibular system.
J Neurosci. (2007) 27:771-81. doi: 10.1523/J]NEUROSCI.4690-06.2007

. Cullen. Multisensory integration and the perception of self-

motion. In: Oxford Research Encyclopedia of Neuroscience (2018).

doi: 10.1093/acrefore/9780190264086.013.91

Cullen KE, Minor LB. Semicircular canal

encode active and passive head-on-body

for the role of vestibular efference. J Neurosci.
doi: 10.1523/J]NEUROSCI.22-11-j0002.2002

Jamali M, Carriot J, Chacron MJ, Cullen KE. Strong correlations between

sensitivity and variability give rise to constant discrimination thresholds

across the otolith afferent population. J Neurosci. (2013) 11302-13.

doi: 10.1523/JNEUROSCI.0459-13.2013

Hoegyes GM. Uber den  Nervenmechanismus  der

Augenbewegungen. Vienna: Urban und Schwarzenberg (1913).

Lowenstein O. The tonic function of the horizontal semicircular canals in

fishes. J Exp Biol. (1937) 14:473-82.

Angelaki DE. Eyes on target: what neurons must do for the vestibuloocular

reflex during linear motion. ] Neurophysiol. (2004) 92:20-35.

doi: 10.1152/jn.00047.2004

on isolated

to linear accelerations. In: editors. Vestibular Function

20. afferents  similarly
implications

(2002) 22:RC226.

rotations:

21.

22.

assozierten

23.

24.

Frontiers in Neurology | www.frontiersin.org

16

March 2019 | Volume 10 | Article 63


https://doi.org/10.1016/j.crpv.2005.12.009
https://doi.org/10.1111/nyas.12706
https://doi.org/10.1001/archneur.59.10.1647
https://doi.org/10.1007/978-3-642-65942-3_3
https://doi.org/10.1007/s00221-012-3112-x
https://doi.org/10.1007/s00221-009-1779-4
https://doi.org/10.1093/brain/awh617
https://doi.org/10.1073/pnas.18.12.701
https://doi.org/10.1152/jn.1984.51.6.1236
https://doi.org/10.1038/1841807a0
https://doi.org/10.1016/S0079-6123(08)63920-5
https://doi.org/10.1016/B978-0-08-015592-0.50010-X
https://doi.org/10.1523/JNEUROSCI.4690-06.2007
https://doi.org/10.1093/acrefore/9780190264086.013.91
https://doi.org/10.1523/JNEUROSCI.22-11-j0002.2002
https://doi.org/10.1523/JNEUROSCI.0459-13.2013
https://doi.org/10.1152/jn.00047.2004
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Paige GD, Seidman SH. Characteristics of the VOR in response
to linear acceleration. Ann N Y Acad Sci. (1999) 871:123-35.
doi: 10.1111/j.1749-6632.1999.tb09179.x

Huterer M, Cullen KE. Vestibuloocular reflex dynamics during high-
frequency and high-acceleration rotations of the head on body in rhesus
monkey. ] Neurophysiol. (2002) 88:13-28. doi: 10.1152/jn.2002.88.1.13

Cajal SR. Histologie du syste me nerveux de THomme et des Vertebres. Paris:
Maloine (1911).

Lorente de No R. (1931). Ausgewihlte kapitel aus der vergleichenden
physiologie des labyrinthes. Die Augenmuskelreflexe beim Kaninchen
und ihre Grundlagen. Ergebnisse der  Physiologie.  32:73-242.
doi: 10.1007/BF02321720

Lorente de No LR. Vestibulo-ocular reflex arc. Arch Neurol Psych. (1933)
30:245-91. doi: 10.1001/archneurpsyc.1933.02240140009001

Raphan T, Matsuo V, Cohen B. Velocity storage in the vestibulo-ocular
reflex arc (VOR). Exp Brain Res. (1979) 35:229-48. doi: 10.1007/BF002
36613

Solomon D, Cohen B. Stimulation of the nodulus and uvula discharges
velocity storage in the vestibulo-ocular reflex. Exp Brain Res. (1994) 102:57—
68. doi: 10.1007/BF00232438

Gauthier GM, Robinson DA. Adaptation of the human vestibuloocular
reflex to  magnifying lenses. Res.  (1975)  92:331-35.
doi: 10.1016/0006-8993(75)90279-6

Gonshor A, MelvillJones GM. Extreme vestibuloocular adaptation induced
by prolonged optical reversal of vision. ] Physiol. (1974) 256:381-414.
Robinson A. Adaptive gain control of vestibuloocular reflex by the
cerebellum. ] Neurophysiol. (1976) 39:954-9. doi: 10.1152/jn.1976.39.5.954
Li J, Smith SS, McElligott JG. Cerebellar nitric oxide is necessary for
vestibulo-ocular reflex adaptation, a sensorimotor model of learning. J
Neurophysiol. (1995) 74:489-94. doi: 10.1152/jn.1995.74.1.489

Nagao S, Ito M. Subdural application of hemoglobin to the cerebellum
blocks vestibuloocular reflex adaptation. Neuroreport. (1991) 2:193-6.
doi: 10.1097/00001756-199104000-00008

Gonshor A, Jones GM. Extreme vestibulo-ocular adaptation induced
by prolonged optical reversal of vision. J Physiol. (1976) 256:381-414.
doi: 10.1113/jphysiol.1976.sp011330

Sadeghi SG, Minor LB, Cullen KE. Neural correlates of motor learning in
the vestibulo-ocular reflex: dynamic regulation of multimodal integration
in the macaque vestibular system. J Neurosci. (2010) 30:10158-68.
doi: 10.1523/JNEUROSCI.1368-10.2010

Abadi RV. Mechanisms underlying nystagmus. J R Soc Med. (2002) 95:231-4.
doi: 10.1177/014107680209500504

Lorente No de. Observations sur les Réflexes Toniques Oculaires. Travaux du
Laboratoire de Recherches Biologiques (1924).

Lorente de No R. Etudes sur lanatomie et la phisiologie de labirynthe du
Poreille et du huitiéme nerf. I. Réflexes toniques de l'eoil: Quelques Données
sur le Mécanisme des Mouvements Oculaires. Travaux du Laboratoire de
Recherches Biologiques (1925).

Benson AJ, Hutt EC, Brown SF. Thresholds for the perception of whole body
angular movement about a vertical axis. Aviat Space Environ Med. (1989)
60:205-13.

Grabherr L, Nicoucar K, Mast FW, Merfeld DM. Vestibular thresholds for
yaw rotation about an earth-vertical axis as a function of frequency. Exp
Brain Res. (2008) 186:677-81. doi: 10.1007/500221-008-1350-8

Seemungal BM, Gunaratne IA, Fleming IO, Gresty MA, Bronstein AM.
Perceptual and nystagmic thresholds of vestibular function in yaw. J Vestibul
Res. (2004) 14:461-6.

Bloomberg ], Jones GM, Segal B. Adaptive plasticity in the gaze stabilizing
synergy of slow and saccadic eye movements. Exp Brain Res. (1991) 84:35-46.
doi: 10.1007/BF00231760

Israel I, Fetter M, Koenig E. Vestibular perception of passive whole-
body rotation about horizontal and vertical axes in humans: goal-directed
vestibulo- ocular reflex and vestibular memory-contingent saccades. Exp
Brain Res. (1993) 96:335-46. doi: 10.1007/BF00227113

Nakamura T, Bronstein AM. The perception of head and neck angular
displacement in normal and labyrinthine-defective subjects: a quantitative
study using a ‘remembered saccade’technique. Brain. (1995) 118:1157-68.
doi: 10.1093/brain/118.5.1157

Brain

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Metcalfe T, Gresty M. Self-controlled reorientating movements in
response to rotational displacements in normal subjects and patients
with labyrinthine disease. Ann N Y Acad Sci. (1992) 22:695-8.
doi: 10.1111/j.1749-6632.1992.tb25246.x

Panichi R, Faralli M, Bruni R, Kiriakarely A, Occhigrossi C, Ferraresi A,
et al. Asymmetric vestibular stimulation reveals persistent disruption of
motion perception in unilateral vestibular lesions. J Neurophysiol. (2017)
118:2819-32. doi: 10.1152/jn.00674.2016

Pettorossi VE, Panichi R, Botti FM, Kyriakareli A, Ferraresi A, Faralli M,
et al. Prolonged asymmetric vestibular stimulation induces opposite, long-
term effects on self-motion perception and ocular responses. J Physiol. (2013)
591:1907-20. doi: 10.1113/jphysiol.2012.241182

Patel M, Arshad Q, Roberts RE, Ahmad H, Bronstein AM.
Chronic  symptoms  after  vestibular neuritis and the high-
velocity vestibulo-ocular reflex. Otol Neurotol. (2016) 37:179-84.

doi: 10.1097/MA0.0000000000000949

Palla A, Straumann D, Bronstein AM. Vestibular neuritis: vertigo and
the high-acceleration vestibulo-ocular reflex. ] Neurol. (2008) 255:1479-82.
doi: 10.1007/s00415-008-0935-2

Shupak A, Issa A, Golz A, Kaminer M, Braverman I. Prednisone
treatment for vestibular neuritis. Otol Neurotol. (2008) 29:368-74.
doi: 10.1097/MAO.0b013e3181692804

Cousins S, Kaski D, Cutfield N, Arshad Q, Ahmad H, Gresty MA,
et al. Predictors of clinical recovery from vestibular neuritis: a
prospective study. Ann Clin Transl Neurol. (2017) 4:340-6. doi: 10.1002/
acn3.386

Cousins S, Cutfield NJ, Kaski D, Palla A, Seemungal BM, Golding JF, et al.
Visual dependency and dizziness after vestibular neuritis. PLoS ONE. (2014)
9:€105426. doi: 10.1371/journal.pone.0105426

Israel I, Grasso R, Georges-Francois P, Tsuzuku T, Berthoz A. Spatial
memory and path integration studied by self-driven passive linear
displacement. I. Basic properties. ] Neurophysiol. (1997) 77:3180-92.
doi: 10.1152/jn.1997.77.6.3180

Israel I, Berthoz A. Contribution of the otoliths to the calculation
of linear  displacement. ]  Neurophysiol.  (1989)  62:247-63.
doi: 10.1152/jn.1989.62.1.247

Kingma H. Thresholds for perception of direction of linear acceleration as
a possible evaluation of the otolith function. BMC Ear Nose Throat Disord.
(2005) 5:5. doi: 10.1186/1472-6815-5-5

Bremova T, Caushaj A, Ertl M, Strobl R, Bottcher N, Strupp M, et al.
Comparison of linear motion perception thresholds in vestibular migraine
and Meniéres disease. Eur Arch Oto-Rhino-Laryngol. (2016) 273:2931-9.
doi: 10.1007/500405-015-3835-y

Gianna C, Heimbrand S, Gresty M. Thresholds for deteckrtion of
motion direction during passive whole-body acceleration
in normal subjects and patients with bilateral loss of labyrinthine
function. Brain Res Bull. (1996) 40:443-47. doi: 10.1016/0361-9230(96)
00140-2

Lewis RE Priesol AJ, Nicoucar K, Lim K, Merfeld DM. Dynamic tilt
thresholds are reduced in vestibular migraine. J Vestibul Res. (2011) 21:323-
30. doi: 10.3233/VES-2011-0422

Gu Y, DeAngelis GC, Angelaki DE. A functional link between area MSTd
and heading perception based on vestibular signals. Nat Neurosci. (2007)
10:1038-47. doi: 10.1038/nn1935

Telford L, Howard IP, Ohmi M. Heading judgments during
active and passive self-motion. Exp Brain Res. (1995) 104:502-10.
doi: 10.1007/BF00231984

Hummel N, Cuturi LE MacNeilage PR, Flanagin VL. The effect of supine
body position on human heading perception. J Vision. (2016) 16:19.
doi: 10.1167/16.3.19

Angelaki DE, Dickman JD. Spatiotemporal processing of linear acceleration:
primary afferent and central vestibular neuron responses. J Neurophysiol.
(2000) 84:2113-32. doi: 10.1152/jn.2000.84.4.2113

Angelaki DE, Shaikh AG, Green AM, Dickman JD. Neurons compute
internal models of the physical laws of motion. Nature. (2004) 430:560-4.
doi: 10.1038/nature02754

Yakusheva TA, Shaikh AG, Green AM, Blazquez PM, Dickman JD,
Angelaki DE. Purkinje cells in posterior cerebellar vermis encode

lateral

Frontiers in Neurology | www.frontiersin.org

17

March 2019 | Volume 10 | Article 63


https://doi.org/10.1111/j.1749-6632.1999.tb09179.x
https://doi.org/10.1152/jn.2002.88.1.13
https://doi.org/10.1007/BF02321720
https://doi.org/10.1001/archneurpsyc.1933.02240140009001
https://doi.org/10.1007/BF00236613
https://doi.org/10.1007/BF00232438
https://doi.org/10.1016/0006-8993(75)90279-6
https://doi.org/10.1152/jn.1976.39.5.954
https://doi.org/10.1152/jn.1995.74.1.489
https://doi.org/10.1097/00001756-199104000-00008
https://doi.org/10.1113/jphysiol.1976.sp011330
https://doi.org/10.1523/JNEUROSCI.1368-10.2010
https://doi.org/10.1177/014107680209500504
https://doi.org/10.1007/s00221-008-1350-8
https://doi.org/10.1007/BF00231760
https://doi.org/10.1007/BF00227113
https://doi.org/10.1093/brain/118.5.1157
https://doi.org/10.1111/j.1749-6632.1992.tb25246.x
https://doi.org/10.1152/jn.00674.2016
https://doi.org/10.1113/jphysiol.2012.241182
https://doi.org/10.1097/MAO.0000000000000949
https://doi.org/10.1007/s00415-008-0935-2
https://doi.org/10.1097/MAO.0b013e3181692804
https://doi.org/10.1002/acn3.386
https://doi.org/10.1371/journal.pone.0105426
https://doi.org/10.1152/jn.1997.77.6.3180
https://doi.org/10.1152/jn.1989.62.1.247
https://doi.org/10.1186/1472-6815-5-5
https://doi.org/10.1007/s00405-015-3835-y
https://doi.org/10.1016/0361-9230(96)00140-2
https://doi.org/10.3233/VES-2011-0422
https://doi.org/10.1038/nn1935
https://doi.org/10.1007/BF00231984
https://doi.org/10.1167/16.3.19
https://doi.org/10.1152/jn.2000.84.4.2113
https://doi.org/10.1038/nature02754
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

motion in an inertial reference frame. Neuron.
doi: 10.1016/j.neuron.2007.06.003

Laurens J, Meng H, Angelaki DE. Neural representation of orientation
relative to gravity in the macaque cerebellum. Neuron. (2013) 80:1508-18.
doi: 10.1016/j.neuron.2013.09.029

Shaikh AG, Ghasia FE, Dickman JD, Angelaki DE. Properties of cerebellar
fastigial neurons during translation, rotation, and eye movements. |
Neurophysiol. (2005) 93:853-63. doi: 10.1152/jn.00879.2004

Meng H, May PJ, Dickman JD, Angelaki DE. Vestibular signals in
primate thalamus: properties and origins. ] Neurosci. (2007) 27:13590-602.
doi: 10.1523/JNEUROSCI.3931-07.2007

Merfeld DM, Zupan L, Peterka R]. Humans use internal models to estimate
gravity and linear acceleration. Nature. (1999) 398:615-8. doi: 10.1038/19303
Carriot J, Jamali M, Brooks JX, Cullen KE. Integration of canal and otolith
inputs by central vestibular neurons is sub-additive for both active and
passive self-motion: Implication for perception. ] Neurosci. (2015) 35:3555-
65. doi: 10.1523/JNEUROSCI.3540-14.2015

McCrea RA, Gdowski GT, Boyle R, Belton T. Firing behavior of vestibular
neurons during active and passive head movements: vestibulo-spinal and
other non-eye-movement related neurons. ] Neurophysiol. (1999) 82:416-28.
doi: 10.1152/jn.1999.82.1.416

Roy JE, Cullen KE. Passive activation of neck proprioceptive inputs does not
influence the discharge patterns of vestibular nuclei neurons. Ann N 'Y Acad
Sci. (2001) 942:486-9. doi: 10.1111/j.1749-6632.2001.tb03776.x

Roy JE, and Cullen KE. Selective processing of vestibular reafference
during self-generated head motion. ] Neurosci. (2001) 21:2131-42.
doi: 10.1523/J]NEUROSCI.21-06-02131.2001

Brooks JX, Carriot J, Cullen KE. Learning to expect the unexpected:
rapid updating in primate cerebellum during voluntary self-motion. Nature
neuroscience. (2015) 18:1310-7. doi: 10.1038/nn.4077

Brooks JX, Cullen KE. The primate
encodes unexpected self-motion. Curr  Biol.
doi: 10.1016/j.cub.2013.04.029

Klam E Graf W. Vestibular signals of posterior parietal cortex neurons
during active and passive head movements in macaque monkeys. Ann N'Y
Acad Sci. (2003) 1004:271-82. doi: 10.1196/annals.1303.024

Blanks RHL, Estes MS, Markham CH. Physiologic characteristics
of vestibular first-order canal neurons in the cat. II. Response to
constant angular acceleration. ] Neurophysiol. (1975) 38:1250-68.
doi: 10.1152/jn.1975.38.5.1250

St George RJ, Day BL, Fitzpatrick RC. Adaptation of vestibular
signals for self-motion perception. ] Physiol. (2011) 589:843-53.
doi: 10.1113/jphysiol.2010.197053

Leigh RJ, Zee DS. The Neurology of Eye Movements. Oxford: Oxford
University Press (2015).

Bertolini G, Ramat S, Laurens J, Bockisch CJ], Marti S, Straumann
D, et al. Velocity storage contribution to vestibular self-motion
perception in healthy human subjects. J Neurophysiol. (2010) 105:209-23.
doi: 10.1152/jn.00154.2010

Bertolini G, Ramat S, Bockisch CJ, Marti S, Straumann D, Palla A. Is
vestibular self-motion perception controlled by the velocity storage? insights
from patients with chronic degeneration of the vestibulo-cerebellum. PLoS
ONE. (2012) 7:€36763. doi: 10.1371/journal.pone.0036763

Okada T, Grunfeld E, Shallo-Hoffmann J, AM.
Vestibular perception of angular velocity in normal subjects and
in patients with congenital nystagmus. Brain. (1999) 122:1293-303.
doi: 10.1093/brain/122.7.1293

Miles FA. (1998). The neural processing of 3D visual information:
evidence from eye movements. Eur ] Neurosci. 10:811-22.
doi: 10.1046/j.1460-9568.1998.00112.x

Nigmatullina Y, Arshad Q, Wu K, Seemungal BM, Bronstein AM, Soto D.
How imagery changes self-motion perception. Neuroscience. (2015) 291:46—
52. doi: 10.1016/j.neuroscience.2015.01.021

Péruch P, Lopez C, Redon-Zouiteni C, Escoffier G, Zeitoun A, Sanjuan M,
et al. Vestibular information is necessary for maintaining metric properties
of representational space: evidence from mental imagery. Neuropsychologica.
(2011) 49:3136-44. doi: 10.1016/j.neuropsychologia.2011.07.026

(2007) 54:973-85

cerebellum
(2013)

selectively
23:947-55.

Bronstein

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Falconer CJ, Mast FW. Balancing the mind: vestibular induced facilitation
of egocentric mental transformations. Exp Psychol. (2012) 59:332-9.
doi: 10.1027/1618-3169/a000161

van Elk M, Blanke O. Imagined own-body transformations during passive
self-motion. Psychol Res. (2014) 78:18-27. doi: 10.1007/s00426-013-0486-8
Wertheim AH, Mesland BS, Bles W. Cognitive suppression of tilt sensations
during linear horizontal self-motion in the dark. Perception. (2001)
2001:733-41. doi: 10.1068/p3092

Kayser C, Logothetis NK. Do early sensory cortices integrate
cross-modal information? Brain Struct Func. (2007) 212:121-32.
doi: 10.1007/s00429-007-0154-0

Barmack NH. Central vestibular  system: vestibular  nuclei
and posterior cerebellum. Brain Res Bull. (2003) 60:511-41.

doi: 10.1016/S0361-9230(03)00055-8

Zhang X, Zakir M, Meng H, Sato H, Uchino Y. Convergence of the horizontal
semicircular canal and otolith afferents on cat single vestibular neurons. Exp
Brain Res. (2001) 140:1-11. doi: 10.1007/s002210100764

Ono S, Kushiro K, Zakir M, Meng H, Sato H, Uchino Y. Properties
of utricular and saccular nerve-activated vestibulocerebellar neurons
in cats. Exp Brain Res. (2000) 134:1-8. doi: 10.1007/s002210
000424

Kushiro K, Zakir M, Sato H, Ono S, Ogawa Y, Meng H, et al. Saccular and
utricular inputs to single vestibular neurons in cats. Exp Brain Res. (2000)
131:406-15. doi: 10.1007/5002219900312

Ivanenko YP, Grasso R, Israél I, Berthoz A. The contribution of
otoliths and semicircular canals to the perception of two-dimensional
passive whole-body motion in humans. ] Physiol. (1997) 502:223-33.
doi: 10.1111/§.1469-7793.1997.223bl.x

Cullen KE. The vestibular system: multimodal integration and encoding
of self-motion for motor control. Trends Neurosci. (2012) 185-96.
doi: 10.1016/j.tins.2011.12.001

Dieterich M, Bartenstein P, Spiegel S, Bense S, Schwaiger M, Brandt T.
Thalamic infarctions cause side-specific suppression of vestibular cortex
activations. Brain. (2005) 128:2052-67. doi: 10.1093/brain/awh551
Baumann O, Borra RJ, Bower JM, Cullen KE, Habas C, Ivry RB, et al.
Consensus paper: the role of the cerebellum in perceptual processes.
Cerebellum. (2015) 14:197-220. doi: 10.1007/s12311-014-0627-7

Gao JH, Parsons LM, Bower JM, Xiong J, Li J, Fox PT. Cerebellum implicated
in sensory acquisition and discrimination rather than motor control. Science.
(1996) 272:545-7. doi: 10.1126/science.272.5261.545

Angelaki DE, Yakusheva TA. How vestibular neurons solve the
tilt/translation ambiguity. Ann N Y Acad Sci. (2009) 1164:19-28.
doi: 10.1111/j.1749-6632.2009.03939.x

Bronstein AM, Grunfeld EA, Faldon M, Okada T. Reduced self-motion
perception in patients with midline cerebellar lesions. Neuroreport. (2008)
19:691-3. doi: 10.1097/WNR.0b013e3282{bfof6

Dahlem K, Valko Y, Schmahmann JD, Lewis RF. Cerebellar contributions
to self-motion perception: evidence from patients with congenital
cerebellar agenesis. ] Neurophysiol. (2016) 115:2280-5. doi: 10.1152/jn.007
63.2015

Marlinski V, McCrea RA. Coding of self-motion signals in ventro-posterior
thalamus neurons in the alert squirrel monkey. Exp Brain Res. (2008)
189:463. doi: 10.1007/s00221-008-1442-5

Meng H, Angelaki DE. Responses of ventral posterior thalamus neurons
to three-dimensional vestibular and optic flow stimulation. ] Neurophysiol.
(2009) 103:817-26. doi: 10.1152/jn.00729.2009

Fukushima J, Akao T, Takeichi N, Kurkin S, Kaneko CR, Fukushima K.
Pursuit-related neurons in the supplementary eye fields: discharge during
pursuit and passive whole body rotation. ] Neurophysiol. (2004) 91:2809-25.
doi: 10.1152/jn.01128.2003

Israél I, Rivaud S, Gaymard B, Berthoz A, Pierrot-Deseilligny C. Cortical
control of vestibular-guided saccades in man. Brain. (1995) 118:1169-83.
doi: 10.1093/brain/118.5.1169

Pierrot-Deseilligny C, Israel I, Berthoz A, Rivaud S, Gaymard B. Role of
the different frontal lobe areas in the control of the horizontal component
of memory-guided saccades in man. Exp Brain Res. (1993) 95:166-71.
doi: 10.1007/BF00229665

Frontiers in Neurology | www.frontiersin.org

18

March 2019 | Volume 10 | Article 63


https://doi.org/10.1016/j.neuron.2007.06.003
https://doi.org/10.1016/j.neuron.2013.09.029
https://doi.org/10.1152/jn.00879.2004
https://doi.org/10.1523/JNEUROSCI.3931-07.2007
https://doi.org/10.1038/19303
https://doi.org/10.1523/JNEUROSCI.3540-14.2015
https://doi.org/10.1152/jn.1999.82.1.416
https://doi.org/10.1111/j.1749-6632.2001.tb03776.x
https://doi.org/10.1523/JNEUROSCI.21-06-02131.2001
https://doi.org/10.1038/nn.4077
https://doi.org/10.1016/j.cub.2013.04.029
https://doi.org/10.1196/annals.1303.024
https://doi.org/10.1152/jn.1975.38.5.1250
https://doi.org/10.1113/jphysiol.2010.197053
https://doi.org/10.1152/jn.00154.2010
https://doi.org/10.1371/journal.pone.0036763
https://doi.org/10.1093/brain/122.7.1293
https://doi.org/10.1046/j.1460-9568.1998.00112.x
https://doi.org/10.1016/j.neuroscience.2015.01.021
https://doi.org/10.1016/j.neuropsychologia.2011.07.026
https://doi.org/10.1027/1618-3169/a000161
https://doi.org/10.1007/s00426-013-0486-8
https://doi.org/10.1068/p3092
https://doi.org/10.1007/s00429-007-0154-0
https://doi.org/10.1016/S0361-9230(03)00055-8
https://doi.org/10.1007/s002210100764
https://doi.org/10.1007/s002210000424
https://doi.org/10.1007/s002219900312
https://doi.org/10.1111/j.1469-7793.1997.223bl.x
https://doi.org/10.1016/j.tins.2011.12.001
https://doi.org/10.1093/brain/awh551
https://doi.org/10.1007/s12311-014-0627-7
https://doi.org/10.1126/science.272.5261.545
https://doi.org/10.1111/j.1749-6632.2009.03939.x
https://doi.org/10.1097/WNR.0b013e3282fbf9f6
https://doi.org/10.1152/jn.00763.2015
https://doi.org/10.1007/s00221-008-1442-5
https://doi.org/10.1152/jn.00729.2009
https://doi.org/10.1152/jn.01128.2003
https://doi.org/10.1093/brain/118.5.1169
https://doi.org/10.1007/BF00229665
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Bremmer F, Kubischik M, Pekel M, Hoffmann KP, Lappe M. Visual
selectivity for heading in monkey area MST. Exp Brain Res. (2010) 200:51.
doi: 10.1007/500221-009-1990-3

Britten KH, van Wezel RJ. Electrical microstimulation of cortical area
MST biases heading perception in monkeys. Nat Neurosci. (1998) 1:59-63.
doi: 10.1038/259

Gu Y, DeAngelis GC, Angelaki DE. Causal links between dorsal medial
superior temporal area neurons and multisensory heading perception. J
Neurosci. (2012) 32:2299-313. doi: 10.1523/JNEUROSCI.5154-11.2012
Perrone JA, Stone LS. Emulating the visual receptive-field properties of MST
neurons with a template model of heading estimation. J Neurosci. (1998)
18:5985-75. doi: 10.1523/J]NEUROSCI.18-15-05958.1998

Dufty CJ. MST neurons respond to optic flow and translational movement. J
Neurophysiol. (1998) 80:1816-27. doi: 10.1152/jn.1998.80.4.1816

Gu Y, Angelaki DE, DeAngelis GC. Neural correlates of multisensory
cue integration in macaque MSTd. Nat Neurosci. (2008) 11:1201-10.
doi: 10.1038/nn.2191

Vaina LM. Complex motion perception and its deficits. Curr
Opin  Neurobiol.  (1998) 8:494-502. doi: 10.1016/S0959-4388(98)
80037-8

Klam F, Graf W. Discrimination between active and passive head movements
by macaque ventral and medial intraparietal cortex neurons. J Physiol. (2006)
574(Pt. 2):367-86. doi: 10.1113/jphysiol.2005.103697

Duhamel JR, Colby CL, Goldberg ME. Ventral intraparietal area of the
macaque: congruent visual and somatic response properties. ] Neurophysiol.
(1998) 79:126-36. doi: 10.1152/jn.1998.79.1.126

Baizer JS, Ungerleider LG, Desimone R. Organization of visual inputs to
the inferior temporal and posterior parietal cortex in macaques. ] Neurosci.
(1991) 11:168-90. doi: 10.1523/JNEUROSCI.11-01-00168.1991

Boussaoud D, Ungerleider LG, Desimone R. Pathways for motion analysis:
cortical connections of the medial superior temporal and fundus of the
superior temporal visual areas in the macaque. ] Compar Neurol. (1990)
296:462-95. doi: 10.1002/cne.902960311

Chen A, DeAngelis GC, Angelaki DE. Functional specializations of
the ventral intraparietal area for multisensory heading discrimination. J
Neurosci. (2013) 33:3567-81. doi: 10.1523/J]NEUROSCI.4522-12.2013
Griisser OJ, Pause M, Schreiter U. Localization and responses of neurones
in the parieto-insular vestibular cortex of awake monkeys (Macaca
fascicularis). ] Physiol. (1990) 430:537-57. doi: 10.1113/jphysiol.1990.
sp018306

Fasold O, Heinau J, Trenner MU, Villringer A, Wenzel R. Proprioceptive
head posture-related processing in human polysensory cortical areas.
Neuroimage.  (2008) ~ 40:1232-42.  doi:  10.1016/j.neuroimage.2007.
12.060

Griisser OJ, Pause M, Schreiter U. Vestibular neurones in the parieto-
insular cortex of monkeys (Macaca fascicularis): visual and neck receptor
responses. | Physiol. (1990) 430:559-83. doi: 10.1113/jphysiol.1990.
sp018307

Chen A, Gu Y, Liu S, DeAngelis GC, Angelaki DE. Evidence for
a causal contribution of macaque vestibular, but not intraparietal,
cortex to heading perception. ] Neurosci. (2016) 36:3789-8.
doi: 10.1523/JNEUROSCI.2485-15.2016

Penfield W. LI vestibular sensation and the cerebral cortex. Ann Otol Rhinol
Laryngoll. (1957) 66:691-8. doi: 10.1177/000348945706600307

Brandt T, Dieterich M, Danek A. Vestibular cortex lesions
affect the perception of verticality. Ann Neurol. (1994) 403-12.
doi: 10.1002/ana.410350406

Billington J, Smith AT. Neural
head-roll-induced retinal motion.
doi: 10.1523/J]NEUROSCI.3640-14.2015
Smith AT, Wall MB, Thilo KV. Vestibular inputs to human motion-sensitive
visual cortex. Cereb Cortex. (2012) 22:1068-77. doi: 10.1093/cercor/bhr179
Frank SM, Wirth AM, Greenlee MW. Visualvestibular processing
in the human Sylvian fissure. ] Neurophysiol. (2016) 116:263-71.
doi: 10.1152/jn.00009.2016

Frank SM, Baumann O, Mattingley JB, Greenlee MW. Vestibular and
visual responses in human posterior insular cortex. ] Neurophysiol. (2014)
112:2481-91. doi: 10.1152/jn.00078.2014

mechanisms  for
J Neurosci. (2015)

discounting
35:708-12.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Seemungal BM, Rizzo V, Gresty MA, Rothwell JC, Bronstein AM.
Posterior parietal rTMS disrupts human path integration during
a vestibular navigation task. Neurosci Lett. (2008) 437:88-92.
doi: 10.1016/j.neulet.2008.03.067

Seemungal BM, Rizzo V, Gresty MA, Rothwell JC, Bronstein AM. Perceptual
encoding of self-motion duration in human posterior parietal cortex. Ann N
Y Acad Sci. (2009) 1164:236-8. doi: 10.1111/j.1749-6632.2009.03772.x
Bednarczuk NF, Ortega MC, Fluri AS, Bronstein AM, Arshad Q. Inter-
hemispheric control of vestibular thresholds. Brain Stimul. (2017) 10:988-91.
doi: 10.1016/j.brs.2017.06.005

Kyriakareli A, Cousins S, Pettorossi VE, Bronstein AM. Effect of
transcranial ~ direct current stimulation on vestibular-ocular and
vestibulo-perceptual  thresholds. ~ Neuroreport.  (2013)  24:808-812.
doi: 10.1097/WNR.0b013e3283646e65

Nigmatullina Y, Hellyer PJ, Nachev P, Sharp DJ, Seemungal BM. The
neuroanatomical correlates of training-related perceptuo-reflex uncoupling
in dancers. Cereb Cortex. (2013) 25:554-62. doi: 10.1093/cercor/bht266
Vaina LM. Selective impairment of visual motion interpretation following
lesions of the right occipito-parietal area in humans. Biol Cybermetr. (1989)
61:347-59. doi: 10.1007/BF00200800

Vaina L, Makris N, Kennedy D, Cowey A. The selective impairment of the
perception of first-order motion by unilateral cortical brain damage. Visual
Neurosci. (1998) 15:333-48. doi: 10.1017/50952523898152082

Vaina LM, Rushton SK. What neurological patients tell us about
the use of optic flow. Int Rev Neurobiol. (2000) 44:293-314.
doi: 10.1016/S0074-7742(08)60747-3

Nigmatullina Y, Siddiqui S, Khan S, Sander K, Lobo R, Bronstein AM, et al.
Lateralisation of the vestibular cortex is more pronounced in left-handers.
Brain Stimul. (2016) 9:942-44. doi: 10.1016/j.brs.2016.08.001

Arshad Q, Nigmatullina Y, Bronstein AM. Handedness-related cortical
modulation of the vestibular-ocular reflex. J Neurosci. (2013) 33:3221-7.
doi: 10.1523/JNEUROSCI.2054-12.2013

Bednarczuk NF, Casanovas Ortega M, Fluri AS, Arshad Q. Vestibulo-cortical
hemispheric dominance: the link between anxiety and the vestibular system?
Ear J Neurosci. (2018) 47:1517-24. doi: 10.1111/ejn.13948

Hollands MA, Ziavra NV, Bronstein AM. A new paradigm to
investigate the roles of head and eye movements in the coordination
of whole-body movements. Exp Brain Res. (2004) 154:261-6.
doi: 10.1007/s00221-003-1718-8

Dokka K, DeAngelis GC, Angelaki DE. Multisensory integration of
visual and vestibular signals improves heading discrimination in
the presence of a moving object. J Neurosci. (2015) 35:13599-607.
doi: 10.1523/JNEUROSCI.2267-15.2015

Ramkhalawansingh R, Keshavarz B, Haycock B, Shahab S, Campos
JL. Examining the effect of age on visual-vestibular self-motion
perception using a driving paradigm. Perception. (2016) 46:566-85.
doi: 10.1177/0301006616675883

Britten KH. Mechanisms of self-motion perception. Ann Rev Neurosci.
(2008) 31:389-410. doi: 10.1146/annurev.neuro.29.051605.112953

Beraneck M, Cullen KE. Activity of vestibular nuclei neurons during
vestibular and optokinetic stimulation in the alert mouse. J Neurophysiol.
(2007) 98:1549-65. doi: 10.1152/jn.00590.2007

Bryan AS, Angelaki DE. Optokinetic and vestibular responsiveness in
the macaque rostral vestibular and fastigial nuclei. ] Neurophysiol. (2009)
101:714-20. doi: 10.1152/jn.90612.2008

Angelaki DE, Gu Y, DeAngelis GC. Visual and vestibular cue integration for
heading perception in extrastriate visual cortex. ] Physiol. (2011) 589:825-33.
doi: 10.1113/jphysiol.2010.194720

Takahashi K, Gu Y, May PJ, Newlands SD, DeAngelis GC, Angelaki DE.
Multimodal coding of three-dimensional rotation and translation in area
MSTd: comparison of visual and vestibular selectivity. ] Neurosci. (2007)
27:9742-56. doi: 10.1523/JNEUROSCI.0817-07.2007

MacNeilage PR, Banks MS, DeAngelis GC, Angelaki DE. Vestibular
heading discrimination and  sensitivity to linear acceleration
in head and world coordinates. ] Neurosci. (2010) 30:9084-94.
doi: 10.1523/JNEUROSCI.1304-10.2010

Karmali E Lim K, Merfeld DM. Visual and vestibular perceptual
thresholds each demonstrate better precision at specific frequencies and

Frontiers in Neurology | www.frontiersin.org

March 2019 | Volume 10 | Article 63


https://doi.org/10.1007/s00221-009-1990-3
https://doi.org/10.1038/259
https://doi.org/10.1523/JNEUROSCI.5154-11.2012
https://doi.org/10.1523/JNEUROSCI.18-15-05958.1998
https://doi.org/10.1152/jn.1998.80.4.1816
https://doi.org/10.1038/nn.2191
https://doi.org/10.1016/S0959-4388(98)80037-8
https://doi.org/10.1113/jphysiol.2005.103697
https://doi.org/10.1152/jn.1998.79.1.126
https://doi.org/10.1523/JNEUROSCI.11-01-00168.1991
https://doi.org/10.1002/cne.902960311
https://doi.org/10.1523/JNEUROSCI.4522-12.2013
https://doi.org/10.1113/jphysiol.1990.sp018306
https://doi.org/10.1016/j.neuroimage.2007.12.060
https://doi.org/10.1113/jphysiol.1990.sp018307
https://doi.org/10.1523/JNEUROSCI.2485-15.2016
https://doi.org/10.1177/000348945706600307
https://doi.org/10.1002/ana.410350406
https://doi.org/10.1523/JNEUROSCI.3640-14.2015
https://doi.org/10.1093/cercor/bhr179
https://doi.org/10.1152/jn.00009.2016
https://doi.org/10.1152/jn.00078.2014
https://doi.org/10.1016/j.neulet.2008.03.067
https://doi.org/10.1111/j.1749-6632.2009.03772.x
https://doi.org/10.1016/j.brs.2017.06.005
https://doi.org/10.1097/WNR.0b013e3283646e65
https://doi.org/10.1093/cercor/bht266
https://doi.org/10.1007/BF00200800
https://doi.org/10.1017/S0952523898152082
https://doi.org/10.1016/S0074-7742(08)60747-3
https://doi.org/10.1016/j.brs.2016.08.001
https://doi.org/10.1523/JNEUROSCI.2054-12.2013
https://doi.org/10.1111/ejn.13948
https://doi.org/10.1007/s00221-003-1718-8
https://doi.org/10.1523/JNEUROSCI.2267-15.2015
https://doi.org/10.1177/0301006616675883
https://doi.org/10.1146/annurev.neuro.29.051605.112953
https://doi.org/10.1152/jn.00590.2007
https://doi.org/10.1152/jn.90612.2008
https://doi.org/10.1113/jphysiol.2010.194720
https://doi.org/10.1523/JNEUROSCI.0817-07.2007
https://doi.org/10.1523/JNEUROSCI.1304-10.2010
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

also exhibit optimal integration. J Neurophysiol. (2013) 111:2393-403.
doi: 10.1152/jn.00332.2013

Kolev OI. Thresholds for self-motion perception in roll without and with
visual fixation target - the visual-vestibular interaction effect. Func Neurol.
(2015) 30:99-104. doi: 10.11138/fneur/2015.30.2.099

Kaliuzhna M, Ferré ER, Herbelin B, Blanke O, Haggard P. Multisensory
effects on somatosensation: a trimodal visuo-vestibular-tactile interaction.
Sci Rep. (2016) 6:26301. doi: 10.1038/srep26301

Ishida M, Fushiki H, Nishida H, Watanabe Y. Self-motion perception during
conflicting visual-vestibular acceleration. J Vestibul Res. (2008) 18:267-72.
Hartmann M, Furrer S, Herzog MH, Merfeld DM, Mast FW. Self-motion
perception training: thresholds improve in the light but not in the dark. Exp
Brain Res. (2013) 226:231-40. doi: 10.1007/s00221-013-3428-1

Cullen KE, Roy JE. Signal processing in the vestibular system during
active versus passive head movements. | Neurophysiol. (2004) 91:1919-33.
doi: 10.1152/jn.00988.2003

Gdowski GT, McCrea RA. Neck proprioceptive inputs to primate
vestibular nucleus neurons. Exp Brain Res. (2000) 135:511-26.
doi: 10.1007/5002210000542

Sadeghi SG, Mitchell DE, Cullen KE. Different neural strategies for
multimodal integration: comparison of two macaque monkey species. Exp
Brain Res. (2009) 195:45-57. doi: 10.1007/s00221-009-1751-3

Sans A, Raymond J, Marty R. Thalamic and cortical responses to electric
stimulation of the vestibular nerve in the cat. Exp Brain Res. (1970) 10:265-
75. doi: 10.1007/BF00235050

Bremmer F, Klam F Duhamel JR, Hamed SB, Graf W. Visual-vestibular
interactive responses in the macaque ventral intraparietal area (VIP). Ear |
Neurosci. (2002) 16:1569-86. doi: 10.1046/j.1460-9568.2002.02206.x

Blouin J, Okada T, Wolsley C, Bronstein A. Encoding target-trunk relative
position: cervical versus vestibular contribution. Exp Brain Res. (1998)
122:101-7. doi: 10.1007/5002210050496

Schweigart G, Chien RD, Mergner T. Neck proprioception compensates for
age-related deterioration of vestibular self-motion perception. Exp Brain Res.
(2002) 147:89-97. doi: 10.1007/s00221-002-1218-2

Wright WG, DiZio P, Lackner JR. Vertical linear self-motion perception
during visual and inertial motion: more than weighted summation of sensory
inputs. J Vestibul Res. (2005) 15:185-95. Available online at: https://pdfs.
semanticscholar.org/c082/5ac7f947d7b755b42b486281b66125¢efbbce.pdf
Zacharias GL, Young LR. Influence of combined visual and vestibular cues
on human perception and control of horizontal rotation. Exp Brain Res.
(1981) 41:159-71. doi: 10.1007/BF00236605

Ferré ER, Walther LE, Haggard P. Multisensory Interactions between
vestibular, visual and somatosensory signals. PLoS ONE. (2015) 10:¢0124573.
doi: 10.1371/journal.pone.0124573

Ferre ER, Sedda A, Gandola M, Bottini G. How the vestibular
system modulates tactile perception in normal subjects: a behavioural
and physiological ~study. Exp Brain Res. (2011) 208:29-38.
doi: 10.1007/s00221-010-2450-9

Ferre ER, Day BL, Bottini G, Haggard P. How the vestibular system
interacts with somatosensory perception: a sham-controlled study
with galvanic vestibular stimulation. Neurosci Lett. (2013) 550:35-40.
doi: 10.1016/j.neulet.2013.06.046

Rorden C, Karnath HO, Driver J. Do neck-proprioceptive and caloric-
vestibular stimulation influence covert visual attention in normals,
as they influence visual neglect? Neuropsychologica. (2001) 39:364-75.
doi: 10.1016/S0028-3932(00)00126-3

Bottini G, Paulesu E, Gandola M, Loffredo S, Scarpa P, Sterzi R, et al. Left
caloric vestibular stimulation ameliorates right hemianesthesia. Neurology.
(2005) 65:1278-83. doi: 10.1212/01.wnl.0000182398.14088.e8

Bottini G, Paulesu E, Sterzi R, Warburton E, Wise RJS, Vallar G, et al.
Modulation of conscious experience by peripheral sensory stimuli. Nature.
(1995) 376:778-81. doi: 10.1038/376778a0

Fetsch CR, DeAngelis GC, Angelaki DE. Visual-vestibular cue integration
for heading perception: Applications of optimal cue integration theory.
Eur ] Neurosci. (2010) 31:1721-9. doi: 10.1111/j.1460-9568.2010.
07207.x

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Butler JS, Smith ST, Campos JL, Biilthoff HH. Bayesian integration
of visual and vestibular signals for heading. ] Vision. (2010) 10:23.
doi: 10.1167/10.11.23

Fetsch CR, Turner AH, DeAngelis GC, Angelaki DE. Dynamic reweighting
of visual and vestibular cues during self-motion perception. J Neurosci.
(2009) 29:15601-12. doi: 10.1523/JNEUROSCI.2574-09.2009

Prsa M, Gale S, Blanke O. Self-motion leads to mandatory cue
fusion across sensory modalities. | Neurophysiol. (2012) 108:2282-91.
doi: 10.1152/jn.00439.2012

Butler JS, Campos JL, Bilthof HH. Optimal
integration under conditions of conflicting intersensory motion
profiles. Exp Brain Res. (2015) 233:587-97. doi: 10.1007/s00221-014-
4136-1

Fetsch CR, Pouget A, DeAngelis GC, Angelaki DE. Neural correlates of
reliability-based cue weighting during multisensory integration. Nature
neuroscience. (2012) 15:146-54. doi: 10.1038/nn.2983

Adams R. An account of a peculiar optical phenomenon seen after having
looked at a moving body, etc. In: D. Taylor R, Phillips, R. Brewster, editors.
The London and Edinburgh Philosophical Magazine and Journal of Science.
London: University of London. (1834). p. 373-374.

Snowden RJ, Milne AB. Phantom motion aftereffects-evidence of
detectors for the analysis of optic flow. Curr Biol. (1997) 7:717-22.
doi: 10.1016/S0960-9822(06)00329-0

Harris LR, Morgan MJ, Still AW. Moving and the motion after-effect. Nature.
(1981) 293:139-41. doi: 10.1038/293139a0

Brandt T, Dichgans ], Buchle W. Motion habituation: inverted self-motion
perception and optokinetic after-nystagmus. Exp Brain Res. (1974) 21:337-
52. doi: 10.1007/BF00237897

Kommerell G, Thiele H. Der optokinetische kurzreiznystagmus [Optokinetic
short-stimulation nystagmus]. Graefes Arch. Klin. Exp. Ophthalmol. (1970)
179:220-34.

Cuturi LE MacNeilage PR. Optic ?ow induces nonvisual self-motion
aftereffects. Curr Biol. (2014) 24:2817-21. doi: 10.1016/j.cub.2014.10.015
Crane BT. Limited interaction between translation and visual
motion aftereffects in humans. Exp Brain Res. (2013) 224:165-78.
doi: 10.1007/s00221-012-3299-x

Mach E. Grundlinien der Lehre von der Bewegungsempfindung. Leipzig:
Engelmann. (1875).

Wood R. The ’Haunted Swing’ illusion. Psychol Rev. (1895) 2:277-8.
doi: 10.1037/h0073333

Viljamie A. Auditorily-induced illusory self-motion: a review. Brain Res Rev.
(2009) 61:240-55. doi: 10.1016/j.brainresrev.2009.07.001

Nordahl R, Nilsson NC, Turchet L, Serafin S. Vertical illusory self-
motion through haptic stimulation of the feet. IEEE VR Workshop
on Perceptual Illusions in Virtual (2012) 21-26.
doi: 10.1109/PIVE.2012.6229796

Brandt T, Dichgans ], and Koenig E. (1973). Differential effects of central
versus peripheral vision on egocentric and exocentric motion perception.
Experimental brain research 476-491. doi: 10.1007/BF00234474

Berthoz A, Pavard B, Young LR. Perception of linear horizontal self-
motion induced by peripheral vision (linearvection) basic characteristics
and visual-vestibular interactions. Exp Brain Res. (1975) 23:471-89.
doi: 10.1007/BF00234916

Dichgans ], Brandt T. Visual-vestibular interaction: effects on self-
motion perception and postural control. Perception. (1978) 8:755-804.
doi: 10.1007/978-3-642-46354-9_25

Trutoiu LC, Mohler BJ, Schulte-Pelkum J, Biilthoff HH. Circular, linear,
and curvilinear vection in a large-screen virtual environment with floor
projection. Comput Grap. (2009) 33:47-58. doi: 10.1016/j.cag.2008.11.008
Brandt T, Bartenstein P, Janek A, Dieterich M. Reciprocal inhibitory
visual-vestibular
the parieto-insular vestibular
doi: 10.1093/brain/121.9.1749
Kleinschmidt A, Thilo KV, Biichel C, Gresty MA, Bronstein AM, Frackowiak
RS. Neural correlates of visual-motion perception as object-or self-motion.
Neuroimage. (2002) 16:873-82. doi: 10.1006/nimg.2002.1181

visual-vestibular

Environments.

stimulation deactivates
(1998) 121:1749-58.

interaction. Visual motion

cortex. Brain.

Frontiers in Neurology | www.frontiersin.org

20

March 2019 | Volume 10 | Article 63


https://doi.org/10.1152/jn.00332.2013
https://doi.org/10.11138/fneur/2015.30.2.099
https://doi.org/10.1038/srep26301
https://doi.org/10.1007/s00221-013-3428-1
https://doi.org/10.1152/jn.00988.2003
https://doi.org/10.1007/s002210000542
https://doi.org/10.1007/s00221-009-1751-3
https://doi.org/10.1007/BF00235050
https://doi.org/10.1046/j.1460-9568.2002.02206.x
https://doi.org/10.1007/s002210050496
https://doi.org/10.1007/s00221-002-1218-2
https://pdfs.semanticscholar.org/c082/5ac7ff947d7b755b42b486281b66125efbbc.pdf
https://pdfs.semanticscholar.org/c082/5ac7ff947d7b755b42b486281b66125efbbc.pdf
https://doi.org/10.1007/BF00236605
https://doi.org/10.1371/journal.pone.0124573
https://doi.org/10.1007/s00221-010-2450-9
https://doi.org/10.1016/j.neulet.2013.06.046
https://doi.org/10.1016/S0028-3932(00)00126-3
https://doi.org/10.1212/01.wnl.0000182398.14088.e8
https://doi.org/10.1038/376778a0
https://doi.org/10.1111/j.1460-9568.2010.07207.x
https://doi.org/10.1167/10.11.23
https://doi.org/10.1523/JNEUROSCI.2574-09.2009
https://doi.org/10.1152/jn.00439.2012
https://doi.org/10.1007/s00221-014-4136-1
https://doi.org/10.1038/nn.2983
https://doi.org/10.1016/S0960-9822(06)00329-0
https://doi.org/10.1038/293139a0
https://doi.org/10.1007/BF00237897
https://doi.org/10.1016/j.cub.2014.10.015
https://doi.org/10.1007/s00221-012-3299-x
https://doi.org/10.1037/h0073333
https://doi.org/10.1016/j.brainresrev.2009.07.001
https://doi.org/10.1109/PIVE.2012.6229796
https://doi.org/10.1007/BF00234474
https://doi.org/10.1007/BF00234916
https://doi.org/10.1007/978-3-642-46354-9_25
https://doi.org/10.1016/j.cag.2008.11.008
https://doi.org/10.1093/brain/121.9.1749
https://doi.org/10.1006/nimg.2002.1181
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

Kovacs G, Raabe M, Greenlee MW. Neural correlates of visually
induced self-motion illusion in depth. Cereb Cortex. (2007) 18:1779-87.
doi: 10.1093/cercor/bhm203

Becker-Bense S, Buchholz HG, Eulenburg P, Best C, Bartenstein P,
Schreckenberger M, et al. Ventral and dorsal streams processing visual
motion perception (FDG-PET study). BMC Neurosci. (2012) 13:81.
doi: 10.1186/1471-2202-13-81

Cheung BSK, Howard IP, Nedzelski JM, Landolt JP. Circularvection about
earth-horizontal axes in bilateral labyrinthine-defective subjects. Acta Oto-
Laryngol. (1989) 108:336-44. doi: 10.3109/00016488909125537

Johnson WH, Sunahara FA, Landolt JP. Importance of the vestibular system
in visually induced nausea and self-vection. ] Vestib Res. (1999) 9:83-7.
Riecke BE, Schulte-Pelkum J, Caniard F, Biilthoff HH. Spatialized auditory
cues enhance the visually-induced self-motion illusion (circular vection)
in virtual reality. Rapport Tech. (2005) 138. Available online at: https://
www.researchgate.net/publication/216055709_Spatialized_auditory_cues_
enhance_the_visually-induced_self-motion_illusion_circular_vection_in_
Virtual_Reality

Riecke BE, Feuereissen D, Rieser JJ. Auditory self-motion illusions (circular
vection) can be facilitated by vibrations and the potential for actual motion.
In: Proceedings of the 5th Symposium on Applied Perception in Graphics and
Visualisation. New York, NY (2008).

Riecke BE, Viljamide A, Schulte-Pelkum J. Moving sounds enhance the
visually-induced self-motion illusion (circular vection) in virtual reality.
ACM Trans Appl Percept. (2009) 6:7. doi: 10.1145/1498700.1498701

Kruijff E, Riecke B, Trekowski C, Kitson A. Upper body leaning can affect
forward self-motion perception in virtual environments. In: Proceedings of
the 3rd ACM Symposium on Spatial User Interaction. New York, NY (2015).
p- 103-12. doi: 10.1145/2788940.2788943

Lepecq JC, Giannopulu I, Baudonniere PM. Cognitive effects on
visually induced body motion in children. Perception. (1995) 435-49.
doi: 10.1068/p240435

Lee DN, Lishman JR. Visual Proprioceptive Control of Stance. ] Human
Movement Stud. (1975)

Paulus W, Straube A, Krafczyk S, Brandt T. Differential effects of retinal
target displacement, changing size and changing disparity in the control of
anterior/posterior and lateral body sway. Exp Brain Res. (1989) 78:243-52.
doi: 10.1007/BF00228896

Guerraz M, Thilo KV, Bronstein AM, Gresty MA. Influence of action and
expectation on visual control of posture. Cogn Brain Res. (2001) 11:259-66.
doi: 10.1016/50926-6410(00)00080-X
Junior PBE Barela JA. Postural
and  object-motion  perception.
doi: 10.1016/j.neulet.2004.07.075
Guerraz M, Bronstein AM. Mechanisms underlying visually induced body
sway. Neurosci Lett. (2008) 443:12-6. doi: 10.1016/j.neulet.2008.07.053
DeAngelis GC, Angelaki DE. Visual-Vestibular Integration for Self-Motion
Perception. In: Wallace MT, Murray MM, editors. The Neural Bases of
Multisensory Processes. Boca Raton, FL: CRC Press/Taylor and Francis
(2012). p. 629-52.

Probst T, Brandt T, Degner D. Object-motion detection affected by
concurrent self-motion perception: psychophysics of a new phenomenon.
Behav Brain Res. (1986) 22:1-11. doi: 10.1016/0166-4328(86)90076-8

van Elk M, Blanke O. Balancing bistable perception during self-motion. Exp
Brain Res. (2012) 222:219-28. doi: 10.1007/s00221-012-3209-2

a function of self-
Lett.  (2004)  64-8.

control as
Neurosci

. Hogendoorn H, Verstraten FA, MacDougall H, Alais D. Vestibular signals of

self-motion modulate global motion perception. Vision Res. (2017) 130:22—-
30. doi: 10.1016/j.visres.2016.11.002

Moser EI, Kropff E, Moser MB. Place cells, grid cells, and the
brain’s spatial representation system. Ann Rev Neurosci. (2008) 31:69-89.
doi: 10.1146/annurev.neuro.31.061307.090723

Moser EI, Moser MB, McNaughton BL. Spatial representation in
the hippocampal formation: a history. Nature. (2017) 20:1448-64.
doi: 10.1038/nn.4653

Fyhn M, Molden S, Witter MP, Moser EI, Moser MB. Spatial
representation in the entorhinal cortex. Science. (2004) 1258-64.
doi: 10.1126/science.1099901

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Wallach H. The role of head movements and vestibular and visual cues in
sound localization. ] Exp Psychol. (1940) 27:339-68. doi: 10.1037/h0054629
Sakamoto S, Teramoto W, Terashima H, Gyoba J. Effect of active self-motion
on auditory space perception. Interdiscipl Inform Sci. (2015) 21:167-72.
doi: 10.4036/iis.2015.A.08

Teramoto W, Sakamoto S, Furune E Gyoba J, Suzuki Y. Compression of
auditory space during forward self-motion. PLoS ONE. (2012) 7:e39402.
doi: 10.1371/journal.pone.0039402

Halmagyi GM, Gresty MA, Gibson WPR. Ocular tilt reaction with peripheral
vestibular lesion. Ann Neurol. (1979) 6:80-3.

Takemori S, Ida M, Umezu H. Vestibular training after sudden loss of
vestibular functions. ORL. (1985) 47:76-83. doi: 10.1159/000275748
Anastasopoulos D, Haslwanter T, Bronstein A, Fetter M, Dichgans J.
Dissociation between the perception of body verticality and the visual vertical
in acute peripheral vestibular disorder in humans. Neurosci Lett. (1997)
233:151-53. doi: 10.1016/S0304-3940(97)00639-3

Lopez C, Lacour M, Ahmadi AE, Magnan, J., Borel L. Changes
of visual vertical perception: a long-term sign of unilateral and
bilateral ~ vestibular  loss.  Neuropsychologia.  (2007)  45:2025-37.
doi: 10.1016/j.neuropsychologia.2007.02.004

Vilbert D, Hausler R. Long-term evolution of subjective visual vertical
after vestibular neurectomy and labyrinthectomy. Acta Oto-Laryngol. (2000)
120:620-2. doi: 10.1080/000164800750000432

Bohmer A, Mast F. Assessing otolith function by the subjective
visual  vertica. Ann N Y Acad Sci. (2006) 871:221-31.
doi: 10.1111/j.1749-6632.1999.tb09187.x

Bronstein AM, Yardley L, Moore AP, Cleeves L. Visually and posturally
mediated tilt illusion in Parkinson’s disease and in labyrinthine defective
subjects. Neurology. (1996) 47:651-6. doi: 10.1212/WNL.47.3.651

Bisdorff AR, Wolsley CJ, Anastasopoulos D, Bronstein AM, Gresty
MA. The Perception of body verticality (subjective postural vertical) in
peripheral and central vestibular disorders. Brain. (1996) 119:1523-34.
doi: 10.1093/brain/119.5.1523

Borel L, Harlay F, Magnan J, Lacour M. How changes in vestibular and visual
reference frames combine to modify body orientation in space. Neuroreport.
(2001) 12:3137-41. doi: 10.1097/00001756-200110080-00031

Bray A, Subanandan A, Isableu B, Ohlmann T, Golding JE Gresty MA. We
are most aware of our place in the world when about to fall. CurrBiol. (2004)
14:R609-10. doi: 10.1016/j.cub.2004.07.040

Lopez C, Lacour M, Borel L. Perception de
représentations spatiales dans les aires corticales vestibulaires. Bipédie,
contrdle postural et représentation corticale. (2005) 35-86. Available online
at:  https://www.researchgate.net/publication/251586348_Perception_de_
la_verticalite_et_representations_spatiales_dans_les_aires_corticales_
vestibulaires

Thilo KV, Guerraz M, Bronstein AM, Gresty MA. Changes in horizontal
oculomotor behaviour coincide with a shift in visual motion perception.
Neuroreport. (2000) 11:1987-90. doi: 10.1097/00001756-200006260-00036
Thilo KV, Guerraz M, Bronstein AM, Gresty MA. Percept-related changes
in horizontal optokinetic nystagmus at different body orientations in space.
Exp Brain Res. (2002) 145:215-21. doi: 10.1007/s00221-002-1114-9

Hood JD, Leech J. The significance of peripheral vision in the
perception of movement. Acta oto-laryngol.  (1974)  77:72-9.
doi: 10.3109/00016487409124600

Thilo KV, Probst T, Bronstein AM, Ito Y, Gresty MA. Torsional eye
movements are facilitated during perception of self-motion. Exp Brain Res.
(1999) 126:495-500. doi: 10.1007/s002210050757

Heilman KM, Bowers D, Coslett B, Whelan H, Watson RT. Directional
hypokinesia: prolonged reaction times for leftward movements in patients
with right hemisphere lesions and neglect. Neurology. (1985) 35:855-9.
doi: 10.1212/WNL.35.6.855

Bisiach E, Luzzatti C. Unilateral neglect of representational space. Cortex.
(1978) 14:129-33. doi: 10.1016/S0010-9452(78)80016-1

Vallar G, Perani D. The anatomy of unilateral neglect after right-
hemisphere stroke lesions. A clinical/CT-scan correlation study in
man. Neuropsychologia. (1986) 24:609-22. doi: 10.1016/0028-3932(86)
90001-1

la verticalité et

Frontiers in Neurology | www.frontiersin.org

March 2019 | Volume 10 | Article 63


https://doi.org/10.1093/cercor/bhm203
https://doi.org/10.1186/1471-2202-13-81
https://doi.org/10.3109/00016488909125537
https://www.researchgate.net/publication/216055709_Spatialized_auditory_cues_enhance_the_visually-induced_self-motion_illusion_circular_vection_in_Virtual_Reality
https://www.researchgate.net/publication/216055709_Spatialized_auditory_cues_enhance_the_visually-induced_self-motion_illusion_circular_vection_in_Virtual_Reality
https://www.researchgate.net/publication/216055709_Spatialized_auditory_cues_enhance_the_visually-induced_self-motion_illusion_circular_vection_in_Virtual_Reality
https://www.researchgate.net/publication/216055709_Spatialized_auditory_cues_enhance_the_visually-induced_self-motion_illusion_circular_vection_in_Virtual_Reality
https://doi.org/10.1145/1498700.1498701
https://doi.org/10.1145/2788940.2788943
https://doi.org/10.1068/p240435
https://doi.org/10.1007/BF00228896
https://doi.org/10.1016/S0926-6410(00)00080-X
https://doi.org/10.1016/j.neulet.2004.07.075
https://doi.org/10.1016/j.neulet.2008.07.053
https://doi.org/10.1016/0166-4328(86)90076-8
https://doi.org/10.1007/s00221-012-3209-2
https://doi.org/10.1016/j.visres.2016.11.002
https://doi.org/10.1146/annurev.neuro.31.061307.090723
https://doi.org/10.1038/nn.4653
https://doi.org/10.1126/science.1099901
https://doi.org/10.1037/h0054629
https://doi.org/10.4036/iis.2015.A.08
https://doi.org/10.1371/journal.pone.0039402
https://doi.org/10.1159/000275748
https://doi.org/10.1016/S0304-3940(97)00639-3
https://doi.org/10.1016/j.neuropsychologia.2007.02.004
https://doi.org/10.1080/000164800750000432
https://doi.org/10.1111/j.1749-6632.1999.tb09187.x
https://doi.org/10.1212/WNL.47.3.651
https://doi.org/10.1093/brain/119.5.1523
https://doi.org/10.1097/00001756-200110080-00031
https://doi.org/10.1016/j.cub.2004.07.040
https://www.researchgate.net/publication/251586348_Perception_de_la_verticalite_et_representations_spatiales_dans_les_aires_corticales_vestibulaires
https://www.researchgate.net/publication/251586348_Perception_de_la_verticalite_et_representations_spatiales_dans_les_aires_corticales_vestibulaires
https://www.researchgate.net/publication/251586348_Perception_de_la_verticalite_et_representations_spatiales_dans_les_aires_corticales_vestibulaires
https://doi.org/10.1097/00001756-200006260-00036
https://doi.org/10.1007/s00221-002-1114-9
https://doi.org/10.3109/00016487409124600
https://doi.org/10.1007/s002210050757
https://doi.org/10.1212/WNL.35.6.855
https://doi.org/10.1016/S0010-9452(78)80016-1
https://doi.org/10.1016/0028-3932(86)90001-1
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

Cappa S, Sterzi R, Vallar G, Bisiach E. Remission of hemineglect and
anosognosia during vestibular stimulation. Neuropsychologia. (1987) 25:775-
82. doi: 10.1016/0028-3932(87)90115-1

Rubens AB. Caloric stimulation and unilateral visual neglect. Neurology.
(1985) 35:1019-24. doi: 10.1212/WNL.35.7.1019

Silberfenning J. Contribution to the problem of eye movements.
Disturbances of ocular movements with pseudo hemianopsia in frontal
tumors. Stereotactic Func Neurosurg. (1941) 4:1-13. doi: 10.1159/000106147
Fasold O, von Brevern M, Kuhberg M, Ploner CJ, Villringer A, Lempert
T, et al. Human vestibular cortex as identified with caloric stimulation in
functional magnetic resonance imaging. Neuroimage. (2002) 17:1384-93.
doi: 10.1006/nimg.2002.1241

Utz KS, Keller I, Kardinal M, Kerkhoff G. Galvanic vestibular stimulation
reduces the pathological rightward line bisection error in neglect—A
sham stimulation-controlled study. Neuropsychologia. (2011) 49:1219-25.
doi: 10.1016/j.neuropsychologia.2011.02.046

Mattingley JB, Bradshaw JL, Bradshaw JA. Horizontal visual motion
modulates focal attention in left unilateral spatial neglect. ] Neurol Neurosurg
Psychiatr. (1994) 57:1228-35. doi: 10.1136/jnnp.57.10.1228

Pizzamiglio L, Frasca R, Guariglia C, Incoccia C, Antonucci G. Effect
of optokinetic stimulation in patients with visual neglect. Cortex. (1990)
26:535-40. doi: 10.1016/S0010-9452(13)80303-6

Vallar G, Papagno C, Rusconi ML, Bisiach E. Vestibular stimulation, spatial
hemineglect and dysphasia, selective effects. Cortex. (1995) 31:589-93.
doi: 10.1016/S0010-9452(13)80070-6

Kerkhoff G, Keller I, Ritter V, Marquardt C. Repetitive optokinetic
stimulation induces lasting recovery from visual neglect. Restor Neurol
Neurosci. (2006) 24:357-69.

Thimm M, Fink GR, Kist J, Karbe H, Willmes K, Sturm W.
Recovery from hemineglect: differential neurobiological effects of
optokinetic stimulation and alertness training. Cortex. (2009) 45:850-62.
doi: 10.1016/j.cortex.2008.10.007

Bisiach E, Pizzamiglio L, Nico D, Antonucci G. Beyond unilateral neglect.
Brain. (1996) 119:851-7. doi: 10.1093/brain/119.3.851

Smith PF. Vestibular-hippocampal interactions. Hippocampus. (1997) 7:465-
71. doi: 10.1002/(SICI)1098-1063(1997)7:5<465::AID-HIPO3>3.0.CO;2-G
Vitte E, Derosier C, Caritu Y, Berthoz A, Hasboun D, Soulie D. Activation
of the hippocampal formation by vestibular stimulation: a functional
magnetic resonance imaging study. Exp Brain Res. (1996) 11:523-6.
doi: 10.1007/BF00227958

Péruch P, Borel L, Magnan J, Lacour M. Direction and distance deficits in
path integration after unilateral vestibular loss depend on task complexity.
Cogn Brain Res. (2005) 25:862-72. doi: 10.1016/j.cogbrainres.2005.
09.012

Stackman RW, Herbert AM. Rats with lesions of the vestibular system
require a visual landmark for spatial navigation. Behav Brain Res. (2002)
128:27-40. doi: 10.1016/S0166-4328(01)00270-4

Stackman RW, Clark AS, Taube JS. Hippocampal spatial representations
require  vestibular  input.  Hippocampus. ~ (2002)  12:291-303.
doi: 10.1002/hipo.1112

Bichtold D, Baumann T, Sandor PS, Kritos M, Regard M, and Brugger
P. Spatial- and verbal-memory improvement by cold-water caloric
stimulation in healthy subjects. Exp Brain Res. (2001) 136:128-32.
doi: 10.1007/5002210000588

Blanke O. Multisensory brain mechanisms of bodily self-consciousness. Nat
Rev Neurosci. (2012) 13:556-71. doi: 10.1038/nrn3292

Bonnier P. LAschématie. Revue Neurol. (1906) 16:605-9.

Bonnier P. Asomatognosia P. Bonnier. Laschématie. Revue Neurol.
1905;13:605-9. Epil Behav.(2009) 16:401-3. doi: 10.1016/j.yebeh.2009.
09.020

Schilder.  Selbstbewusstsein ~ und  Personlichkeitsbewusstsein:
Psychopathologische Studie. Berlin;Heidelberg: Springer-Verlag. (1914).
Lopez C. A neuroscientific account of how vestibular disorders
impair bodily self-consciousness. Front Integrat Neurosci. (2013) 7:91.
doi: 10.3389/fnint.2013.00091

Pfeiffer C, Serino A, Blanke O. The vestibular system: a spatial
reference for bodily self-consciousness. Front Integr Neurosci. (2014) 8:31.
doi: 10.3389/fnint.2014.00031

Eine

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

272.
273.

274.

276.

277.

278.

279.

280.

. Blanke

contributions
51:1445-52.

Vestibular
(2013)

Ferre ER, Vagnoni E, Haggard P.
to  bodily  awareness.  Neuropsychologia.
doi: 10.1016/j.neuropsychologia.2013.04.006
Lopez C, Schreyer HM, Preuss N, Mast FW. Vestibular stimulation
modifies the body schema. Neuropsychologia. (2012) 1830-7.
doi: 10.1016/j.neuropsychologia.2012.04.008

Ramachandran VS, McGeoch P. Can vestibular caloric stimulation
be used to treat apotemnophilia? Med Hypotheses. (2007) 69:250-52.
doi: 10.1016/j.mehy.2006.12.013

Spitoni GE, Pireddu G, Galati G, Sulpizio V, Paolucci S, Pizzamiglio L.
Caloric vestibular stimulation reduces pain and somatoparaphrenia in a
severe chronic central post-stroke pain patient: a case study. PLoS ONE.
(2016) 11:e0151213. doi: 10.1371/journal.pone.0151213

Cox BJ, Swinson RP. Instrument to assess depersonalization-derealization in
panic disorder. Dep Anxiety. (2002) 15:172-5. doi: 10.1002/da.10051
Jauregui-Renaud K, Sang FYP, Gresty MA, Green DA, Bronstein AM.
Depersonalisation/derealisation symptoms and updating orientation in
patients with vestibular disease. ] Neurol Neurosurg Psychiatr. (2008) 79:276-
83. doi: 10.1136/jnnp.2007.122119

Yen Pik Sang F, Jauregui-Renaud K, Green DA, Bronstein AM, Gresty MA.
Depersonalisation/derealisation symptoms in vestibular disease. ] Neurol
Neurosurg Psychiatr. (2006) 77:760-6. doi: 10.1136/jnnp.2005.075473
Penfield WG. Ferrier lecture - some observations on the cerebral cortex of
man. Proc R Soc Biol Sci. (1947) 134:329-47.

Simeon D, Guralnik O, Hazlett EA, Spiegel-Cohen ], Hollander E,
Buchsbaum MS. Feeling unreal: a PET study of depersonalization disorder.
Am ] Psychiatr. (2000) 157:1782-8. doi: 10.1176/appi.ajp.157.11.1782
Rachid F. Treatment of a patient with depersonalization disorder with low
frequency repetitive transcranial magnetic stimulation of the right temporo-
parietal junction in a Private practice setting. ] Psychiatr Prac. (2017) 23:145-
7. doi: 10.1097/PRA.0000000000000214

Blanke O, Landis T, Spinelli L, Seeck M. Out-of-body experience
and autoscopy of neurological origin. Brain. (2004) 127:243-58.
doi: 10.1093/brain/awh040

Tonta S, Heydrich L, Lenggenhager B, Mouthon M, Fornari E, Chapuis
D, et al. Multisensory mechanisms in temporo-parietal cortex support
self-location and first-person perspective. Neuron. (2011) 70:363-74.
doi: 10.1016/j.neuron.2011.03.009

O, Ortigue S, Landis T, Seeck M. Neuropsychology:
stimulating illusory own-body perceptions. Nature. (2002) 419:269-70.
doi: 10.1038/419269a

Green CE. Out-Of-Body Experiences. London: Hamish Hamilton. (1968)
Lopez C, Halje P, Blanke O. Body ownership and embodiment: vestibular and
multisensory mechanisms. Neurophysiol Clin Neurophysiol. (2008) 38:149-
61. doi: 10.1016/j.neucli.2007.12.006

Lenggenhager B, Tadi T, Metzinger T, Blanke O. Video ergo sum:
manipulating bodily self-consciousness. Science. (2007) 317:1096-9.
doi: 10.1126/science.1143439

. Blanke O, Mohr C, Michel CM, Pascual-Leone A, Brugger P, Seeck M,

et al. Linking out-of-body experience and self processing to mental own-
body imagery at the temporoparietal junction. J Neurosci. (2005) 25:550-7.
doi: 10.1523/JNEUROSCI.2612-04.2005
Levy DL, Holzman PS, Proctor
and  psychopathology. Schizophr
doi: 10.1093/schbul/9.3.383

Orntiz E. Vestibular dysfunction in schizophrenia and childhood autism.
Compr Pychiatry. (1970) 11:159-73. doi: 10.1016/0010-440X(70)90157-4
Schilder P. The vestibular apparatus in neurosis and psychosis. ] Nervous
Ment Dis. (1933) 78:137-64. doi: 10.1097/00005053-193308000-00005
Mondino M, Jardri R, Suaud-Chagny ME, Saoud M, Poulet E, Brunelin
J. Effects of fronto-temporal transcranial direct current stimulation on
auditory verbal hallucinations and resting-state functional connectivity of
the left temporo-parietal junction in patients with schizophrenia. Schizophr
Bull. (2015) 42:318-26. doi: 10.1093/schbul/sbv114

Vercammen A, Knegtering H, den Boer JA, Liemburg EJ, and Aleman
A. Auditory hallucinations in schizophrenia are associated with reduced
functional connectivity of the temporo-parietal area. Biol Psychiatr. (2010)
67:912-8. doi: 10.1016/j.biopsych.2009.11.017

LR. Vestibular
Bull. (1983)

dysfunction
9:383-438.

Frontiers in Neurology | www.frontiersin.org

March 2019 | Volume 10 | Article 63


https://doi.org/10.1016/0028-3932(87)90115-1
https://doi.org/10.1212/WNL.35.7.1019
https://doi.org/10.1159/000106147
https://doi.org/10.1006/nimg.2002.1241
https://doi.org/10.1016/j.neuropsychologia.2011.02.046
https://doi.org/10.1136/jnnp.57.10.1228
https://doi.org/10.1016/S0010-9452(13)80303-6
https://doi.org/10.1016/S0010-9452(13)80070-6
https://doi.org/10.1016/j.cortex.2008.10.007
https://doi.org/10.1093/brain/119.3.851
https://doi.org/10.1002/(SICI)1098-1063(1997)7:5$<$465::AID-HIPO3$>$3.0.CO;2-G
https://doi.org/10.1007/BF00227958
https://doi.org/10.1016/j.cogbrainres.2005.09.012
https://doi.org/10.1016/S0166-4328(01)00270-4
https://doi.org/10.1002/hipo.1112
https://doi.org/10.1007/s002210000588
https://doi.org/10.1038/nrn3292
https://doi.org/10.1016/j.yebeh.2009.09.020
https://doi.org/10.3389/fnint.2013.00091
https://doi.org/10.3389/fnint.2014.00031
https://doi.org/10.1016/j.neuropsychologia.2013.04.006
https://doi.org/10.1016/j.neuropsychologia.2012.04.008
https://doi.org/10.1016/j.mehy.2006.12.013
https://doi.org/10.1371/journal.pone.0151213
https://doi.org/10.1002/da.10051
https://doi.org/10.1136/jnnp.2007.122119
https://doi.org/10.1136/jnnp.2005.075473
https://doi.org/10.1176/appi.ajp.157.11.1782
https://doi.org/10.1097/PRA.0000000000000214
https://doi.org/10.1093/brain/awh040
https://doi.org/10.1016/j.neuron.2011.03.009
https://doi.org/10.1038/419269a
https://doi.org/10.1016/j.neucli.2007.12.006
https://doi.org/10.1126/science.1143439
https://doi.org/10.1523/JNEUROSCI.2612-04.2005
https://doi.org/10.1093/schbul/9.3.383
https://doi.org/10.1016/0010-440X(70)90157-4
https://doi.org/10.1097/00005053-193308000-00005
https://doi.org/10.1093/schbul/sbv114
https://doi.org/10.1016/j.biopsych.2009.11.017
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Britton and Arshad

Self-Motion: From Ear to Brain

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

. Vercammen A, Knegtering H, Liemburg EJ, den Boer JA, Aleman

A. Functional connectivity of the temporo-parietal region in
schizophrenia: effects of rTMS treatment of auditory hallucinations.
] Psychiatr Res. (2010) 44:725-31. doi: 10.1016/j.jpsychires.2009.
12.011

Bitsch F, Berger P, Nagels A, Falkenberg I, Straube B. Impaired
right  temporoparietal  junction-hippocampus  connectivity  in
schizophrenia and its relevance for generating representations of
other minds. Schizophr Bull. (2018) 2018:sby132. doi: 10.1093/schbul/
sby132

Bodnar M, Hovington CL, Buchy L, Malla AK, Joober R, Lepage M. Cortical
thinning in temporo-parietal junction (TPJ) in non-affective first-episode
of psychosis patients with persistent negative symptoms. PLoS ONE. (2014)
9:€101372. doi: 10.1371/journal.pone.0101372

Wible CG. Hippocampal temporal-parietal junction interaction in the
production of psychotic symptoms: a framework for understanding
the schizophrenic syndrome. Front Human Neurosci. (2012) 6:180.
doi: 10.3389/fnhum.2012.00180

Gerretsen P, Pothier DD, Falls C, Armstrong M, Balakumar T, Uchida
H, et al. Vestibular stimulation improves insight into illness in
schizophrenia spectrum disorders. Psychiatry Res. (2017) 251:333-41.
doi: 10.1016/j.psychres.2017.02.020

Levine ], Toder D, Geller V, Kraus M, Gauchman T, Puterman M, et al.
Beneficial effects of caloric vestibular stimulation on denial of illness and
manic delusions in schizoaffective disorder: a case report. Brain Stimul.
(2012) 5:267-73. doi: 10.1016/j.brs.2011.03.004

Carmeli E. Anxiety in the elderly can be a vestibular problem. Front Public
Health. (2015) 3:216. doi: 10.3389/fpubh.2015.00216

Monzani D, Casolari L, Guidetti G, Rigatelli M. Psychological distress and
disability in patients with vertigo. J Psychosomatic Res. (2001) 50:319-23.
doi: 10.1016/50022-3999(01)00208-2

Persoons P, Luyckx K, Desloovere C, Vandenberghe J, Fischler B. Anxiety
and mood disorders in otorhinolaryngology outpatients presenting with
dizziness: validation of the self-administered PRIME-MD Patient Health
Questionnaire and epidemiology. Gen Hospital Psychiatry. (2003) 25:316-23.
doi: 10.1016/50163-8343(03)00072-0

Yuan Q, Yu L, Shi D, Ke X, Zhang H. Anxiety and depression among
patients with different types of vestibular peripheral vertigo. Medicine. (2015)
94:e453. doi: 10.1097/MD.0000000000000453

Redfern MS, Furman JM, Jacob RG. Visually induced postural
sway in anxiety disorders. ] Anxiety Disor. (2007) 21:704-16.
doi: 10.1016/j.janxdis.2006.09.002

Sklare DA, Stein MB, Pikus AM, Uhde TW. Dysequilibrium and
audiovestibular function in panic disorder: symptom profiles and test
findings. Am J Otol. (1990) 11:338-41.

Bolmont B, Gangloff P, Vouriot A, Perrin PP. Mood states and
anxiety influence abilities to maintain balance control in healthy human
subjects. Neurosci Lett. (2002) 329:96-100. doi: 10.1016/S0304-3940(02)
00578-5

Bush G, Luu P, Posner M. Cognitive and emotional influences
in anterior cingulate cortex. Trends Cogn Sci. (2000) 4:215-22.
doi: 10.1016/51364-6613(00)01483-2

Dieterich M, Brandt T. Functional brain imaging of peripheral and central
vestibular disorders. Brain. (2008) 131:2538-52. doi: 10.1093/brain/awn042
McKay R, Tamagni C, Palla A, Krummenacher P, Hegemann SC, Straumann
D, et al. Vestibular stimulation attenuates unrealistic optimism. Cortex.
(2013) 49:2272-5. doi: 10.1016/j.cortex.2013.04.005

Preuss N, Hasler G, Mast F. Caloric vestibular stimulation modulates
affective  control and mood. Brain Stimul. (2014) 7:133-40.
doi: 10.1016/.brs.2013.09.003

Blumberg HP, Stern E, Martinez D, Ricketts S, De Asis J, White T, et al.
Increased anterior cingulate and caudate activity in bipolar mania. Biol
Psychiatry. (2000) 48:1045-52. doi: 10.1016/S0006-3223(00)00962-8
Dodson M. Vestibular stimulation in mania: a case report. J Neurol
Neurosurg Psychiatry. (2004) 168-9.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

Soza Ried AM, Aviles M. Asymmetries of vestibular dysfunction
in major depression. Neuroscience. (2007) 144:128-34.
doi: 10.1016/j.neuroscience.2006.09.023

Ramachandran VS, McGeoch PD, Williams L. Can vestibular caloric
stimulation be used to treat dejerine-roussy syndrome? Med Hypotheses.
(2007) 69:486-8. doi: 10.1016/j.mehy.2006.12.036

McGeoch PD, Williams LE, Lee RR, Ramachandran VS. Behavioural
evidence for vestibular stimulation as a treatment for central post-
stroke pain. ] Neurol Neurosurg Psychiatry. (2008) 79:1298-301.
doi: 10.1136/jnnp.2008.146738

Shaikh AG, Palla A, Marti S, Olasagasti I, Optican LM, Zee DS, et al. Role of
cerebellum in motion perception and vestibulo-ocular reflex-similarities and
disparities. Cerebellum. (2013) 12:97-107. doi: 10.1007/s12311-012-0401-7
Blanke O, Perrig S, Thut G, Landis T, Seeck M. Simple and complex
vestibular responses induced by electrical cortical stimulation of the
parietal cortex in humans. | Neurol. Neurosurg. Psychiatry. (2000) 553-6.
doi: 10.1136/jnnp.69.4.553

Hubbard EM, Piazza M, Pinel P, Dehaene S. Interactions between
number and space in parietal cortex. Nat Rev Neurosci. (2005)6: 435-48.
doi: 10.1038/nrn1684

Arshad Q, Nigmatullina Y, Roberts RE, Goga U, Pikovsky M, Khan §,
et al. Perceived state of self during motion can differentially modulate
numerical magnitude allocation. Eur ] Neurosci. (2016) 44:2369-74.
doi: 10.1111/ejn.13335

Hartmann M, Farkas R, Mast FW. Self-motion perception influences number
processing: evidence from a parity task. Cogn Process. (2012) 13:189-92.
doi: 10.1007/s10339-012-0484-6

Ferré ER, Vagnoni E, Haggard P. Galvanic vestibular stimulation influences
randomness of number generation. Exp Brain Res. (2013) 224:233-41.
doi: 10.1007/s00221-012-3302-6

Loetscher T, Schwarz U, Schubiger M, Brugger P. Head turns bias
the brains internal random generator. Curr Biol. (2008) 18:R60-2.
doi: 10.1016/j.cub.2007.11.015

Zorzi M, Priftis K, Umilta C. Brain damage: neglect disrupts the mental
number line. Nature. (2002) 417: 138-9. doi: 10.1038/417138a

Priftis K, Pitteri M, Meneghello F, Umilta C, Zorzi M. Optokinetic
stimulation modulates neglect for the number space: evidence from
mental number interval bisection. Front Human Neurosci. (2012) 6:23.
doi: 10.3389/fnhum.2012.00023

Salillas E, Grana A, Juncadella M, Rico I, Semenza C. Leftward
motion restores number space in neglect. Cortex. (2009) 45:730-7.
doi: 10.1016/j.cortex.2008.09.006

Knutson B, Rick S, Wimmer GE, Prelec D, Loewenstein G. Neural predictors
of purchases. Neuron. (2007) 147-56. doi: 10.1016/j.neuron.2006.11.010
Paulus MP, Frank LR. Ventromedial prefrontal cortex activation is
critical for preference judgments. Neuroreport. (2003) 14:1311-5.
doi: 10.1097/01.wnr.0000078543.07662.02

Plassmann H, O’Doherty ], Rangel A. Orbitofrontal cortex encodes
willingness to pay in everyday economic transactions. J Neurosci. (2007)
27:9984-8. doi: 10.1523/JNEUROSCI.2131-07.2007

Arshad Q, Nigmatullina Y, Siddiqui S, Franka M, Mediratta S,
Ramachandaran S, et al. Influence of biases in numerical magnitude
allocation on human prosocial decision making. J Neurophysiol. (2017)
118:3007-13. doi: 10.1152/jn.00372.2017

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Britton and Arshad. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

23

March 2019 | Volume 10 | Article 63


https://doi.org/10.1016/j.jpsychires.2009.12.011
https://doi.org/10.1093/schbul/sby132
https://doi.org/10.1371/journal.pone.0101372
https://doi.org/10.3389/fnhum.2012.00180
https://doi.org/10.1016/j.psychres.2017.02.020
https://doi.org/10.1016/j.brs.2011.03.004
https://doi.org/10.3389/fpubh.2015.00216
https://doi.org/10.1016/S0022-3999(01)00208-2
https://doi.org/10.1016/S0163-8343(03)00072-0
https://doi.org/10.1097/MD.0000000000000453
https://doi.org/10.1016/j.janxdis.2006.09.002
https://doi.org/10.1016/S0304-3940(02)00578-5
https://doi.org/10.1016/S1364-6613(00)01483-2
https://doi.org/10.1093/brain/awn042
https://doi.org/10.1016/j.cortex.2013.04.005
https://doi.org/10.1016/j.brs.2013.09.003
https://doi.org/10.1016/S0006-3223(00)00962-8
https://doi.org/10.1016/j.neuroscience.2006.09.023
https://doi.org/10.1016/j.mehy.2006.12.036
https://doi.org/10.1136/jnnp.2008.146738
https://doi.org/10.1007/s12311-012-0401-7
https://doi.org/10.1136/jnnp.69.4.553
https://doi.org/10.1038/nrn1684
https://doi.org/10.1111/ejn.13335
https://doi.org/10.1007/s10339-012-0484-6
https://doi.org/10.1007/s00221-012-3302-6
https://doi.org/10.1016/j.cub.2007.11.015
https://doi.org/10.1038/417138a
https://doi.org/10.3389/fnhum.2012.00023
https://doi.org/10.1016/j.cortex.2008.09.006
https://doi.org/10.1016/j.neuron.2006.11.010
https://doi.org/10.1097/01.wnr.0000078543.07662.02
https://doi.org/10.1523/JNEUROSCI.2131-07.2007
https://doi.org/10.1152/jn.00372.2017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Vestibular and Multi-Sensory Influences Upon Self-Motion Perception and the Consequences for Human Behavior
	Introduction
	Sensing Motion
	The vestibulo-ocular Reflex
	What is self-Motion Perception and how Does the Vestibular System and Associated Central Processing Give Rise to it?
	Perception of Angular Motion
	Perception of Linear Motion
	Perception of Heading
	Calculating Self-Motion Relative to the World
	Differentiating Between Actively-Generated and Passively-Applied Motion
	Prolonging Self-Motion Perception: the Velocity Storage Mechanism
	Cognitive Cueing

	So where is self-Motion Perception Processed?
	The Vestibular Neurons and Their Projections
	Cerebellar Contributions to Self-Motion Perception
	Cortical Processing of Self-Motion Perception
	Lateralisation of Vestibular Cortical Processing

	Integration of Vestibular and Non-vestibular Cues in Self-Motion Perception
	Integration of Visual and Vestibular Inputs
	Integration of Proprioceptive, Somatosensory, and Vestibular Inputs
	Optimal Integration
	Aftereffects: Evidence for Shared Hardware to Process Different Stimuli

	Vection: an illusion of self-Motion
	How Vestibular Functioning and Self-Motion Perception can Modulate Behavior
	The Relationship Between Self-Motion Perception and Visually-Induced Postural Responses
	Self-Motion and the Detection of Movement
	Self-Motion Perception and Spatial Awareness
	The Perception of Vertical and Vestibular Dysfunction
	The Effect of Self-Motion Perception on Gaze Direction and Optokinetic Nystagmus
	Visuospatial Neglect and the Vestibular System
	Vestibular Dysfunction, Visuospatial Memory and Navigation

	The Vestibular System and a Sense of Self
	The Vestibular System and Human Affect
	Self-Motion Perception and Recovery From Vestibular Dysfunction
	The Effect of Self-Motion Perception on Numerical Magnitude Allocation
	Self-Motion Perception and Economic Decision Making

	Conclusion
	Author Contributions
	Acknowledgments
	References


