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Noise defined as random disturbances is ubiquitous in both the external 
environment and the nervous system. Depending on the context, noise can 
degrade or improve information processing and performance. In all cases, it 
contributes to neural systems dynamics. We review some effects of various sources 
of noise on the neural processing of self-motion signals at different stages of the 
vestibular pathways and the resulting perceptual responses. Hair cells in the inner 
ear reduce the impact of noise by means of mechanical and neural filtering. Hair 
cells synapse on regular and irregular afferents. Variability of discharge (noise) is 
low in regular afferents and high in irregular units. The high variability of irregular 
units provides information about the envelope of naturalistic head motion stimuli. 
A subset of neurons in the vestibular nuclei and thalamus are optimally tuned to 
noisy motion stimuli that reproduce the statistics of naturalistic head movements. 
In the thalamus, variability of neural discharge increases with increasing motion 
amplitude but saturates at high amplitudes, accounting for behavioral violation of 
Weber’s law. In general, the precision of individual vestibular neurons in encoding 
head motion is worse than the perceptual precision measured behaviorally. 
However, the global precision predicted by neural population codes matches 
the high behavioral precision. The latter is estimated by means of psychometric 
functions for detection or discrimination of whole-body displacements. 
Vestibular motion thresholds (inverse of precision) reflect the contribution of 
intrinsic and extrinsic noise to perception. Vestibular motion thresholds tend to 
deteriorate progressively after the age of 40 years, possibly due to oxidative stress 
resulting from high discharge rates and metabolic loads of vestibular afferents. In 
the elderly, vestibular thresholds correlate with postural stability: the higher the 
threshold, the greater is the postural imbalance and risk of falling. Experimental 
application of optimal levels of either galvanic noise or whole-body oscillations 
can ameliorate vestibular function with a mechanism reminiscent of stochastic 
resonance. Assessment of vestibular thresholds is diagnostic in several types 
of vestibulopathies, and vestibular stimulation might be  useful in vestibular 
rehabilitation.
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“It would be a dull, gray world without noise” (1).
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1. Introduction

The vestibular system monitors all 6 directions of head motion, 
3 translations and 3 rotations. Rotational movements are sensed by 3 
roughly orthogonal semicircular canals, while gravito-inertial 
accelerations are sensed by two otolith organs (the utricle and the 
saccule). In concert with vision and proprioception, the vestibular 
system contributes to the perception of head position, orientation 
and displacement, in addition to controlling body posture, head and 
eye movements (2). When experimentally tested with repeated trials, 
vestibular perception of passive whole-body motion is quantified in 
terms of accuracy (systematic or average inter-trial error) and 
precision (trial-to-trial variability) of the subjective responses to the 
motion stimuli (3). Vestibular motion perception depends on both 
stimulus characteristics and noise (4).

In this review, we consider how various sources of noise impact 
on the neural processing of self-motion signals. But what is noise and 
how does it affect sensory processing? The answer is not as trivial as it 
would appear prima facie.

1.1. Definition of noise

In information theory, noise represents random, unpredictable 
perturbations of the transmitted signal (5). Specifically, noise is any 
form of interference that has the potential to alter a signal as it travels 
from a transmitter to a receiver, or within the receiver itself. The 
statistical properties of noise are defined by its power spectral density 
S(f). For instance, white noise has equal power in any band of a given 
bandwidth, i.e., S(f) = constant. The term of colored noise is used to 
refer to any non-white noise. Thus, pink noise has power spectral 
density that decays proportionally to frequency S(f) = 1/f, and 
Brownian noise has S(f) = 1/f2. The general power spectral density 
dependence on frequency is expressed as S(f) = constant/fα, with 
0 < α < 2 (6).

We further distinguish intrinsic (or endogenous) from extrinsic 
(or exogenous) noise (7). The former refers to the stochastic 
fluctuations within the system under consideration, caused by the 
inherently probabilistic nature of the underlying processes. The latter 
refers to the stochastic processes outside the system.

1.1.1. Intrinsic noise
Intrinsic noise is ubiquitous at all levels of the vestibular system, 

from the peripheral apparatus in the inner ear to the neural 
networks in the brain. It can arise as a consequence of random 
fluctuations in thermodynamics, quantum mechanics, fluid 
mechanics, mechano-electrical transduction and amplification at 
the hair cells, membrane excitability, opening and closing of ion 
channels, synaptic transmission, spike timing, postspike recovery 
of excitability, or network connections at all stages of the vestibular 
pathways (8–11).

In particular, neuronal noise designates random influences on the 
transmembrane voltage of single neurons and, by extension, on the 
firing activity of neural networks (12–14). This noise can affect the 
transmission and integration of signals from other neurons, as well as 
modify the firing activity of neurons in isolation.

Several neural phenomena exhibit 1/fα power spectral density 
(see section 1.1). Examples are represented by the ion channel 

noise in neurons, the time density fluctuations of action potentials 
in the squid giant axon, the activity of ensembles of neurons in the 
human brain recorded from relaxed subjects by 
magnetoencephalography (6).

1.1.2. Extrinsic noise
Extrinsic noise is imposed by the fluctuating environment in 

which the body is immersed. For instance, it is represented by 
naturally occurring mechanical perturbations of the head and body, 
such as those occurring during a bus or metro ride. Extrinsic noise can 
also be  applied during experimental or clinical manipulations to 
stimulate the vestibular system. This is the case of the random 
mechanical vibrations of the head and body (15, 16), air-conducted 
sound associated with loud clicks or tone bursts (17, 18), bone-
conducted vibrational waves (17, 19, 20), percutaneous application of 
galvanic currents at the mastoids (21, 22), irrigation of cold or warm 
water or gas injection into the external auditory canal (23).

1.2. Noise or signal?

There is an important caveat in the discussion of noise versus 
signal processing. In contrast with electronics and artificial 
communication systems, in neurobiology noise is not always 
distinguishable from the signal, or it may even be part of the signal. 
Noise in one system may be considered the signal or dynamics in 
another system, or at a different spatiotemporal scale (13).

Variability of interspike timing (time intervals between action 
potentials) results from the inevitable effects of generating spikes by 
sensory or synaptic processes, and is a major source of intrinsic noise. 
However, neural discharge variability also represents an important 
part of the signal that is transmitted to other neurons. It becomes a 
critical component of the neural code by increasing information 
transmission (14, 24).

As for non-neural factors, head oscillations associated with daily 
activities, such as walking, running, going up/down the stairs, bus or 
metro rides, etc. result from the combined effects of environmental 
perturbations and neuromechanical responses (see section 7). They 
thus include both extrinsic noise and signals to the brain, and in 
particular the vestibular system (25–28).

1.3. Noise: A hindrance or a benefit?

The neural and behavioral consequences of noise can be opposite, 
resulting in a hindrance or an advantage depending on the context. 
Random fluctuations and disturbances limit the efficiency of biological 
networks across a wide spectrum of scales, by obscuring the signals or 
by interfering with the transfer of information (11; (29)). Irrespective 
of whether the source is intrinsic or extrinsic, the presence of noise 
can be disruptive by decreasing sensory precision and/or accuracy 
(30–33).

Although neural variability may augment from the sensory 
periphery to central neurons due to strong synaptic bombardment, 
there exist multiple mechanisms in the brain that tend to mitigate the 
impact of noise (8). For instance, both filtering and network topologies 
capable of suppressing colored fluctuations represent examples of 
noise-cancelling strategies (29).
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Noise can also be  a source of variability that cells exploit 
advantageously (13, 14, 34). First, variability of neural discharge 
(interspike time intervals) may depend on stimulus amplitude, 
increasing for low-amplitude stimuli but saturating at high-amplitude 
values (35). Second, the high variability of discharge displayed by 
central vestibular neurons may prevent phase-locking or entrainment 
(14, 36). Thus, under natural conditions, the vestibular system uses 
increased variability to promote fidelity of encoding by single neurons 
(37). Third, tuning properties of some vestibular neurons is optimally 
matched to the statistics of naturalistic noisy inputs from the 
environment (38). During brain development, internal models of 
physics encoded in spontaneous neural activity become gradually 
adapted to the statistical structure of the natural sensory environment 
(39). As a result, perceptual performance – which is the final output 
of sensory processing – can be exceedingly precise despite, or in some 
cases thanks to, the presence of some amount of noise.

One should further consider that variability of neural discharge 
contributes to noise in a very different way depending on whether 
noise is combined linearly (additive noise) or nonlinearly 
(multiplicative noise) with the signal. Thus, in a linear system, resting 
discharge variability contributes directly to trial-to-trial variability to 
repeated stimulus presentations. However, this is no longer true in a 
nonlinear system (40). This is why irregular vestibular afferents, which 
have higher resting discharge variability than their regular 
counterparts, display lower trial-to-trial variability during stimulation, 
leading to increased information transmission via spike timing than 
regular afferents ((41, 42); see section 4).

Not only can the nervous system limit the negative impact of noise 
on signal transmission, but it can actually draw direct benefits from 
the presence of noise. There is now ample evidence that noise can lead 
to a paradoxical enhancement of neural sensitivity under specific 
conditions (14). For instance, the addition of a given amount of noise 
to a subthreshold signal can jolt otherwise silent sensory neurons 
above their spiking threshold, a phenomenon known as subthreshold 
stochastic resonance [(43); see section 8]. Indeed, it has been argued 
that neural systems function reliably because they have evolved in the 
presence of noise (7, 11, 44, 45).

In this article, we provide a brief review of some effects of 
various sources of noise on the vestibular processing of passive 
self-motion cues, with a special emphasis on vestibular motion 
thresholds. Results from human and non-human primates will 
be mainly discussed. We will consider only marginally the effects 
of noise on the vestibular control of eye, head or limb movements. 
For these issues as well as for many others not covered here (e.g., 
active self-motion), the interested reader is referred to excellent 
reviews and books [e.g., (2, 9, 46–48)].

2. Self-motion perception and noise

2.1. Vestibular thresholds

Behaviorally, vestibular motion perception is quantified by means 
of the psychometric functions for detection or discrimination of head-
centred translations, rotations or tilts (3). The spread of the 
psychometric function corresponds to the vestibular threshold, that 
is, the minimum amount of motion necessary to reliably detect 
motion or recognize motion direction. Thresholds vary inversely to 

precision, and reflect the contribution of both intrinsic and extrinsic 
noise to vestibular perception (49). Here, intrinsic noise is contributed 
by all sources of noise from mechano-electrical transduction by hair 
cells in the inner ear to central processing of the stimuli in the brain. 
Extrinsic noise is contributed by the motion platforms used to deliver 
the stimuli, which typically add small random vibrations to the 
motion waveforms (50, 51).

In general, the idea that sensory systems have fixed thresholds - 
below which a stimulus does not generate any percept - has long been 
abandoned. In fact, limits to the detectability of small stimuli are set 
by noise. In the absence of noise, there would be  no threshold: 
arbitrarily small stimuli would generate proportionately small but 
nonzero responses (31). In the presence of noise, the threshold for an 
ideal observer is related to the distance between signal distribution 
(centred at mean signal) and noise distribution (centred at zero 
signal). According to signal detection theory (52, 53), the stimulus is 
a random variable and the perceptual decision derives from a 
comparison between a sample from this random variable and a 
predefined criterion. The difference d′ between noisy representations 
normalized by their standard deviations generally increases with 
stimulus strength. The shape of the psychometric function depends 
on the distribution of the noisy representation (52). Gaussian noise 
results in a psychometric function that is a cumulative Gaussian (3).

2.2. Multisensory contributions

In addition to vestibular cues, other sources of sensory 
information potentially contribute to passive self-motion perception 
(visual, auditory, cutaneous, muscular, visceral) (54). However, in a 
typical experimental setting to test motion direction discrimination, 
appropriate measures are taken to minimize non-vestibular cues, for 
instance by masking visual and auditory cues related to motion 
stimuli. In such case, the predominant role of the vestibular organs has 
been demonstrated by showing that the corresponding thresholds in 
human patients (55) or monkeys (56) with vestibular ablation are 
considerably degraded.

Motion perception typically involves more than one vestibular 
organ. Thus, head motion engages both otolith organs and 
semicircular canals, except for specific motion directions. In 
particular, rotations that do not change head orientation relative to 
gravity only engage semicircular canals, while interaural translations 
primarily engage the utricles, and craniocaudal translations engage the 
saccules. In the other cases, the brain integrates canal and otolith cues 
to determine self-motion more precisely than with either cue 
individually (57).

The otoliths sense gravito-inertial accelerations, and do not 
distinguish forces produced by changes in the orientation of the head 
relative to gravity from those produced during translational self-
motion. In order to estimate head orientation, the brain integrates 
rotational head motion signals from the semicircular canals with 
gravito-inertial signals from the otoliths (2, 9). Integration of otolith 
and canal signals is based on an internal model of the effects of gravity 
and inertial motion, and involves the transformation from a head-
centred to a gravity-centred reference frame (58–60).

In the light, vestibular cues are optimally combined with visual 
cues for self-motion discrimination (61–64), as well as for the 
perception of orientation relative to gravity (65, 66). Multisensory 
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integration of self-motion cues can be explained based on probabilistic 
theories, such as Bayesian inference (46). The probability of a given 
heading direction can be derived by combining vestibular signals, 
optic flow, and prior knowledge, following Bayes’ rule. Each sensory 
source is weighted proportionally to its reliability (inverse of source 
variance or noise). By using prior knowledge about the expected 
structure of the signal and/or noise, sensory processing can 
compensate for the amount of noise (11, 67).

Bayesian models of self-motion perception address the problem 
of noise accumulation during inertial navigation. In theory, integration 
of vestibular signals at peripheral and central processing stages would 
result in the accumulation of errors over time (68). Since these errors 
do not typically occur, it has been posited that internal models of 
sensory dynamics and noise compute the probability distribution of 
motion variables by modeling velocity storage, for instance by using 
particle filtering (69, 70).

2.3. Vestibular pathways

Vestibular motion perception is the result of multistage processes 
(9). Sensory inputs are transduced by hair cells in the inner ear, which 
synapse on the vestibular afferents in cranial nerve VIII. The afferents 
project to the vestibular nuclei in the brainstem. From there, the 
central pathways involved in self-motion perception comprise the 
thalamus and vestibular cortical areas (47, 67). Noise enters at all 
stages of vestibular processing.

3. Noise at hair-cell transduction

Hair-cell mechanoceptors of different sensory organs (vestibular, 
auditory, vibratory, lateral line) operate over different frequency 
ranges, but they all use similar transduction mechanisms (9). In the 
absence of noise, hair-cell responses would be limited only by the 
physical constraints on the stimulus. The energy supplied to each hair 
cell at the human behavioral threshold is of the same order of 
magnitude as that of thermal motion (10). Sensitivity of hair cell 
bundles as mechanical detectors is very high (higher for auditory than 
vestibular cells), and the hair-cells responses are very fast (71). A hair 
cell is stimulated when the bundle of the cilia is deflected toward its 
tall edge (the kinocilium).

Since the cell makes instantaneous measurements of the position 
of the cilia, in theory, broadband voltage changes should be affected 
by at least the total displacement noise of the ciliary bundle. However, 
measurements show that the signals that are reliably detected from 
single hair cells can be  considerably smaller than the broadband 
ciliary displacement noise, indicating that the hair cells filter the 
mechanical signal (31). Moreover, random noise due to the 
transduction of Brownian motion is reduced as each hair cell averages 
its input over an increasing period of time, since the cell typically 
receives many cycles of the stimulus (10). Averaging can mitigate the 
effects of noise also when several cells carry the same signal and each 
cell is affected by independent sources of noise (11).

There is also a mechanical substrate for response averaging and 
noise suppression, since the stereocilia of hair cells are constrained to 
move together. In fact, thermal movements of stereocilia located at 
opposite edges of a hair bundle exhibit high coherence and negligible 

phase lag (Figure  1) (72). Coupling tends to average random 
fluctuations in the movement of individual stereocilia. This assures the 
concerted gating of transduction channels, with the result of 
maximizing the sensitivity of mechanoelectrical transduction and 
amplifying the responses. In the vestibular organ, coupling is 
strengthened by the accessory structures (cupulae or otolithic 
membrane in canals and otolith organs, respectively) that constrain 
cilia movements.

Another mechanism that tends to reduce the impact of noise is 
represented by the band-limited frequency responsiveness of hair 
cells, allowing to reject noise components outside the preferred 
frequency range (10). For instance, viscous drag acting on the bundles 
of saccular hair cells limits Brownian motion to relatively low 
frequencies (73, 74).

Brownian motion of hair cell bundles might also facilitate 
mechano-electrical transduction of hair cells under specific 
conditions. Thus, by measuring the transduction current signal-to-
noise ratio in isolated hair cells of the frog sacculus, Jaramillo and 
Wiesenfeld (75) found that very small (2–3 nm) random displacements 
of the bundles provide an optimal noise level that increases 
transduction sensitivity to weak signals. Bundles’ displacements that 
are smaller or larger of the critical level do not enhance the 
transduction sensitivity. They argued that Brownian motion can 
increase the transition rates between the open and closed states of the 
transduction channels through its influence on the hair bundles. 
Increases of signal-to-noise ratio were also observed in multiunit 
recordings from the afferent fibers of semicircular canals of chickens 
in response to endolymph movement and consequent cupula 
deflections (76). Both sets of results have been accounted for on the 
basis of stochastic resonance phenomena (see section 8).

4. Noise at vestibular afferents

For the vestibular afferents, noise shows up as variability of 
discharge. In mammals, hair cells synapse on two types of afferents 
from cranial nerve VIII, so called regular units and irregular units (9, 
77). Regular units mainly provide bouton-endings to cylindrical type 
II hair cells in the peripheral (extrastriolar) zone of each vestibular 
organ. Irregular units have larger axons and provide calix-endings on 
flask-shaped type I hair cells, as well as bouton-endings to type II hair 
cells in the central (striolar) zone.

4.1. Variability of discharge rates

Both regular and irregular units possess a high resting discharge 
rate of action potentials (in the absence of any head motion), so that 
they can respond bidirectionally, increasing or decreasing the 
discharge rate as a function of motion direction. However, the 
variability (standard deviation) of interspike intervals is very small in 
regular units and very large in irregular units. Stochastic release of 
synaptic quanta results in synaptic noise that is responsible for the 
variability of interspike intervals. Simulations show that the spike 
timing precision depends on the small number of ion channels that 
are open at the action potential threshold (78). The resulting variability 
in spike timing is larger for weaker input signals, since the probability 
that the membrane potential crosses the spiking threshold depends 
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more heavily on channel noise than for stronger inputs (11). The 
different regularity of discharge in vestibular afferents arises due to 
differences in synaptic noise and after-hyperpolarization (Figure 2) 
(79). In the regular units, after-hyperpolarization is deep and slow, and 
synaptic currents are sufficient for the average membrane voltage to 
cross the spiking threshold. In irregular units, quantal size and 
synaptic noise are larger and after-hyperpolarization is shallower and 
faster. These units require much less synaptic current to reach the 
same discharge rate as the regular units, but the voltage trajectory 
following the after-hyperpolarization does not reach the spiking 
threshold. As a result, their discharge is irregular because it is entirely 
governed by the random timing of synaptic quanta (79).

4.2. Coding properties

Different discharge variabilities are associated with distinctly 
different coding properties of vestibular stimuli by the two types of 
afferents, which then form two distinct channels for information 
transmission to higher brain centers (47, 77). Regular afferents 
transmit more information via firing rate, they tend to follow 
end-organ (canals or otoliths) dynamics, and have better detection 
thresholds especially for small-amplitude stimuli. By contrast, 
irregular afferents transmit more information via spike timing, and 
they are better tuned to stochastic naturalistic vestibular stimuli even 
of large amplitude. This has been shown for rotations stimulating the 

A

B C

D E

FIGURE 1

Coherent motion of stereocilia of hair cells of bullfrog’s sacculus. (A) Left: scanning electron micrograph of a hair bundle. Right: schematic diagram of 
a slice along the hair bundle, with the two spots representing the laser beams employed in interferometric measurements positioned on the bundle’s 
opposite edges. (B) When the green (top trace) and red laser beams are focused on the opposite edges of a hair bundle, the two records of thermal 
motion are very similar, except for different amplitudes due to different stereociliary lengths. (C) Crosscorrelation averaged over 20 records (blue line) 
and superimposed on the corresponding autocorrelation (red dashed line). (D) Coherency spectrum from the opposite edges of 18 hair bundles shows 
high values and negligible phase lag at frequencies up to 10 kHz. The phase spectrum shown at a higher magnification (bottom trace) shows a 
systematic deviation of the mean phase lag from zero at frequencies close to the analog filters’ cutoff, due to anti-aliasing filters. (E) For comparison, 
the spectrum for the beams focused on the same edge of the hair bundle is highly similar to that in panel (D). The results in this Figure are for 
quiescent hair bundles, but the results for oscillating hair bundles are very similar. Reproduced with permission from Kozlov et al. (72).
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semicircular canals (Figure  3) (42), as well as for translations 
stimulating the otoliths (41). In both cases, broadband filtered white 
noise (20 Hz cutoff) was used, roughly mimicking naturally occurring 
head motions (see section 7).

At low frequencies of head motion stimulation (between about 0.1 
and 10 Hz), both types of afferents respond roughly in phase with 
rotational velocity for canals and translational acceleration for otoliths 
(74, 80). At higher frequencies, both types of afferents have high-pass 
tuning such that neuronal response sensitivities increase with the 
frequency of head motion stimulation, but irregular afferents have 
considerably higher gains and phase leads than regular afferents (81).

4.3. Neurometric curves

In analogy to the psychometric curves determined with behavioral 
tests (see section 2.1), neurometric curves are constructed by fitting 
electrophysiological data as a function of the stimulus levels (82). 
Neural thresholds are computed as the standard deviation of the 
distribution of the neural responses. It is found that the precision of 
individual neurons in encoding head motion is considerably worse 
than the perceptual precision measured behaviourally [(80, 81); see 
however (83)]. Interestingly, neural thresholds of otolith afferents are 
independent of stimulus frequency and resting discharge regularity 
(80). This behavior originates from the parallel increment of trial-to-
trial variability of discharge and neural sensitivity, such that their ratio 
remains constant (80), in contrast with what happens with the 
vestibular afferents from semicircular canals (81, 84).

By using motion stimuli resembling those encountered in 
naturalistic situations (25), it was found that, in contrast with single-
afferent activity, the correlated activity between pairs of irregular afferents 
provides detailed information about the envelope of the head motion 
stimuli (85, 86). Modeling shows that such correlation-based coding of 
motion envelopes requires an optimal level of neural variability (86). This 
represents still another example of enhancement of information 
transmission due to noise inherent in neural responses (8).

5. Central processing in vestibular 
nuclei and ascending pathways

5.1. Vestibular nuclei

Most neurons of the vestibular nuclei integrate inputs from both 
otolith and canal afferents (9, 47). The main targets of projection in 
the vestibular nuclei are represented by position-vestibular-pause 
(PVP) neurons for the regular afferents and vestibular-only (VO) 
neurons for the irregular afferents (47). Detection thresholds for yaw 
rotation velocity of VO neurons are even higher than those of their 
afferent inputs, because VO neurons display greater variability (84). 
Therefore, ascending pathways from the vestibular nuclei must 
integrate information from populations of neurons to obtain 
perceptual performance levels comparable to those measured 
behaviourally (80, 84). Thus, estimated detection threshold at 1 Hz 
yaw rotation was about 4°/s for a pool of 12 VO neurons and about 
2°/s for the same pool of regular afferents in macaque monkeys (84), 
compared to 0.5–1°/s threshold determined behaviourally in 
humans (87).

On the other hand, VO neurons nonlinearly integrate convergent 
afferent inputs (88), and are ideally tuned to respond to the envelopes 
of natural vestibular stimuli (25). Not only do VO neurons respond to 
the stimuli envelopes, but they also encode naturalistic self-motion 
statistics through stimulus whitening, i.e., by rendering the spectral 
power of the resulting neuronal response about constant (40). 
Naturalistic self-motion can be simulated in the laboratory by applying 
rotations with a time-course similar to that recorded while the 
monkey performs normal behaviors, such as walking or jumping (40, 
89). Stimulus whitening is not inherited from their afferent neurons 
(since the latter do not display it), but results from a match between 
the input distribution on the one hand, the frequency spectrum of 
neural tuning and neural variability on the other hand (40), consistent 
with the matched-filter principle (90). Further improvements of 
tuning to naturalistic stimuli occur at later processing stages of the 
vestibular pathways (see below).

A

B

FIGURE 2

Simulations of five consecutive interspike voltage trajectories for a regular neuron in panel (A), and for an irregular unit in panel (B). Horizontal dashed 
lines are the resting potential (0) and the critical firing level (Vr). The dotted curves on the third interspike interval for each unit are the mean voltage 
trajectories. Reproduced with permission from Smith and Goldberg (79).
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PVP neurons have lower resting discharge variability than 
VO neurons, and do not display stimulus whitening (89). 
However, they faithfully encode the motion stimuli waveforms, a 

critical function to generate the compensatory VOR eye 
movements observed during naturalistic self-motion 
stimulation (89).

A

B

C

D

FIGURE 3

In contrast with regular afferents, irregular afferents discriminate between different stimulus waveforms through precise spike timing. (A) Spiking 
responses from an irregular afferent to repeated presentations of three different stimulus waveforms (broadband noise angular velocity stimulus, 20 Hz 
cutoff) with identical statistics (mean 0°/s, standard deviation 20°/s). (B) Average responses (standard error bands as shaded gray) of the irregular 
afferent to multiple repeated presentations to three different stimulus waveforms (red, blue, green) at 1 ms (left), 6 ms and 100 ms (right) timescales. The 
responses were obtained by convolving the spike trains with exponential kernels (top insets) that decay with these time constants. (C) Same as in panel 
(A) but for a regular afferent. (D) Same as in panel (B) but for the regular afferent. Reproduced with permission from Jamali et al. (42).

https://doi.org/10.3389/fneur.2023.1159242
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Lacquaniti et al. 10.3389/fneur.2023.1159242

Frontiers in Neurology 08 frontiersin.org

5.2. Thalamus

As we  noticed above, neural variability increases from the 
vestibular periphery to vestibular nuclei, but it may decrease at 
higher processing stages. This was found to be the case for neurons 
of the ventral posterior lateral (VPL) thalamus (35). VPL receives 
direct inputs from the vestibular nuclei and projects to multiple 
regions of the vestibular cortex, such as the parieto-insular vestibular 
cortex, ventral intraparietal area, area 2v of the intraparietal sulcus, 
and area 3a in the sulcus centralis (91). Carriot et al. (35) quantified 
how neural gain and variability of VPL neurons vary as a function 
of stimulus amplitude, and computed the neural discrimination 
thresholds for yaw rotations. They found that neural gain decreased 
with increasing stimulus amplitude, as expected. Strikingly, however, 
neural variability initially increased at low amplitudes but saturated 
at high amplitudes. By pooling the activities of multiple 
thalamocortical neurons, they obtained neurometric discrimination 
thresholds that matched the psychometric perceptual thresholds 
reported in behavioral studies (92, 93), as well as the violations of 
Weber’s law reported in the same studies. Therefore, vestibular 
discrimination thresholds estimated for both neurons and behavior 
are affected by neural variability, in addition to neural gain (35).

VPL neurons projecting to cortex also demonstrate optimal 
encoding of naturalistic head motion stimuli (38). While these 
neurons ambiguously encode head velocity during artificial 
sinusoidal rotations, they faithfully encode head velocity during 
naturalistic noisy head rotations, with no significant phase lead 
across frequencies (Figure 4). In fact, during sinusoidal stimulation, 
a given firing rate (Figure 4E, left, horizontal line) was elicited by 
different instantaneous head velocity values (Figure 4E, left, vertical 
lines). By contrast, during noisy stimulation, for the same neuron a 
given firing rate (Figure 4C, left, horizontal line) was consistently 
elicited by similar instantaneous head velocity values (Figure 4C, 
left, vertical lines).

On the other hand, VO neurons of vestibular nuclei projecting 
to VPL still exhibit significant phase leads relative to head velocity 
during both artificial and naturalistic head rotations (38). In the 
context of a different sensory system (the cortical visual system of 
ferrets), tuning of neural activity patterns to the statistics of the 
natural environment has been shown to be  a product of brain 
development (39). Following a Bayesian approach, this process has 
been interpreted as the maturation of an internal probabilistic 
model, statistical regularization being achieved via environmental 
interactions shaping neural activity based on prior expectations. It 
is likely that a similar process occurs also in the developing 
vestibular system.

5.3. MSTd

Liu et  al. (94) compared the neurometric thresholds for 
horizontal heading discrimination of vestibular nuclei, cerebellar 
nuclei and cortical area MSTd (dorsal part of Medial Superior 
Temporal area). Subcortical neurons showed robust choice 
probabilities that exceeded those seen in area MSTd. The differences 
in the strength of choice-related modulations across brain areas 
depended to a large extent on the structure of interneuronal noise 
correlations. Correlated noise was measured between pairs of 

neurons, and was used as a proxy of information capacity of neural 
population codes. Significant choice probabilities were observed 
almost exclusively for neurons that responded selectively to 
translation, whereas neurons that represented net gravito-inertial 
acceleration did not show choice probabilities. The study suggests 
that reliable choice probabilities emerge in subcortical vestibular 
pathways by means of a signal transformation that distinguishes 
translation from orientation relative to gravity. A subsequent study 
showed that responses of all MSTd neurons during heading 
discrimination are selectively decoded relative to their vestibular 
heading preference, and selective decoding plays at least an 
important role in determining choice probabilities as correlated 
noise (95).

In sum, the precision of motion discrimination of single neurons 
as derived from neurometric functions is generally mediocre, but the 
global precision predicted by neural population codes matches the 
high perceptual precision derived from behavioral psychometric 
functions (see section 6). The number of neurons required in neural 
population models to match perceptual precision is much lower than 
the actual number of vestibular neurons, suggesting redundancy of 
encoding (47). The redundancy in the system has been explained by 
making reference to estimation theory: central neural processing of 
vestibular inputs is equivalent to an estimator that attempts to 
determine the estimand (physical stimulus) using multiple 
observations (69, 80).

6. Vestibular motion thresholds in 
humans

Vestibular thresholds for motion direction discrimination 
depend on stimulus characteristics (e.g., motion direction, 
amplitude, frequency), body orientation in space, and individual 
factors (e.g., age, pathology, medication). Here we give a concise 
account, and we  refer the interested reader to Diaz-Artiles and 
Karmali (4) and Kobel et al. (96) for thorough reviews.

6.1. Perceptual precision

Vestibular motion discrimination is often tested by applying 
single cycle sinusoidal accelerations along a specific head-centered 
direction [e.g., (87, 97)], but other simple deterministic waveforms 
are also employed [e.g., (62, 98)]. Motion direction discrimination 
in young healthy adults can be very precise, thresholds in the dark 
approaching about 1°/s for head rotations (87), 1 cm/s for linear 
translations (99), 2° for static tilts relative to gravity (100), and 
0.5–1°/s for dynamic roll tilt motions (57, 101). The thresholds for 
motion detection are even lower than those for direction 
discrimination, since detection but not discrimination can generally 
take advantage of vibratory cues associated with the motion 
stimulus (50). This is because humans are extremely sensitive to 
minute vibrations (102). Hair cells and vestibular afferents respond 
not only to fluid-conducted stimuli, but also to bone-conducted 
vibrational waves (especially irregular afferents) (17, 19, 20). 
However, mechanical vibrations can engage multiple receptors 
(auditory, cutaneous, muscular, visceral) in addition to the 
vestibular ones.
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6.2. Relation with motion direction

Direction recognition thresholds may depend on motion 
direction. Thus, a previous study found that thresholds are lower for 
yaw rotations than for pitch or roll rotations (103). However, recent 
studies using modern psychophysical methodology did not find any 
significant difference between yaw, pitch or roll rotations (104, 105). 

A more consistent report is that thresholds are lower for inter-aural 
translations than naso-occipital or cranio-caudal translations (106, 
107). Rotation thresholds may further depend on the orientation of 
the rotation plane relative to the anatomical alignment of the vertical 
canals (105). Multisensory integration of otolithic gravity cues with 
semicircular canal rotation cues enhances perceptual precision for tilt 
motions at frequencies below 2 Hz (105). Heading direction 

A

B C

D E

F G

FIGURE 4

Vestibular thalamocortical neurons show reliable responses to naturalistic self-motion but not to artificial self-motion stimuli. (A) Schematic of 
peripheral and central vestibular pathways. Recordings are from the ventral posterior lateral (VPL) thalamus. (B) Left: Time series of a naturalistic self-
motion stimulus. Right: Segment of this stimulus corresponding to the rectangle (top) and the firing rate response (bottom) of a VPL neuron. Inset: 
Stimulus (black) and spike train (red) power spectra from this neuron. Gray band: 95% confidence interval from a Poisson process whose power 
spectrum is independent of frequency. (C) Left: Firing rate versus head velocity for the neuron in panel (B). Right: Population-averaged (N = 28) firing 
rate as a function of head velocity. (D) Left: Artificial sinusoidal (8 Hz) self-motion stimulus. Right: Segment this stimulus corresponding to the rectangle 
(top) and the firing rate response (bottom) from a VPL neuron. (E) Left: Firing rate versus head velocity for the neuron in panel (D). The same firing rate 
(horizontal dashed line) can be elicited by multiple values of the head velocity (vertical dashed lines), which leads to ambiguity. Right: Population-
averaged (N = 28) firing rate as a function of head velocity. (F) Population-averaged neural gain as a function of frequency for artificial (dashed) and 
naturalistic (solid) self-motion. (G) Population-averaged phase as a function of frequency for artificial (dashed) and naturalistic (solid) self-motion. 
Reproduced with permission from Carriot et al. (38).
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discrimination is more precise in the horizontal than the vertical plane 
of the head, and along the naso-occipital and inter-aural axes than 
intermediate axes (108). Heading thresholds depend on motion 
direction in head coordinates (see above) and on body orientation 
(better performance in the upright orientation), but do not depend on 
motion direction in world coordinates, demonstrating that the 
nervous system compensates for gravity (108, 109), although 
incompletely (110).

Higher perceptual sensitivity along specific motion directions can 
be reconciled with the neurophysiology of the vestibular organs (106, 
108, 110). Thus, higher sensitivity along the inter-aural than cranio-
caudal axis depends, at least in part, on the higher sensitivity of 
utricular afferents (responding to forces in the horizontal plane of the 
head) than saccular afferents [responding to forces in the sagittal 
plane, (111)].

6.3. Dependency on stimulus amplitude

Vestibular perceptual precision generally decreases with 
increasing amplitude of the stimulus. For instance, just-noticeable-
difference (JND) increases with increasing speed of yaw rotation 
(about the Earth vertical) or horizontal translation (49, 92, 93). 
Increments of JNDs with increasing stimulus intensity is due to several 
factors, such as non-linearities of neural processing along the 
vestibular pathways, increase of neural noise with increasing stimulus 
amplitude (49), and probabilistic decision-making based on noisy 
signals (112). However, Weber’s law is not strictly obeyed in vestibular 
perception, motion discrimination thresholds tending to saturate for 
large stimulus amplitudes (92, 93). Improved discrimination 
performance for large stimuli can help to sense motion and maintain 
balance, even for strong, challenging perturbations. As we remarked 
before (see section 5.2), violation of Weber’s law has been accounted 
for also on the basis of the tuning of VPL neurons as a function of 
stimulus amplitude (35).

6.4. Dependency on stimulus frequency

Velocity thresholds for translation and rotation are consistent with 
a high pass filter, being relatively constant at about 1 Hz and above, 
and increasing with decreasing frequency below 1 Hz (87, 98, 113). In 
particular, velocity tilt thresholds increase in threshold up to about 
1 Hz, but then decrease at 2 Hz (105). High-pass filtering presumably 
affects perceptual decision making, but not perceptual magnitude 
estimates (114). On the other hand, roll tilt displacement thresholds 
are consistent with a predominant positional cue at low frequencies 
(provided by otoliths) and a predominant velocity cue at high 
frequencies (provided by semicircular canals). Position tilt thresholds 
show a plateau below about 0.1 Hz and decrease with increasing 
frequency (55, 57).

6.5. Response variability

The specific values of the vestibular motion discrimination 
thresholds exhibit small session-to-session, intra-subject 

variability (115–117), unless discrimination is experimentally 
trained (see below). However, thresholds vary considerably (up to 
two orders of magnitude) across different healthy individuals of 
the same age (4, 107, 118). Attention, motivation, fatigue, and 
brain functional organization are examples of individual features 
that may affect the specific value of motion threshold for the same 
input stimuli (119). Individual motor skills also may affect motion 
thresholds. For instance, competitive gymnasts, with a long-term 
training in the maintenance of exquisite postural control, show 
superior pitch detection thresholds compared to control 
participants (120).

6.6. Conditioning and learning

Experimental exposure to conditioning passive motions can 
modify perceptual thresholds in a subsequent session. Thus, 10-min 
of conditioning stimuli consisting of high-amplitude stochastic yaw 
rotations (up to 300 deg/s2) increased yaw perceptual thresholds 
substantially (121). By contrast, 20-min of conditioning stimuli 
consisting of small-amplitude, subliminal interaural sinusoidal 
translations (2 cm/s2) significantly reduced the thresholds for 
motion discrimination along the same axis (122), as well as along 
the naso-occipital axis (123). Also, 5-days of intensive roll-tilt 
training ameliorated the corresponding discrimination thresholds 
as well as postural sway, if performance feedback was given after 
each trial (124). Presumably, both motor skills practice in experts 
(120) and perceptual training in non-experts (124) increase the 
signal-to-noise ratio of vestibular processing. However, the neural 
mechanisms underlying these perceptual improvements remain 
unknown. One possibility is that improvements result from an 
enhanced ability to integrate canal and otolith signals. Specifically, 
perceptual thresholds might be  lowered by progressively 
reweighting different vestibular neural signals via Hebbian synaptic 
plasticity (124). The weight given to each source would progressively 
become proportional to its reliability (the inverse of the variance of 
the source).

6.7. Age dependency

On average, velocity motion thresholds do not depend on 
sex, but they depend on age (99, 107). Average thresholds do not 
change significantly with age between 18 and 40 years. However, 
after the age of 40, performance deteriorates systematically by 
about 15–83% per decade, the specific extent of decrement 
depending on motion direction (107) (see section 9.1 for potential 
substrates of these age effects).

6.8. Relation with VOR and posture

Since the JND for yaw rotations is not significantly different 
from the trial-to-trial variability of vestibulo-ocular reflex (VOR), 
it has been argued that noise sources inherent to the nervous 
system are shared by perceptual and VOR imprecision ((49); see 
however (125) for a different conclusion). A similar argument 
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applies to the observed correlation between vestibular thresholds 
and postural stability. Higher thresholds tend to be associated with 
greater postural sway in young healthy people (101, 126). In elderly 
people, higher vestibular thresholds correlate with balance test 
failures (107). It has been hypothesized that postural sway arises 
from sensory noise, including vestibular, proprioceptive, and visual 
sources, in addition to motor noise (127).

7. Perceptual effects of externally 
applied noisy stimuli

As noticed above (see section 6.1), vestibular perceptual 
thresholds are typically tested with simple deterministic motion 
stimuli, such as sinusoidal stimuli. In this case, extrinsic noise is 
contributed by the random vibrations that motion platforms typically 
add to the motion stimuli [(50, 51), see section 2.1]. This kind of noise 
obviously does not represent the physical stimulus, and must 
be disentangled from the signal by the brain for the discrimination task.

7.1. Head oscillations under natural 
conditions

However, extrinsic noise does represent part of the physical 
stimulus processed by the vestibular system under most circumstances 
of daily life. Thus, the head routinely undergoes random displacements 
in all directions, for instance during standing posture, walking, 
running, going up/down the stairs, bus or metro rides, etc. These head 
displacements result from the combined effects of environmental 
perturbations (e.g., contact forces) and neuromechanical responses, 
the latter including voluntary movements, stabilizing reflexes, and 
body (head, neck, torso, limbs) biomechanics (25–28, 128). 
Interestingly, these head displacements provide both extrinsic noise 
and signals to the brain, since they contain information as to the 
specific behavioral context (i.e., they are different when walking vs. 
playing soccer).

Head oscillations have been quantified in different animal 
species (rodents, monkeys and humans) during normal activities 
typical of the animal species (25, 85, 129). These oscillations reach 
high intensities and contain a substantial power at high frequencies 
(up to 20 Hz). Moreover, they deviate from scale invariance (i.e., 
the power law dependency on frequency, S(f) = 1/fα) for both raw 
data (25, 129) and envelopes (85). Importantly, as we previously 
remarked (see sections 4 and 5), several vestibular neurons are less 
well tuned to deterministic sinusoidal stimuli than to broadband 
stochastic stimuli that reproduce natural head oscillations recorded 
during normal behaviours (40, 89). This has been shown to be the 
case for the irregular afferents of the vestibular cranial nerve (42), 
VO neurons in the vestibular nuclei (40), and neurons of the 
ventral posterior lateral (VPL) thalamus projecting to the 
vestibular cortex (38). The idea is that vestibular responses are 
molded on the natural biomechanical behavior of the head. 
Variability and tuning of specific populations of vestibular neurons 
complement the statistics of natural head motion stimuli (40). 
These neurons encode head velocity at all useful frequencies of 
stochastic motion stimuli much more faithfully than they do for 
sinusoidal stimuli [Figure 4; (38)].

7.2. Perceptual responses to mechanical 
perturbations

In view of the above background, it is interesting to consider also 
the perceptual responses to noisy external perturbations that roughly 
mimic natural conditions. The hypothesis is that some optimal level 
of random perturbations, entraining specific populations of central 
vestibular neurons, can enhance vestibular motion discrimination.

In humans, mechanical perturbations applied during vestibular 
motion discrimination tasks have been shown to increase, decrease or 
leave unaffected the thresholds, depending on the type and intensity 
of noise. Thus, wide-spectrum vibrations (1–500 Hz colored noise) 
applied directly to the mastoid did not affect the threshold for yaw 
rotation discrimination (130). Strong (about 140 cm/s2 peak 
acceleration) vertical whole-body oscillations (6 Hz) significantly 
increased (almost doubled) horizontal heading-direction thresholds 
(16). On the other hand, weak (between about 3 and 6 cm/s2 RMS) 
whole-body oscillations in the antero-posterior direction significantly 
decreased the thresholds of motion discrimination in the same 
direction as the perturbations (15).

In the latter study, the mechanical perturbations were added on 
top of single cycles of sinusoidal acceleration (Figures  5A–E). 
Perturbations consisted of bandpass (1.8–30 Hz) white noise ε t( ) , 
scaled in amplitude as a function of the variance δ2 of the acceleration 
stimulus corresponding to the individual threshold determined for 
each participant during the baseline condition, given the large 
intersubject variability of the baseline values (see section 6.5):

 
ε ε∗ ( ) = ( )t t kδ2

 
(1)

The proportionality constant k was 0, 0.5, 1, 1.5, or 2 in different 
blocks of trials (Figures 5A–E), presented in randomized order. The 
overall acceleration stimuli applied in the trials with noise were:

 
a t Asin ft t( ) = ( ) + ( )∗2π ε

 
(2)

It was found that the threshold was non-linearly related to noise 
level (Figure  5F). The lowest thresholds (best performance 
enhancement) were obtained at low-to-intermediate noise levels, 
while thresholds with higher noise did not differ from baseline values 
without noise. However, there was considerable inter-subject 
variability of the optimal noise level and the extent of performance 
improvement. Participants with higher thresholds in the unperturbed 
conditions benefitted more (i.e., showed greater threshold 
improvements) from added noise than participants with lower 
unperturbed thresholds.

7.3. Perceptual responses to GVS

Galvanic vestibular stimulation (GVS) is frequently used to 
probe the vestibular system. GVS consists in electrical stimulation 
of the peripheral vestibular system obtained by placing an anodal 
electrode on the mastoid process behind one ear and a cathodal 
electrode behind the other ear (21, 22). The vestibular stimulation 
occurs without head motion. Noisy broadband GVS has been 
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shown to ameliorate vestibular perception (131–135), as well as 
other vestibular-mediated responses such as ocular counter-rolling 
(136), balance (133, 137–139), vestibulo-spinal reflexes (135), 
mobility (140), locomotion (134, 141), and cross-modal visual 
perception (142). The effects on performance generally follow the 
nonlinear trend observed by (15) using mechanical noise, i.e., 
optimal GVS amplitude coincides with low-to-intermediate noise 
levels. As in the case of mechanical perturbations, also for GVS the 
optimal stimulus amplitude and the extent of performance 
improvement are quite variable across individuals [e.g., (137–
139, 143)].

Optimal GVS amplitude has been shown to depend also on the 
individual level of vestibular function. Thus, greater noise 
amplitudes are generally required for individuals with reduced 
vestibular function due to aging (136) or bilateral vestibulopathy 
(143). However, persons with vestibular hypofunction improve 
more in response to GVS than normovestibular persons (143, 144).

As mentioned above, adding GVS on top of head motion stimuli 
can improve the thresholds of motion direction discrimination. 
Thus, GVS significantly decreased the thresholds for roll-tilt (131, 
132) and inter-aural translation (145), but not the thresholds for 
yaw-rotation with the head pitched forward 71° (primarily resulting 
in stimulation of the semicircular canals), suggesting that GVS 
mainly affects otolith-mediated perception (146).

7.4. Neural substrates of GVS responses

In contrast with the hypothesis that GVS mainly affects the 
otolith system, an electrophysiological study in macaques showed 
that GVS generates robust activation of both canal and otolith 
primary afferents, with the result that neuronal detection thresholds 
in response to GVS are about constant across all afferents (147). 
This study also showed that the neural tuning of vestibular afferents 
differs drastically for GVS versus natural motion stimulation, due 
to the fact that GVS bypasses both the body biomechanics and the 

mechano-electrical transduction of the vestibular organs (147). This 
is because GVS directly activates the hair cells and vestibular 
afferents via electrical transmission (21). Since GVS determines 
simultaneous activation of primary afferents from all vestibular end 
organs on one side with concomitant inhibition of those on the 
contralateral side, the resulting stimulation pattern has no 
physiological motion equivalent (147). Moreover, GVS produces 
asymmetric activation of both semicircular canal and otolith 
afferents to the onset versus offset and cathode versus anode of 
applied current (148). In this respect, therefore, using mechanical 
noise instead of electrical noise to probe vestibular function may 
yield results more directly comparable with the natural behavior of 
the system.

8. Stochastic resonance and related 
phenomena

We have previously remarked that, depending on the context, 
noise can degrade or improve information processing and 
performance. In particular, there is now considerable evidence that 
a given amount of noise can lead to a paradoxical enhancement of 
neural sensitivity under specific conditions (see sections 1.2 and 3). 
In particular, the non-linear responses elicited by the application of 
either mechanical or galvanic noise (see section 7) are reminiscent 
of the phenomenon of subthreshold stochastic resonance, whereby 
an optimum level of random noise enhances the detection of weak 
signals (34, 43, 149, 150).

8.1. Classical stochastic resonance for 
periodic stimuli

Stochastic resonance was initially proposed in geophysics to 
account for the 100,000-year periodicity of the Earth ice ages (151, 
152). According to this hypothesis, a weak periodicity in the 

A B C D E F

FIGURE 5

Enhancement of vestibular motion discrimination by stochastic whole-body perturbations. Sitting participants reported the perceived direction of 
antero-posterior 1 Hz sinusoidal motions. The amplitude of the stimulus was adjusted based on an adaptive staircase. (A). Unperturbed stimuli in the 
forward (thick lines) and backward (thin lines) directions at baseline threshold (blue horizontal line) for a typical subject. (B–E) Perturbed stimuli with 
increasing noise amplitude [k = 0.5–2 in Equation 2, from panels (B–E)]. (F) Box-and-whisker plots of motion discrimination thresholds at population 
level (N = 30 participants). Overlaid line is the best fit of the population data with Equation 9 of stochastic resonance. Data from La Scaleia et al. (15).
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insolation due to changes of Earth orbital parameters would 
determine regular transitions in the bistable energy potential 
describing long-term changes in global climate (151, 152). The 
concept and underlying formalism of stochastic resonance have 
subsequently found wide application to several neurophysiological 
phenomena subject to noise. We now summarize the key elements 
(34, 153).

The overdamped motion x(t) of a Brownian particle with a 
bistable potential in the presence of noise and periodic forcing is 
described by:

 
dx t dt dU x dx A t t( ) = − ( ) + ( ) + ( )/ / cos0 0ω ε

 
(3)

where the trigonometric function represents a weak periodic 
forcing and ε(t) is random noise (intrinsic or extrinsic as in Equations 
1, 2). ε(t) is classically Gaussian white noise (zero mean in the time-
domain) and strength equal to q2 ( kδ2  in Equation 1). U(x) is the 
reflection-symmetric quartic potential driving the dynamics of 
the system:

 
U x x x( ) = −

4 2

4 2

λ

 
(4)

This double-well potential has two minima located at x± = ± λ , 
separated by a potential barrier with height equal to:

 
∆U x( ) = λ

2

4  
(5)

In the absence of periodic forcing, x(t) fluctuates around the local 
stable states with a statistical variance proportional to noise intensity. 
Noise-induced transitions are described by the Kramers rate equation 
of chemical kinetics (154), with transition time given by:
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In the presence of periodic forcing, the reflection symmetry of the 
system is broken. The new potential W(x,t) becomes:

 
W x t U x A x t t,( ) = ( ) − ( ) ( )0 0cos ω

 
(7)

The periodic signal now biases the particle toward one or the 
other potential well, so that the particle jumps to the more globally 
stable well. For small amplitudes, the mean response of the system to 
the periodic signal is given by:

 
x t A q t q( ) = ( ) − ( )( )2

0
2

cos ω ϕ
 

(8)

where A(q2) and ϕ (q2) represent, respectively, the noise dependent 
amplitude and phase lag:
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It has subsequently been shown that bell-shaped relationships 
captured by Equation 9 between the detection performance and noise 
can appear also with threshold-like systems (155) and in response to 
aperiodic signals (156).

8.2. Stochastic resonance in neurons

Stochastic resonance can arise in low-dimensional excitable 
systems, as shown for the Fitzhugh–Nagumo (FHN) neuron model. 
An optimal nonzero noise intensity maximizes the signal transmission 
in bistable FHN in response to either periodic or aperiodic inputs 
superimposed on a noisy background (8, 155). Stochastic resonance 
has also been found in higher-dimensional neuronal processes, due to 
the resemblance between interspike interval histograms and 
residence-time distributions of noise-driven bistable systems (34). 
Thus, stochastic resonance has been advocated for the observations 
that noise externally added to muscle spindles (157), cutaneous 
receptors (158) or vestibular hair cells (75, 76) enhances their 
responses to weak stimuli, which normally would be subliminal. Also, 
noise added to visual (159), auditory (160, 161), tactile (162) stimuli, 
or added directly to cortical networks (163) can improve the 
corresponding sensory thresholds.

Endogenous noise can also generate stochastic resonance (164). 
This was suggested to be the case for the Brownian motion of hair cell 
bundles and the enhancement of mechano-electrical transduction (see 
section 3) (75).

8.3. Perceptual effects of stochastic 
resonance

The effects of extrinsic noise on vestibular function have been 
reviewed above (see section 7). As a visualization aid to compare the 
results with stochastic resonance behavior, Equation 9 prediction is 
overlaid on the population results of vestibular motion discrimination 
in the presence of mechanical noise in Figure 5F (15). It has been 
argued that, at threshold, the perceptual discrimination of motion 
direction in a two-alternative forced-choice task [such as that of La 
Scaleia et al. (15)] involves a bistable potential well (see section 8.1): 
one well corresponds to perception of motion in one direction, and 
the other well perception of motion in the opposite direction (165). If 
the perceptual decision behaves like a Brownian particle, an optimal 
level of noise added to the system breaks the potential symmetry, and 
shifts the responses toward the correct direction with small physical 
stimuli. This would result in a stochastic resonance effect (165).
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8.4. Stochastic facilitation

It has been proposed to use the more general term of stochastic 
facilitation to encompass biologically relevant noise benefits (24). This 
is because these benefits are not necessarily associated with frequency 
resonance in the system, and the responses may not strictly obey 
Equation 9 characteristic of classical stochastic resonance.

The presence or absence of stochastic resonance (or facilitation) 
in response to extrinsic noise depends not only on the amplitude of 
the extrinsic noise but also on that of the intrinsic one. Thus, stochastic 
resonance does not occur when the endogenous noise level is already 
equal to or higher than the optimal noise level for stochastic resonance 
(150). In this case, adding extrinsic noise would only degrade the 
detection performance. The influence of endogenous noise also 
explains why the optimal level of extrinsic noise and the extent of 
performance improvement are so variable across individuals [e.g., (15, 
137–139, 143, 162, 163)]. As we previously remarked for the variability 
of vestibular motion thresholds (see section 6.5), neural noise can vary 
substantially as a function of individual factors, such as attention, 
motivation, fatigue, brain functional organization (11, 119).

In this regards, a long-known psychological phenomenon - the 
Yerkes-Dodson law - is closely reminiscent of stochastic resonance: a 
cognitive performance increases with physiological arousal, but only 
up to a point (166). When arousal becomes too high, performance 
decreases. However, both the cognitive performance and the arousal 
are quite variable across individuals.

Parallel summing arrays of noisy threshold elements can display 
another form of stochastic resonance, which occurs when the signal 
is predominantly suprathreshold (167). It has been shown that, in 
theory, this so-called suprathreshold stochastic resonance can lead to 
significantly greater signal enhancements than can be obtained using 
subthreshold signal levels (167).

Stochastic resonance is but one of the phenomena exhibited by 
neural systems driven by noise (8, 168). For instance, if a neuron 
receives a subthreshold periodic input, noise can elicit spike firings 
that tend to be locked to the input (13). This is because a small amount 
of noise will determine an output with the strongest signature of the 
periodic input. This effect depends on a linearization of the threshold 
by noise, and on disruption of phase locking.

Another related phenomenon is represented by the coherence 
resonance, which consists in noise-sustained oscillations at an optimal 
noise intensity. Moreover, noise can enhance the synchronization and 
pattern formation in excitable systems (8, 168).

9. Some clinical considerations

9.1. Aging

As we remarked above (see section 6.7), perceptual thresholds for 
motion discrimination tend to deteriorate in asymptomatic older 
persons. Vestibular function is affected by aging after the age of 40, 
about two decades earlier than visual acuity, odor discrimination, or 
speech intelligibility (107). It has been argued that this early functional 
decline may depend on the specific vulnerability of the vestibular 
apparatus to the action of free radicals (107). Vestibular afferents may 
be  damaged by free radicals earlier than other sensory afferents 

because of their higher metabolic demands. Primary vestibular 
afferents and central vestibular neurons in primates have high resting 
discharge rates (9). High resting activity involves heavy metabolic 
loads, with extensive oxidative ATP production by the mitochondria. 
Mitochondria can contribute oxidative stress and free radicals, which 
may cause local damage to the vestibular system (107).

9.1.1. Effects on postural stability
The decline of vestibular function with aging affects both motion 

perception and postural stability. In fact, multivariate analyses showed 
that roll tilt perceptual thresholds correlate robustly with age and 
performance in static balance tasks (169). For example, at 60 years of 
age, the chance of failing the most demanding postural condition (i.e., 
standing with eyes closed on foam support, which requires increased 
vestibular reliance) was about 5% for the participants with the lowest 
roll tilt thresholds, but it was about 80% for those with the highest roll 
tilt thresholds (169). The relevance of this finding is that it is known 
that failure in this demanding postural task correlates with a high risk 
of falls in daily life (170).

9.2. Vestibulopathies

Vestibular motion thresholds are also elevated in the peripheral 
and central vestibulopathies that determine hypofunction [see (4, 
96)]. Vestibular hypofunction can be  idiopathic, postsurgical, 
neoplastic, autoimmune, or it can result from Meniere’s disease or 
medication side effects. For instance, earth-vertical translation 
thresholds in patients with total bilateral labyrinthectomy (vestibular 
ablation) were up to 57 times greater than normal (55). In these 
patients, performance decrements were smaller for discrimination of 
motion directions (e.g., roll tilt) where other sensory cues (e.g., 
somatosensory) can contribute appreciably. Idiopathic bilateral 
vestibulopathy mainly affects lateral canal and utricular thresholds, 
while it may spare vertical canal and saccular function (171). In 
patients with unilateral vestibular nerve section, detection thresholds 
for yaw rotation were 2  higher than for healthy persons, as expected 
by assuming that the lesion halved the variance of both the signal and 
noise (172). In vestibular migraine (173) and persistent perceptual-
postural dizziness (174) motion thresholds can be  lower than in 
age-matched controls, indicating enhanced sensitivity of the 
vestibular apparatus.

As we remarked before (see sections 4, 5, and 7), healthy vestibular 
neurons at different stages of central pathways are tuned to natural 
head motion stimuli. Head motion is first sensed and then processed 
by central vestibulo-motor pathways. This results in a feedback loop 
that influences subsequent behavior, including head motion itself. 
Accordingly, loss of peripheral vestibular inputs in patients with 
chronic unilateral vestibular hypofunction alters the statistics of head 
movements during natural self-motion, especially for tasks that 
depend on rapid vestibular feedback, such as repetitive jumping or 
walking on foam (175).

As in the case of aging, altered motion thresholds in vestibular 
patients often lead to postural disturbances. It has been argued that 
increased noise in vestibular feedback caused by aging or pathology 
reduces the signal-to-noise ratio in vestibulo-spinal pathways, leading 
to increased sway, imbalance, and higher risk of falls (176).
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9.3. Future promises from vestibular 
stimulation

In line of principle, vestibular stimulation interventions such as 
those reviewed above (see section 7) might be helpful to ameliorate 
either motion perception or postural instability in patients. However, 
current results are still insufficient to draw definitive conclusions. 
Thus, noisy GVS alone improved balance in bilateral vestibulopathies 
(137, 177). However, when it was combined with vestibular 
rehabilitation training in the same category of patients, it did not lead 
to any significant improvement relative to that obtained with 
vestibular rehabilitation alone (178).

9.4. Strong acoustic noise and vibrations

In this article, we mainly considered the effects of low to medium-
intensity extrinsic noise. A separate issue is represented by the 
pathological effects of strong acoustic noise and vibrations, such as 
those present in heavy industry or military environment. Here, 
we only mention a few pertinent findings. Noise exposure higher than 
90 dB for 8 h/day for prolonged periods of time can cause hearing loss 
as well as vestibular dysfunction (179–181). Moreover, canal deficits 
diagnosed with video head impulse test were found in workers 
exposed to daily, intense whole-body vibrations (182).

10. Conclusion

We considered some effects of both extrinsic (exogenous) and 
intrinsic (endogenous) noise on the perceptual responses and neural 
processing of self-motion signals at different stages of the vestibular 
pathways. Although noise can interfere with neural processing and 
performance, all vestibular neurons, starting from the mechanoceptors 
of the inner ear up to cortical neurons, exhibit built-in mechanisms 
that tend to limit the impact of noise, and in several cases to exploit 
noise so as to enhance sensitivity to naturalistic motion stimuli. 
We also showed that stochastic facilitation of neural processing and 
behavioral performance can be obtained experimentally by applying 
optimal levels of noisy external perturbations on top of subliminal 

motion stimuli. This is a potentially promising approach to be further 
explored for vestibular rehabilitation in case of vestibular hypofunction 
(e.g., in elderly people) or vestibulopathies.

Author contributions

All authors listed have made a substantial, direct, and intellectual 
contribution to the work and approved it for publication.

Funding

The experimental work performed in the authors’ laboratories 
was supported by the Italian Ministry of Health (Ricerca corrente, 
IRCCS Fondazione Santa Lucia, Ricerca Finalizzata RF-2018-
12365985), Italian Space Agency (grant I/006/06/0), INAIL (BRIC 
2019 BRISK and BRIC 2022 LABORIUS), and Italian University 
Ministry (PRIN grant 2020EM9A8X_003 and NRRP project 
MNESYS PE00000006). #NEXTGENERATIONEU (NGEU) National 
Recovery and Resilience Plan project A Multiscale integrated 
approach to the study of the nervous system in health and disease, 
DN. 1553 11.10.2022.

Conflict of interest

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.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Cohen L. The history of noise. IEEE Signal Process Mag. (2005) 22:20–45. doi: 

10.1109/MSP.2005.1550188

 2. Angelaki DE, Cullen KE. Vestibular system: the many facets of a multimodal 
sense. Annu Rev Neurosci. (2008) 31:125–50. doi: 10.1146/annurev.
neuro.31.060407.125555

 3. Merfeld DM. Signal detection theory and vestibular thresholds: I basic theory and 
practical considerations. Exp Brain Res. (2011) 210:389–405. doi: 10.1007/
s00221-011-2557-7

 4. Diaz-Artiles A, Karmali F. Vestibular precision at the level of perception, eye 
movements, posture, and neurons. Neuroscience. (2021) 468:282–320. doi: 10.1016/j.
neuroscience.2021.05.028

 5. Shannon CE. Communication in the presence of noise. Proc IRE. (1949) 37:10–21. 
doi: 10.1109/JRPROC.1949.232969

 6. Ward LM, Greenwood PE. 1/f noise. Scholarpedia. (2007) 2:1537. doi: 10.4249/
scholarpedia.1537

 7. Tsimring LS. Noise in biology. Rep Prog Phys. (2014) 77:026601. doi: 
10.1088/0034-4885/77/2/026601

 8. Destexhe A, Rudolph-Lilith M. Neuronal noise. New York: Springer (2012). 458 p.

 9. Goldberg JM, Wilson VJ, Cullen KE, Angelaki DE, Broussard DM, Buttner-Ennever J, 
et al. The vestibular system: A sixth sense. New York, NY: Oxford University Press (2012). 541 p.

 10. Hudspeth AJ. The cellular basis of hearing: the biophysics of hair cells. Science. 
(1985) 230:745–52.

 11. Faisal AA, Selen LP, Wolpert DM. Noise in the nervous system. Nat Rev Neurosci. 
(2008) 9:292–303. doi: 10.1038/nrn2258

 12. Gerstner W, Kistler WM. Spiking neuron models: Single neurons, populations, 
plasticity. Cambridge: Cambridge University Press (2002). 480 p.

 13. Longtin A. Neuronal noise. Scholarpedia. (2013) 8:1618. doi: 10.4249/
scholarpedia.1618

 14. Stein RB, Gossen ER, Jones KE. Neuronal variability: noise or part of the signal? 
Nat Rev Neurosci. (2005) 6:389–97. doi: 10.1038/nrn1668

 15. La Scaleia B, Lacquaniti F, Zago M. Enhancement of vestibular motion 
discrimination by small stochastic whole-body perturbations in young healthy humans. 
Neuroscience. (2023) 510:32–48. doi: 10.1016/j.neuroscience.2022.12.010

 16. Rodriguez R, Crane BT. Effect of vibration during visual-inertial integration on 
human heading perception during eccentric gaze. PLoS One. (2018) 13:e0199097. doi: 
10.1371/journal.pone.0199097

https://doi.org/10.3389/fneur.2023.1159242
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1109/MSP.2005.1550188
https://doi.org/10.1146/annurev.neuro.31.060407.125555
https://doi.org/10.1146/annurev.neuro.31.060407.125555
https://doi.org/10.1007/s00221-011-2557-7
https://doi.org/10.1007/s00221-011-2557-7
https://doi.org/10.1016/j.neuroscience.2021.05.028
https://doi.org/10.1016/j.neuroscience.2021.05.028
https://doi.org/10.1109/JRPROC.1949.232969
https://doi.org/10.4249/scholarpedia.1537
https://doi.org/10.4249/scholarpedia.1537
https://doi.org/10.1088/0034-4885/77/2/026601
https://doi.org/10.1038/nrn2258
https://doi.org/10.4249/scholarpedia.1618
https://doi.org/10.4249/scholarpedia.1618
https://doi.org/10.1038/nrn1668
https://doi.org/10.1016/j.neuroscience.2022.12.010
https://doi.org/10.1371/journal.pone.0199097


Lacquaniti et al. 10.3389/fneur.2023.1159242

Frontiers in Neurology 16 frontiersin.org

 17. Curthoys IS, MacDougall HG, Vidal P-P, de Waele C. Sustained and transient 
vestibular systems: a physiological basis for interpreting vestibular function. Front 
Neurol. (2017) 8:117. doi: 10.3389/fneur.2017.00117

 18. Indovina I, Mazzarella E, Maffei V, Cesqui B, Passamonti L, Lacquaniti F. Sound-
evoked vestibular stimulation affects the anticipation of gravity effects during visual 
self-motion. Exp Brain Res. (2015) 233:2365–71. doi: 10.1007/s00221-015-4306-9

 19. Todd NP, Rosengren SM, Colebatch JG. A utricular origin of frequency tuning to 
low-frequency vibration in the human vestibular system? Neurosci Lett. (2009) 
451:175–80. doi: 10.1016/j.neulet.2008.12.055

 20. Young ED, Fernandez C, Goldberg JM. Responses of squirrel monkey vestibular 
neurons to audio-frequency sound and head vibration. Acta Otolaryngol. (1977) 
84:352–60. doi: 10.3109/00016487709123977

 21. Dlugaiczyk J, Gensberger KD, Straka H. Galvanic vestibular stimulation: from 
basic concepts to clinical applications. J Neurophysiol. (2019) 121:2237–55. doi: 10.1152/
jn.00035.2019

 22. Fitzpatrick RC, Day BL. Probing the human vestibular system with galvanic 
stimulation. J Appl Physiol. (2004) 96:2301–16. doi: 10.1152/japplphysiol.00008.2004

 23. Lopez C, Blanke O, Mast FW. The human vestibular cortex revealed by coordinate-
based activation likelihood estimation meta-analysis. Neuroscience. (2012) 212:159–79. 
doi: 10.1016/j.neuroscience.2012.03.028

 24. McDonnell MD, Ward LM. The benefits of noise in neural systems: bridging 
theory and experiment. Nat Rev Neurosci. (2011) 12:415–25. doi: 10.1038/nrn3061

 25. Carriot J, Jamali M, Chacron MJ, Cullen KE. Statistics of the vestibular input 
experienced during natural self-motion: implications for neural processing. J Neurosci. 
(2014) 34:8347–57. doi: 10.1523/JNEUROSCI.0692-14.2014

 26. Fino PC, Raffegeau TE, Parrington L, Peterka RJ, King LA. Head stabilization 
during standing in people with persisting symptoms after mild traumatic brain injury. 
J Biomech. (2020) 112:110045. doi: 10.1016/j.jbiomech.2020.110045

 27. Hirasaki E, Moore ST, Raphan T, Cohen B. Effects of walking velocity on vertical 
head and body movements during locomotion. Exp Brain Res. (1999) 127:117–30. doi: 
10.1007/s002210050781

 28. Wang L, Zobeiri OA, Millar JL, Souza Silva W, Schubert MC, Cullen KE. 
Continuous head motion is a greater motor control challenge than transient head 
motion in patients with loss of vestibular function. Neurorehabil Neural Repair. (2021) 
35:890–902. doi: 10.1177/15459683211034758

 29. Ronellenfitsch H, Dunkel J, Wilczek M. Optimal noise-canceling networks. Phys 
Rev Lett. (2018) 121:208301. doi: 10.1103/PhysRevLett.121.208301

 30. Barlow HB, Levick WR, Yoon M. Responses to single quanta of light in retinal 
ganglion cells of the cat. Vis Res. (1971) S3:87–101.

 31. Bialek W. Physical limits to sensation and perception. Annu Rev Biophys Biophys 
Chem. (1987) 16:455–78. doi: 10.1146/annurev.bb.16.060187.002323

 32. Lillywhite PG, Laughlin SB. Transducer noise in a photoreceptor. Nature. (1979) 
277:569–72. doi: 10.1038/277569a0

 33. Heekeren HR, Marrett S, Bandettini PA, Ungerleider LG. A general mechanism 
for perceptual decision-making in the human brain. Nature. (2004) 431:859–62. doi: 
10.1038/nature02966

 34. Gammaitoni L, Hanggi P, Jung P, Marchesoni F. Stochastic resonance. Rev Mod 
Phys. (1998) 70:223–87. doi: 10.1103/RevModPhys.70.223

 35. Carriot J, Cullen KE, Chacron MJ. The neural basis for violations of Weber’s law 
in self-motion perception. Proc Natl Acad Sci U S A. (2021) 118:e2025061118. doi: 
10.1073/pnas.2025061118

 36. Cullen KE. The vestibular system: multimodal integration and encoding of self-
motion for motor control. Trends Neurosci. (2012) 35:185–96. doi: 10.1016/j.
tins.2011.12.001

 37. Schneider AD, Cullen KE, Chacron MJ. In vivo conditions induce 
faithful encoding of stimuli by reducing nonlinear synchronization in vestibular 
sensory neurons. PLoS Comput Biol. (2011) 7:e1002120. doi: 10.1371/journal.
pcbi.1002120

 38. Carriot J, McAllister G, Hooshangnejad H, Mackrous I, Cullen KE, Chacron MJ. 
Sensory adaptation mediates efficient and unambiguous encoding of natural stimuli by 
vestibular thalamocortical pathways. Nat Commun. (2022) 13:2612. doi: 10.1038/
s41467-022-30348-x

 39. Berkes P, Orbán G, Lengyel M, Fiser J. Spontaneous cortical activity reveals 
hallmarks of an optimal internal model of the environment. Science. (2011) 331:83–7. 
doi: 10.1126/science.1195870

 40. Mitchell DE, Kwan A, Carriot J, Chacron MJ, Cullen KE. Neuronal variability and 
tuning are balanced to optimize naturalistic self-motion coding in primate vestibular 
pathways. elife. (2018) 7:e43019. doi: 10.7554/eLife.43019

 41. Jamali M, Carriot J, Chacron MJ, Cullen KE. Coding strategies in the otolith 
system differ for translational head motion vs. static orientation relative to gravity. elife. 
(2019) 8:e45573. doi: 10.7554/eLife.45573

 42. Jamali M, Chacron MJ, Cullen KE. Self-motion evokes precise spike timing in 
the primate vestibular system. Nat Commun. (2016) 7:13229. doi: 10.1038/
ncomms13229

 43. McDonnell MD, Abbott D. What is stochastic resonance? Definitions, 
misconceptions, debates, and its relevance to biology. PLoS Comput Biol. (2009) 
5:e1000348. doi: 10.1371/journal.pcbi.1000348

 44. Buzsaki G. Rhythms of the brain. New York: Oxford University Press (2006). 448 p.

 45. Gordus A, Pokala N, Levy S, Flavell SW, Bargmann CI. Feedback from network 
states generates variability in a probabilistic olfactory circuit. Cells. (2015) 161:215–27. 
doi: 10.1016/j.cell.2015.02.018

 46. Angelaki DE, Klier EM, Snyder LH. A vestibular sensation: probabilistic 
approaches to spatial perception. Neuron. (2009) 64:448–61. doi: 10.1016/j.
neuron.2009.11.010

 47. Cullen KE. Vestibular processing during natural self-motion: implications for 
perception and action. Nat Rev Neurosci. (2019) 20:346–63. doi: 10.1038/
s41583-019-0153-1

 48. Merfeld DM. Spatial orientation and the vestibular system In: S Carroll, editor. 
Sensation and perception. 3rd ed. Sunderland, MA: Sinauer Associates (2012). 328–61.

 49. Nouri S, Karmali F. Variability in the vestibulo-ocular reflex and vestibular 
perception. Neuroscience. (2018) 393:350–65. doi: 10.1016/j.neuroscience.2018.08.025

 50. Chaudhuri SE, Karmali F, Merfeld DM. Whole body motion-detection tasks can 
yield much lower thresholds than direction-recognition tasks: implications for the role 
of vibration. J Neurophysiol. (2013) 110:2764–72. doi: 10.1152/jn.00091.2013

 51. MacNeilage PR, Turner AH, Angelaki DE. Canal– otolith interactions and 
detection thresholds of linear and angular components during curved-path self-motion. 
J Neurophysiol. (2010) 104:765–73. doi: 10.1152/jn.01067.2009

 52. Green DM, Swets JA. Signal detection theory and psychophysics. New York: Wiley 
(1966). 455 p.

 53. Macmillan NA, Creelman CD. Detection theory: A user's guide. 2nd ed. Mahwah 
NJ: Erlbaum (2005). 492 p.

 54. Mittelstaedt H. Somatic graviception. Biol Psychol. (1996) 42:53–74. doi: 
10.1016/0301-0511(95)05146-5

 55. Valko Y, Lewis RF, Priesol AJ, Merfeld DM. Vestibular labyrinth contributions to 
human whole-body motion discrimination. J Neurosci. (2012) 32:13537–42. doi: 
10.1523/JNEUROSCI.2157-12.2012

 56. 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

 57. Lim K, Karmali F, Nicoucar K, Merfeld DM. Perceptual precision of passive body 
tilt is consistent with statistically optimal cue integration. J Neurophysiol. (2017) 
117:2037–52. doi: 10.1152/jn.00073.2016

 58. Glasauer S. Interaction of semicircular canals and otoliths in the processing 
structure of the subjective zenith. Ann N Y Acad Sci. (1992) 656:847–9. doi: 
10.1111/j.1749-6632.1992.tb25272.x

 59. Laurens J, Angelaki DE. The functional significance of velocity storage and its 
dependence on gravity. Exp Brain Res. (2011) 210:407–22. doi: 10.1007/
s00221-011-2568-4

 60. Merfeld DM, Park S, Gianna-Poulin C, Black FO, Wood S. Vestibular perception 
and action employ qualitatively different mechanisms. I frequency response of VOR and 
perceptual responses during translation and tilt. J Neurophysiol. (2005) 94:186–98. doi: 
10.1152/jn.00904.2004

 61. Butler JS, Smith ST, Campos JL, Bülthoff HH. Bayesian integration of visual and 
vestibular signals for heading. J Vis. (2010) 10:23. doi: 10.1167/101123

 62. 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

 63. Fetsch CR, DeAngelis GC. Angelaki DE visual–vestibular cue integration for 
heading perception: applications of optimal cue integration theory. Eur J Neurosci. 
(2010) 31:1721–9. doi: 10.1111/j.1460-9568.2010.07207.x

 64. Karmali F, Lim K, Merfeld DM. Visual and vestibular perceptual thresholds each 
demonstrate better precision at specific frequencies and also exhibit optimal integration. 
J Neurophysiol. (2014) 111:2393–403. doi: 10.1152/jn.00332.2013

 65. La Scaleia B, Lacquaniti F, Zago M. Body orientation contributes to modelling the 
effects of gravity for target interception in humans. J Physiol. (2019) 597:2021–43. doi: 
10.1113/JP277469

 66. Miller WL, Maffei V, Bosco G, Iosa M, Zago M, Macaluso E, et al. Vestibular nuclei 
and cerebellum put visual gravitational motion in context. J Neurophysiol. (2008) 
99:1969–82. doi: 10.1152/jn.00889.2007

 67. Noel JP, Angelaki DE. Cognitive, systems, and computational neurosciences of the self 
in motion. Annu Rev Psychol. (2022) 73:103–29. doi: 10.1146/annurev-psych-021021-103038

 68. Mayne R. A system concept of the vestibular organs In: HH Kornhuber, editor. 
Handbook of sensory physiology, Vestibular system Part 2: psychophysics, applied aspects 
and general interpretations, vol. VI. Berlin: Springer (1974). 493–580.

 69. Karmali F, Merfeld DM. A distributed, dynamic, parallel computational model: 
the role of noise in velocity storage. J Neurophysiol. (2012) 108:390–405. doi: 10.1152/
jn.00883.2011

https://doi.org/10.3389/fneur.2023.1159242
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3389/fneur.2017.00117
https://doi.org/10.1007/s00221-015-4306-9
https://doi.org/10.1016/j.neulet.2008.12.055
https://doi.org/10.3109/00016487709123977
https://doi.org/10.1152/jn.00035.2019
https://doi.org/10.1152/jn.00035.2019
https://doi.org/10.1152/japplphysiol.00008.2004
https://doi.org/10.1016/j.neuroscience.2012.03.028
https://doi.org/10.1038/nrn3061
https://doi.org/10.1523/JNEUROSCI.0692-14.2014
https://doi.org/10.1016/j.jbiomech.2020.110045
https://doi.org/10.1007/s002210050781
https://doi.org/10.1177/15459683211034758
https://doi.org/10.1103/PhysRevLett.121.208301
https://doi.org/10.1146/annurev.bb.16.060187.002323
https://doi.org/10.1038/277569a0
https://doi.org/10.1038/nature02966
https://doi.org/10.1103/RevModPhys.70.223
https://doi.org/10.1073/pnas.2025061118
https://doi.org/10.1016/j.tins.2011.12.001
https://doi.org/10.1016/j.tins.2011.12.001
https://doi.org/10.1371/journal.pcbi.1002120
https://doi.org/10.1371/journal.pcbi.1002120
https://doi.org/10.1038/s41467-022-30348-x
https://doi.org/10.1038/s41467-022-30348-x
https://doi.org/10.1126/science.1195870
https://doi.org/10.7554/eLife.43019
https://doi.org/10.7554/eLife.45573
https://doi.org/10.1038/ncomms13229
https://doi.org/10.1038/ncomms13229
https://doi.org/10.1371/journal.pcbi.1000348
https://doi.org/10.1016/j.cell.2015.02.018
https://doi.org/10.1016/j.neuron.2009.11.010
https://doi.org/10.1016/j.neuron.2009.11.010
https://doi.org/10.1038/s41583-019-0153-1
https://doi.org/10.1038/s41583-019-0153-1
https://doi.org/10.1016/j.neuroscience.2018.08.025
https://doi.org/10.1152/jn.00091.2013
https://doi.org/10.1152/jn.01067.2009
https://doi.org/10.1016/0301-0511(95)05146-5
https://doi.org/10.1523/JNEUROSCI.2157-12.2012
https://doi.org/10.1038/nn1935
https://doi.org/10.1152/jn.00073.2016
https://doi.org/10.1111/j.1749-6632.1992.tb25272.x
https://doi.org/10.1007/s00221-011-2568-4
https://doi.org/10.1007/s00221-011-2568-4
https://doi.org/10.1152/jn.00904.2004
https://doi.org/10.1167/101123
https://doi.org/10.1523/JNEUROSCI.2574-09.2009
https://doi.org/10.1111/j.1460-9568.2010.07207.x
https://doi.org/10.1152/jn.00332.2013
https://doi.org/10.1113/JP277469
https://doi.org/10.1152/jn.00889.2007
https://doi.org/10.1146/annurev-psych-021021-103038
https://doi.org/10.1152/jn.00883.2011
https://doi.org/10.1152/jn.00883.2011


Lacquaniti et al. 10.3389/fneur.2023.1159242

Frontiers in Neurology 17 frontiersin.org

 70. Laurens J, Droulez J. Bayesian processing of vestibular information. Biol Cybern. 
(2007) 96:389–404. doi: 10.1007/s00422-006-0133-1

 71. Holt JR, Corey DP, Eatock RA. Mechanoelectrical transduction and adaptation in 
hair cells of the mouse utricle, a low-frequency vestibular organ. J Neurosci. (1997) 
17:8739–48. doi: 10.1523/JNEUROSCI.17-22-08739.1997

 72. Kozlov AS, Risler T, Hudspeth AJ. Coherent motion of stereocilia assures the 
concerted gating of hair-cell transduction channels. Nat Neurosci. (2007) 10:87–92. doi: 
10.1038/nn1818

 73. Denk W, Webb WW, Hudspeth AJ. Mechanical properties of sensory hair bundles 
are reflected in their Brownian motion measured with a laser differential interferometer. 
Proc Natl Acad Sci U S A. (1989) 86:5371–5. doi: 10.1073/pnas.86.14.5371

 74. Fernandez C, Goldberg JM. Physiology of peripheral neurons innervating otolith 
organs of the squirrel monkey. III Response dynamics J Neurophysiol. (1976) 39:996–1008. 
doi: 10.1152/jn.1976.39.5.996

 75. Jaramillo F, Wiesenfeld K. Mechanoelectrical transduction assisted by Brownian 
motion: a role for noise in the auditory system. Nat Neurosci. (1998) 1:384–8. doi: 
10.1038/1597

 76. Flores A, Manilla S, Huidobro N, De la Torre-Valdovinos B, Kristeva R, Mendez-
Balbuena I, et al. Stochastic resonance in the synaptic transmission between hair cells 
and vestibular primary afferents in development. Neuroscience. (2016) 322:416–29. doi: 
10.1016/j.neuroscience.2016.02.051

 77. Eatock RA, Songer JE. Vestibular hair cells and afferents: two channels for head 
motion signals. Annu Rev Neurosci. (2011) 34:501–34. doi: 10.1146/annurev-
neuro-061010-113710

 78. Schneidman E, Freedman B, Segev I. Ion channel stochasticity may be critical in 
determining the reliability and precision of spike timing. Neural Comput. (1998) 
10:1679–703. doi: 10.1162/089976698300017089

 79. Smith CE, Goldberg JM. A stochastic after hyperpolarization model of repetitive 
activity in vestibular afferents. Biol Cybern. (1986) 54:41–51. doi: 10.1007/BF00337114

 80. 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) 33:11302–13. doi: 10.1523/
JNEUROSCI.0459-13.2013

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

 82. Yu X-j, Dickman JD, DeAngelis GC, Angelaki DE. Neuronal thresholds and 
choice-related activity of otolith afferent fibers during heading perception. Proc Natl 
Acad Sci U S A. (2015) 112:6467–72. doi: 10.1073/pnas.1507402112

 83. Yu X-j, Dickman JD, Angelaki DE. Detection thresholds of macaque otolith 
afferents. J Neurosci. (2012) 32:8306–16. doi: 10.1523/JNEUROSCI.1067-12.2012

 84. Massot C, Chacron MJ, Cullen KE. Information transmission and detection 
thresholds in the vestibular nuclei: single neurons vs population encoding. J 
Neurophysiol. (2011) 105:1798–814. doi: 10.1152/jn.00910.2010

 85. Carriot J, Jamali M, Cullen KE, Chacron MJ. Envelope statistics of self-motion 
signals experienced by human subjects during everyday activities: implications for 
vestibular processing. PLoS One. (2017) 12:e0178664. doi: 10.1371/journal.
pone.0178664

 86. Metzen MG, Jamali M, Carriot J, Ávila-Ǻkerberg O, Cullen KE, Chacron MJ. 
Coding of envelopes by correlated but not single-neuron activity requires neural 
variability. Proc Natl Acad Sci U S A. (2015) 112:4791–6. doi: 10.1073/pnas.1418224112

 87. 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/s00221-008-1350-8

 88. Massot C, Schneider AD, Chacron MJ, Cullen KE. The vestibular system 
implements a linear-nonlinear transformation in order to encode self-motion. PLoS Biol. 
(2012) 10:e1001365. doi: 10.1371/journal.pbio.1001365

 89. Mackrous I, Carriot J, Cullen KE, Chacron MJ. Neural variability determines 
coding strategies for natural self-motion in macaque monkeys. elife. (2020) 9:e57484. 
doi: 10.7554/eLife.57484

 90. Barlow H. The exploitation of regularities in the environment by the brain. Behav 
Brain Sci. (2001) 24:602–7. doi: 10.1017/S0140525X01000024

 91. Lopez C, Blanke O. The thalamocortical vestibular system in animals and humans. 
Brain Res Brain Res Rev. (2011) 67:119–46. doi: 10.1016/j.brainresrev.2010.12.002

 92. Mallery RM, Olomu OU, Uchanski RM, MilitchinV A, Hullar TE. Human 
discrimination of rotational velocities. Exp Brain Res. (2010) 204:11–20. doi: 10.1007/
s00221-010-2288-1

 93. Naseri AR, Grant PR. Human discrimination of translational accelerations. Exp 
Brain Res. (2012) 218:455–64. doi: 10.1007/s00221-012-3035-6

 94. Liu S, Gu Y, DeAngelis GC, Angelaki DE. Choice-related activity and correlated 
noise in subcortical vestibular neurons. Nat Neurosci. (2013) 16:89–97. doi: 10.1038/
nn.3267

 95. Gu Y, Angelaki DE, DeAngelis GC. Contribution of correlated noise and selective 
decoding to choice probability measurements in extrastriate visual cortex. elife. (2014) 
3:e02670. doi: 10.7554/eLife.02670

 96. Kobel MJ, Wagner AR, Merfeld DM, Mattingly JK. Vestibular thresholds: a review 
of advances and challenges in clinical applications. Front Neurol. (2021) 12:643634. doi: 
10.3389/fneur.2021.643634

 97. Suri K, Clark TK. Human vestibular perceptual thresholds for pitch tilt are slightly 
worse than for roll tilt across a range of frequencies. Exp Brain Res. (2020) 238:1499–509. 
doi: 10.1007/s00221-020-05830-x

 98. Soyka F, Robuffo Giordano P, Beykirch K, Bulthoff HH. Predicting direction 
detection thresholds for arbitrary translational acceleration profiles in the horizontal 
plane. Exp Brain Res. (2011) 209:95–107. doi: 10.1007/s00221-010-2523-9

 99. Roditi RE, Crane BT. Directional asymmetries and age effects in human self-
motion perception. J Assoc Res Otolaryngol. (2012) 13:381–401. doi: 10.1007/
s10162-012-0318-3

 100. De Vrijer M, Medendorp WP, Van Gisbergen JA. Accuracy-precision trade-off 
in visual orientation constancy. J Vis. (2009) 9:9–15. doi: 10.1167/9.2.9

 101. Wagner AR, Kobel MJ, Merfeld DM. Impact of canal-otolith integration on 
postural control. Front Integr Neurosci. (2021) 15:773008. doi: 10.3389/fnint.2021.773008

 102. Morioka M, Griffin MJ. Absolute thresholds for the perception of fore-and-aft, 
lateral, and vertical vibration at the hand, the seat, and the foot. J Sound Vib. (2008) 
314:357–70. doi: 10.1016/j.jsv.2007.12.036

 103. 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.

 104. Allred AR, Clark TK. Vestibular perceptual thresholds for rotation about the yaw, 
roll, and pitch axes. Exp Brain Res. (2023):1–15. doi: 10.1007/s00221-023-06570-4

 105. Wagner AR, Kobel MJ, Merfeld DM. Impacts of rotation axis and frequency on 
vestibular perceptual thresholds. Multisens Res. (2022) 35:259–87. doi: 
10.1163/22134808-bja10069

 106. Benson AJ, Spencer MB, Stott JRR. Thresholds for the detection of the direction 
of whole-body, linear movement in the horizontal plane. Aviat Space Environ Med. 
(1986) 57:1088–96.

 107. Bermúdez Rey MC, Clark TK, Wang W, Leeder T, Bian Y, Merfeld DM. Vestibular 
perceptual thresholds increase above the age of 40. Front Neurol. (2016) 7:162. doi: 
10.3389/fneur.2016.00162

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

 109. La Scaleia B, Ceccarelli F, Lacquaniti F, Zago M. Visuomotor interactions and 
perceptual judgments in virtual reality simulating different levels of gravity. Front Bioeng 
Biotechnol. (2020) 8:76. doi: 10.3389/fbioe.2020.00076

 110. Kobel MJ, Wagner AR, Merfeld DM. Impact of gravity on the perception of linear 
motion. J Neurophysiol. (2021) 126:875–87. doi: 10.1152/jn.00274.2021

 111. Fernandez C, Goldberg JM. Physiology of peripheral neurons innervating otolith 
organs of the squirrel monkey. I. Response to static tilts and to long-duration centrifugal 
force. J Neurophysiol. (1976) 39:970–84. doi: 10.1152/jn.1976.39.5.970

 112. Deco G, Rolls ET. Decision-making and Weber's law: a neurophysiological 
model. Eur J Neurosci. (2006) 24:901–16. doi: 10.1111/j.1460-9568.2006.04940.x

 113. Soyka F, Giordano PR, Barnett-Cowan M, Bulthoff HH. Modeling direction 
discrimination thresholds for yaw rotations around an earth-vertical axis for arbitrary 
motion profiles. Exp Brain Res. (2012) 220:89–99. doi: 10.1007/s00221-012-3120-x

 114. Merfeld DM, Clark TK, Lu YM, Karmali F. Dynamics of individual perceptual 
decisions. J Neurophysiol. (2016) 115:39–59. doi: 10.1152/jn.00225.2015

 115. Clark TK, Yi Y, Galvan-Garza RC, Bermudez Rey MC, Merfeld DM. When 
uncertain, does human self-motion decision-making fully utilize complete information? 
J Neurophysiol. (2018) 119:1485–96. doi: 10.1152/jn.00680.2017

 116. 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

 117. Lee TL, Shayman CS, Oh Y, Peterka RJ, Hullar TE. Reliability of vestibular 
perceptual threshold testing about the yaw axis. Ear Hear. (2020) 41:1772–4. doi: 
10.1097/AUD.0000000000000859

 118. Guedry FE. Psychophysics of vestibular sensation In: HH Kornhuber, editor. 
Vestibular system part 2: Psychophysics, applied aspects and general interpretations. Berlin: 
Springer-Verlag (1974). 3–154.

 119. Vidal PP, Lacquaniti F. Perceptual-motor styles. Exp Brain Res. (2021) 
239:1359–80. doi: 10.1007/s00221-021-06049-0

 120. Bringoux L, Marin L, Nougier V, Barraud PA, Raphel C. Effects of gymnastics 
expertise on the perception of body orientation in the pitch dimension. J Vestib Res. 
(2000) 10:251–8. doi: 10.3233/VES-2000-10602

 121. Fitzpatrick RC, Watson SR. Passive motion reduces vestibular balance and 
perceptual responses. J Physiol. (2015) 593:2389–98. doi: 10.1113/JP270334

 122. Keywan A, Dietrich H, Wuehr M. Subliminal passive motion stimulation improves 
vestibular perception. Neuroscience. (2020) 441:1–7. doi: 10.1016/j.neuroscience.2020.05.053

 123. Keywan A, Yassin G, Jahn K, Wuehr M. Subliminal conditioning of vestibular 
perception generalizes within otolith organs. J Neurol. (2022) 269:5258–61. doi: 10.1007/
s00415-022-10982-7

https://doi.org/10.3389/fneur.2023.1159242
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1007/s00422-006-0133-1
https://doi.org/10.1523/JNEUROSCI.17-22-08739.1997
https://doi.org/10.1038/nn1818
https://doi.org/10.1073/pnas.86.14.5371
https://doi.org/10.1152/jn.1976.39.5.996
https://doi.org/10.1038/1597
https://doi.org/10.1016/j.neuroscience.2016.02.051
https://doi.org/10.1146/annurev-neuro-061010-113710
https://doi.org/10.1146/annurev-neuro-061010-113710
https://doi.org/10.1162/089976698300017089
https://doi.org/10.1007/BF00337114
https://doi.org/10.1523/JNEUROSCI.0459-13.2013
https://doi.org/10.1523/JNEUROSCI.0459-13.2013
https://doi.org/10.1523/JNEUROSCI.4690-06.2007
https://doi.org/10.1073/pnas.1507402112
https://doi.org/10.1523/JNEUROSCI.1067-12.2012
https://doi.org/10.1152/jn.00910.2010
https://doi.org/10.1371/journal.pone.0178664
https://doi.org/10.1371/journal.pone.0178664
https://doi.org/10.1073/pnas.1418224112
https://doi.org/10.1007/s00221-008-1350-8
https://doi.org/10.1371/journal.pbio.1001365
https://doi.org/10.7554/eLife.57484
https://doi.org/10.1017/S0140525X01000024
https://doi.org/10.1016/j.brainresrev.2010.12.002
https://doi.org/10.1007/s00221-010-2288-1
https://doi.org/10.1007/s00221-010-2288-1
https://doi.org/10.1007/s00221-012-3035-6
https://doi.org/10.1038/nn.3267
https://doi.org/10.1038/nn.3267
https://doi.org/10.7554/eLife.02670
https://doi.org/10.3389/fneur.2021.643634
https://doi.org/10.1007/s00221-020-05830-x
https://doi.org/10.1007/s00221-010-2523-9
https://doi.org/10.1007/s10162-012-0318-3
https://doi.org/10.1007/s10162-012-0318-3
https://doi.org/10.1167/9.2.9
https://doi.org/10.3389/fnint.2021.773008
https://doi.org/10.1016/j.jsv.2007.12.036
https://doi.org/10.1007/s00221-023-06570-4
https://doi.org/10.1163/22134808-bja10069
https://doi.org/10.3389/fneur.2016.00162
https://doi.org/10.1523/JNEUROSCI.1304-10.2010
https://doi.org/10.3389/fbioe.2020.00076
https://doi.org/10.1152/jn.00274.2021
https://doi.org/10.1152/jn.1976.39.5.970
https://doi.org/10.1111/j.1460-9568.2006.04940.x
https://doi.org/10.1007/s00221-012-3120-x
https://doi.org/10.1152/jn.00225.2015
https://doi.org/10.1152/jn.00680.2017
https://doi.org/10.1007/s00221-013-3428-1
https://doi.org/10.1097/AUD.0000000000000859
https://doi.org/10.1007/s00221-021-06049-0
https://doi.org/10.3233/VES-2000-10602
https://doi.org/10.1113/JP270334
https://doi.org/10.1016/j.neuroscience.2020.05.053
https://doi.org/10.1007/s00415-022-10982-7
https://doi.org/10.1007/s00415-022-10982-7


Lacquaniti et al. 10.3389/fneur.2023.1159242

Frontiers in Neurology 18 frontiersin.org

 124. Wagner AR, Kobel MJ, Tajino J, Merfeld DM. Improving self-motion perception 
and balance through roll tilt perceptual training. J Neurophysiol. (2022) 128:619–33. doi: 
10.1152/jn.00092.2022

 125. Seemungal BM, Gunaratne IA, Fleming IO, Gresty MA, Bronstein AM. 
Perceptual and nystagmic thresholds of vestibular function in yaw. J Vestib Res. (2004) 
14:461–6. doi: 10.3233/VES-2004-14604

 126. Karmali F, Goodworth AD, Valko Y, Leeder T, Peterka RJ, Merfeld DM. The role 
of vestibular cues in postural sway. J Neurophysiol. (2021) 125:672–86. doi: 10.1152/
jn.00168.2020

 127. Kuo AD. An optimal state estimation model of sensory integration in human 
postural balance. J Neural Eng. (2005) 2:S235–49. doi: 10.1088/1741-2560/2/3/S07

 128. Pozzo T, Berthoz A, Lefort L. Head stabilization during various locomotor tasks 
in humans: I. Normal subjects. Exp Brain Res. (1990) 82:97–106.

 129. Carriot J, Jamali M, Chacron MJ, Cullen KE. The statistics of the vestibular input 
experienced during natural self-motion differ between rodents and primates. J Physiol. 
(2017) 595:2751–66. doi: 10.1113/JP273734

 130. Kabbaligere R, Layne CS, Karmali F. Perception of threshold-level whole-body motion 
during mechanical mastoid vibration. J Vestib Res. (2018) 28:283–94. doi: 10.3233/VES-180636

 131. Galvan-Garza RC, Clark TK, Mulavara AP, Oman CM. Exhibition of stochastic 
resonance in vestibular tilt motion perception. Brain Stimul. (2018) 11:716–22. doi: 
10.1016/j.brs.2018.03.017

 132. Keywan A, Wuehr M, Pradhan C, Jahn K. Noisy galvanic stimulation improves 
roll-tilt vestibular perception in healthy subjects. Front Neurol. (2018) 9:83. doi: 10.3389/
fneur.2018.00083

 133. Keywan A, Badarna H, Jahn K, Wuehr M. No evidence for after-effects of noisy 
galvanic vestibular stimulation on motion perception. Sci Rep. (2020) 10:1–7. doi: 
10.1038/s41598-020-59374-9

 134. Mulavara AP, Kofman IS, De Dios YE, Miller C, Peters BT, Goel R, et al. Using 
low levels of stochastic vestibular stimulation to improve locomotor stability. Front Syst 
Neurosci. (2015) 9:117. doi: 10.3389/fnsys.2015.00117

 135. Wuehr M, Boerner JC, Pradhan C, Decker J, Jahn K, Brandt T, et al. Stochastic 
resonance in the human vestibular system – noise-induced facilitation of vestibulospinal 
reflexes. Brain Stimul. (2018) 11:261–3. doi: 10.1016/j.brs.2017.10.016

 136. Serrador JM, Deegan BM, Geraghty MC, Wood SJ. Enhancing vestibular function 
in the elderly with imperceptible electrical stimulation. Sci Rep. (2018) 8:336. doi: 
10.1038/s41598-017-18653-8

 137. Fujimoto C, Yamamoto Y, Kamogashira T, Kinoshita M, Egami N, Uemura Y, 
et al. Noisy galvanic vestibular stimulation induces a sustained improvement in body 
balance in elderly adults. Sci Rep. (2016) 6:1–8. doi: 10.1038/srep37575

 138. Goel R, Kofman I, Jeevarajan J, De Dios Y, Cohen HS, Bloomberg JJ, et al. Using 
low levels of stochastic vestibular stimulation to improve balance function. PLoS One. 
(2015) 10:e0136335. doi: 10.1371/journal.pone.0136335

 139. Mulavara AP, Fiedler MJ, Kofman IS, Wood SJ, Serrador JM, Peters B, et al. 
Improving balance function using vestibular stochastic resonance: optimizing stimulus 
characteristics. Exp Brain Res. (2011) 210:303–12. doi: 10.1007/s00221-011-2633-z

 140. Putman EJ, Galvan-Garza RC, Clark TK. The effect of Noisy galvanic vestibular 
stimulation on learning of functional mobility and manual control nulling sensorimotor 
tasks. Front Hum Neurosci. (2021) 15:756674. doi: 10.3389/fnhum.2021.756674

 141. Iwasaki S, Fujimoto C, Egami N, Kinoshita M, Togo F, Yamamoto Y, et al. Noisy 
vestibular stimulation increases gait speed in normals and in bilateral vestibulopathy. 
Brain Stimul. (2018) 11:709–15. doi: 10.1016/j.brs.2018.03.005

 142. Voros JL, Sherman SO, Rise R, Kryuchkov A, Stine P, Anderson AP, et al. 
Galvanic vestibular stimulation produces cross-modal improvements in visual 
thresholds. Front Neurosci. (2021) 15:640984. doi: 10.3389/fnins.2021.640984

 143. Iwasaki S, Yamamoto Y, Togo F, Kinoshita M, Yoshifuji Y, Fujimoto C, et al. Noisy 
vestibular stimulation improves body balance in bilateral vestibulopathy. Neurology. 
(2014) 82:969–75. doi: 10.1212/WNL.0000000000000215

 144. Nooristani M, Bigras C, Lafontaine L, Bacon BA, Maheu M, Champoux F. 
Vestibular function modulates the impact of nGVS on postural control in older adults. 
J Neurophysiol. (2021) 125:489–95. doi: 10.1152/jn.00512.2020

 145. Keywan A, Jahn K. Wuehr M Noisy galvanic vestibular stimulation primarily 
affects otolith-mediated motion perception. Neuroscience. (2019) 399:161–6. doi: 
10.1016/j.neuroscience.2018.12.031

 146. Zink R, Bucher SF, Weiss A, Brandt T, Dieterich M. Effects of galvanic vestibular 
stimulation on otolithic and semicircular canal eye movements and perceived vertical. 
Electroencephalogr Clin Neurophysiol. (1998) 107:200–5. doi: 10.1016/S0013-4694(98)00056-X

 147. Kwan A, Forbes PA, Mitchell DE, Blouin JS, Cullen KE. Neural substrates, 
dynamics and thresholds of galvanic vestibular stimulation in the behaving primate. Nat 
Commun. (2019) 10:1–15. doi: 10.1038/s41467-019-09738-1

 148. Forbes PA, Kwan A, Mitchell DE, Blouin JS, Cullen KE. The neural basis for 
biased behavioral responses evoked by galvanic vestibular stimulation in primates. 
J Neurosci. (2023) 43:1905–19. doi: 10.1523/JNEUROSCI.0987-22.2023

 149. Moss F, Ward LM, Sannita WG. Stochastic resonance and sensory information 
processing: a tutorial and review of application. Clin Neurophysiol. (2004) 115:267–81. 
doi: 10.1016/j.clinph.2003.09.014

 150. Aihara T, Kitajo K, Nozaki D, Yamamoto Y. How does stochastic resonance work 
within the human brain?–Psychophysics of internal and external noise. Chem Phys. 
(2010) 375:616–24.

 151. Benzi R, Sutera A, Vulpiani A. The mechanism of stochastic resonance. J Phys A 
Math Gen. (1981) 14:L453–7. doi: 10.1088/0305-4470/14/11/006

 152. Nicolis G, Nicolis C. Stochastic aspects of climatic transitions-additive 
fluctuations. Tellus. (1981) 33:225–34.

 153. Rouvas-Nicolis C, Nicolis G. Stochastic resonance. Scholarpedia. (2007) 2:1474. 
doi: 10.4249/scholarpedia.1474

 154. Kramers HA. Brownian motion in a field of force and the diffusion model of 
chemical reactions. Physica. (1940) 7:284–304. doi: 10.1016/S0031-8914(40)90098-2

 155. Wiesenfeld K, Pierson D, Pantazelou E, Dames C, Moss F. Stochastic resonance on 
a circle. Phys Rev Lett. (1994) 72:2125–9. doi: 10.1103/PhysRevLett.72.2125

 156. Collins JJ, Chow CC, Imhoff TT. Aperiodic stochastic resonance in excitable 
systems. Phys Rev. (1995) 52:R3321.

 157. Cordo P, Inglis JT, Verschueren S, Collins JJ, Merfeld DM, Rosenblum S, et al. Noise 
in human muscle spindles. Nature. (1996) 383:769–70. doi: 10.1038/383769a0

 158. Collins JJ, Imhoff TT, Grigg P. Noise-enhanced information transmission in rat SA1 
cutaneous mechanoreceptors via aperiodic stochastic resonance. J Neurophysiol. (1996) 
76:642–5.

 159. Simonotto E, Riani M, Seife C, Roberts M, Twitty J, Moss F. Visual perception of 
stochastic resonance. Phys Rev Lett. (1997) 78:1186.

 160. Zeng FG, Fu QJ, Morse R. Human hearing enhanced by noise. Brain Res. (2000) 
869:251–55. doi: 10.1016/s0006-8993(00)02475-6

 161. Long Z-C, Shao F, Zhang Y-P, Qin Y-G. Noise-enhanced hearing sensitivity. Phys 
Lett A. (2004) 323:434–8. doi: 10.1016/j.physleta.2004.02.019

 162. Collins JJ, Imhoff TT, Grigg P. Noise-enhanced tactile sensation. Nature. (1996) 
383:770. doi: 10.1038/383770a0

 163. van der Groen O, Wenderoth N. Transcranial random noise stimulation of visual 
cortex: stochastic resonance enhances central mechanisms of perception. J Neurosci. (2016) 
36:5289–98. doi: 10.1523/JNEUROSCI.4519-15.2016

 164. Douglass JK, Wilkens L, Pantazelou E, Moss F. Noise enhancement of information 
transfer in crayfish mechanoreceptors by stochastic resonance. Nature. (1993) 365:337–40. 
doi: 10.1038/365337a0

 165. Galvan-Garza R. Enhancement of perception with the application of stochastic 
vestibular stimulation. PhD Thesis. Cambridge, MA: Massachusetts Institute of Technology 
(2016).

 166. Yerkes RM, Dodson JD. The relation of strength of stimulus to rapidity of habit-
formation. J Comp Neurol Psychol. (1908) 18:459–82. doi: 10.1002/cne.920180503

 167. Stocks NG. Suprathreshold stochastic resonance in multilevel threshold systems. 
Phys Rev Lett. (2000) 84:2310–3. doi: 10.1103/PhysRevLett.84.2310

 168. Lindner B, Garcıa-Ojalvo J, Neiman A, Schimansky-Geier L. Effects of noise in 
excitable systems. Phys Rep. (2004) 392:321–424. doi: 10.1016/j.physrep.2003.10.015

 169. Karmali F, Rey BMC, Clark TK, Wang W, Merfeld DM. Multivariate analyses of 
balance test performance, vestibular thresholds, and age. Front Neurol. (2017) 8:578. doi: 
10.3389/fneur.2017.00578

 170. Agrawal Y, Carey JP, Della Santina CC, Schubert MC, Minor LB. Disorders of 
balance and vestibular function in US adults: data from the National Health and Nutrition 
Examination Survey, 2001–2004. Arch Intern Med. (2009) 169:938–44. doi: 10.1001/
archinternmed.2009.66

 171. Priesol AJ, Valko Y, Merfeld DM, Lewis RF. Motion perception in patients with 
idiopathic bilateral vestibular hypofunction. Otolaryngol Head Neck Surg. (2014) 
150:1040–2. doi: 10.1177/0194599814526557

 172. Cousins S, Kaski D, Cutfield N, Seemungal B, Golding JF, Gresty M, et al. Vestibular 
perception following acute unilateral vestibular lesions. PLoS One. (2013) 8:e61862. doi: 
10.1371/journal.pone.0061862

 173. King S, Priesol AJ, Davidi SE, Merfeld DM, Ehtemam F, Lewis RF. Self-motion 
perception is sensitized in vestibular migraine: pathophysiologic and clinical implications. 
Sci Rep. (2019) 9:1–12. doi: 10.1038/s41598-019-50803-y

 174. Wurthmann S, Holle D, Obermann M, Roesner M, Nsaka M, Scheffler A, 
et al. Reduced vestibular perception thresholds in persistent postural-perceptual 
dizziness-a cross-sectional study. BMC Neurol. (2021) 21:1–10. doi: 10.1186/
s12883-021-02417-z

 175. Zobeiri OA, Ostrander B, Roat J, Agrawal Y, Cullen KE. Loss of peripheral vestibular 
input alters the statistics of head movement experienced during natural self-motion. J 
Physiol. (2021) 599:2239–54. doi: 10.1113/JP281183

 176. Wagner AR, Chaudhari AM, Merfeld DM. Might vestibular “noise” cause subclinical 
balance impairment and falls? Int J Phys Med Rehabil. (2021) 9:001.

https://doi.org/10.3389/fneur.2023.1159242
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1152/jn.00092.2022
https://doi.org/10.3233/VES-2004-14604
https://doi.org/10.1152/jn.00168.2020
https://doi.org/10.1152/jn.00168.2020
https://doi.org/10.1088/1741-2560/2/3/S07
https://doi.org/10.1113/JP273734
https://doi.org/10.3233/VES-180636
https://doi.org/10.1016/j.brs.2018.03.017
https://doi.org/10.3389/fneur.2018.00083
https://doi.org/10.3389/fneur.2018.00083
https://doi.org/10.1038/s41598-020-59374-9
https://doi.org/10.3389/fnsys.2015.00117
https://doi.org/10.1016/j.brs.2017.10.016
https://doi.org/10.1038/s41598-017-18653-8
https://doi.org/10.1038/srep37575
https://doi.org/10.1371/journal.pone.0136335
https://doi.org/10.1007/s00221-011-2633-z
https://doi.org/10.3389/fnhum.2021.756674
https://doi.org/10.1016/j.brs.2018.03.005
https://doi.org/10.3389/fnins.2021.640984
https://doi.org/10.1212/WNL.0000000000000215
https://doi.org/10.1152/jn.00512.2020
https://doi.org/10.1016/j.neuroscience.2018.12.031
https://doi.org/10.1016/S0013-4694(98)00056-X
https://doi.org/10.1038/s41467-019-09738-1
https://doi.org/10.1523/JNEUROSCI.0987-22.2023
https://doi.org/10.1016/j.clinph.2003.09.014
https://doi.org/10.1088/0305-4470/14/11/006
https://doi.org/10.4249/scholarpedia.1474
https://doi.org/10.1016/S0031-8914(40)90098-2
https://doi.org/10.1103/PhysRevLett.72.2125
https://doi.org/10.1038/383769a0
https://doi.org/10.1016/s0006-8993(00)02475-6
https://doi.org/10.1016/j.physleta.2004.02.019
https://doi.org/10.1038/383770a0
https://doi.org/10.1523/JNEUROSCI.4519-15.2016
https://doi.org/10.1038/365337a0
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1103/PhysRevLett.84.2310
https://doi.org/10.1016/j.physrep.2003.10.015
https://doi.org/10.3389/fneur.2017.00578
https://doi.org/10.1001/archinternmed.2009.66
https://doi.org/10.1001/archinternmed.2009.66
https://doi.org/10.1177/0194599814526557
https://doi.org/10.1371/journal.pone.0061862
https://doi.org/10.1038/s41598-019-50803-y
https://doi.org/10.1186/s12883-021-02417-z
https://doi.org/10.1186/s12883-021-02417-z
https://doi.org/10.1113/JP281183


Lacquaniti et al. 10.3389/fneur.2023.1159242

Frontiers in Neurology 19 frontiersin.org

 177. Wuehr M, Nusser E, Decker J, Krafczyk S, Straube A, Brandt T, et al. Noisy vestibular 
stimulation improves dynamic walking stability in bilateral vestibulopathy. Neurology. 
(2016) 86:2196–202. doi: 10.1212/WNL.0000000000002748

 178. Eder J, Kellerer S, Amberger T, Keywan A, Dlugaiczyk J, Wuehr M, et al. Combining 
vestibular rehabilitation with noisy galvanic vestibular stimulation for treatment of bilateral 
vestibulopathy. J Neurol. (2022) 269:5731–7. doi: 10.1007/s00415-022-11033-x

 179. Golz A, Westerman ST, Westerman LM, Goldenberg D, Netzer A, Wiedmyer T, et al. 
The effects of noise on the vestibular system. Am J Otolaryngol. (2001) 22:190–6. doi: 
10.1053/ajot.2001.23428

 180. Stewart CE, Holt AG, Altschuler RA, Cacace AT, Hall CD, Murnane OD, et al. 
Effects of noise exposure on the vestibular system: a systematic review. Front Neurol. (2020) 
11:593919. doi: 10.3389/fneur.2020.593919

 181. Wang Y-P, Young Y-H. Vestibular-evoked myogenic potentials in chronic noise-
induced hearing loss. Otolaryng Head Neck Surg. (2007) 137:607–11. doi: 10.1016/j.
otohns.2007.05.005

 182. Yilmaz N, Ila K. Effect of vibration on the vestibular system in noisy and noise-free 
environments in heavy industry. Acta Otolaryngol. (2019) 139:1014–8. doi: 
10.1080/00016489.2019.1666213

https://doi.org/10.3389/fneur.2023.1159242
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1212/WNL.0000000000002748
https://doi.org/10.1007/s00415-022-11033-x
https://doi.org/10.1053/ajot.2001.23428
https://doi.org/10.3389/fneur.2020.593919
https://doi.org/10.1016/j.otohns.2007.05.005
https://doi.org/10.1016/j.otohns.2007.05.005
https://doi.org/10.1080/00016489.2019.1666213

	Noise and vestibular perception of passive self-motion
	1. Introduction
	1.1. Definition of noise
	1.1.1. Intrinsic noise
	1.1.2. Extrinsic noise
	1.2. Noise or signal?
	1.3. Noise: A hindrance or a benefit?

	2. Self-motion perception and noise
	2.1. Vestibular thresholds
	2.2. Multisensory contributions
	2.3. Vestibular pathways

	3. Noise at hair-cell transduction
	4. Noise at vestibular afferents
	4.1. Variability of discharge rates
	4.2. Coding properties
	4.3. Neurometric curves

	5. Central processing in vestibular nuclei and ascending pathways
	5.1. Vestibular nuclei
	5.2. Thalamus
	5.3. MSTd

	6. Vestibular motion thresholds in humans
	6.1. Perceptual precision
	6.2. Relation with motion direction
	6.3. Dependency on stimulus amplitude
	6.4. Dependency on stimulus frequency
	6.5. Response variability
	6.6. Conditioning and learning
	6.7. Age dependency
	6.8. Relation with VOR and posture

	7. Perceptual effects of externally applied noisy stimuli
	7.1. Head oscillations under natural conditions
	7.2. Perceptual responses to mechanical perturbations
	7.3. Perceptual responses to GVS
	7.4. Neural substrates of GVS responses

	8. Stochastic resonance and related phenomena
	8.1. Classical stochastic resonance for periodic stimuli
	8.2. Stochastic resonance in neurons
	8.3. Perceptual effects of stochastic resonance
	8.4. Stochastic facilitation

	9. Some clinical considerations
	9.1. Aging
	9.1.1. Effects on postural stability
	9.2. Vestibulopathies
	9.3. Future promises from vestibular stimulation
	9.4. Strong acoustic noise and vibrations

	10. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

