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Graphical Abstract
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Auditory evoked eye responses have been studied much less than eye responses
evoked by visual input. We review the evidence on how different sounds drive different
eye responses and which cortical and subcortical brain areas are involved. Overall,
auditory evoked eye responses differ markedly from those visually evoked. The
auditory system interacts in an intricate way with the oculomotor system, but the

underlying computational and neural mechanisms are still unclear.

Abstract

Eye movements have been extensively studied with respect to visual stimulation.
However, we live in a multisensory world, and how the eyes are driven by other senses
has been explored much less. Here, we review the evidence on how audition can
trigger and drive different eye responses and which cortical and subcortical neural
correlates are involved. We provide an overview on how different types of sounds,
from simple tones and noise bursts to spatially localized sounds and complex linguistic
stimuli, influence saccades, microsaccades, smooth pursuit, pupil dilation and eye
blinks. The reviewed evidence reveals how the auditory system interacts with the

ocular-motor system, both behaviorally and neurally, and how this differs from visually
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driven eye responses. Some evidence points to multisensory interaction, and potential
multisensory integration, but the underlying computational and neural mechanisms are
still unclear. While there are marked differences in how the eyes respond to auditory
compared to visual stimuli, many aspects of auditory-evoked eye responses remain

underexplored, and we summarize the key open questions for future research.
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frontal eye fields.



Introduction

The study of eye movements has a long tradition in vision science, and the majority of
research has focused on eye responses to different features in the visual world. The
characteristics of different eye responses such as saccades, microsaccades, smooth
pursuit, pupil size or eye blinks, as well as their neural mechanisms, have been studied
in depth, both in animals and humans, with respect to visual stimulation, e.g. with
suddenly appearing or moving visual objects, attentionally or emotionally salient visual
features, text for reading etc. (for reviews, see e.g., Refs 1-7). However, how the eyes
respond to non-visual stimulation has been studied much less. We live in a
multisensory environment and given that our brain constantly receives information
from multiple senses, our eyes as well as the underlying neural circuits are very likely
to be influenced by information from other senses. Here, we focus on audition, and
review the empirical evidence on how different types of sounds can elicit different types
of eye responses. We provide an overview on how saccades, microsaccades, smooth
pursuit, pupil size and eye blinks respond to auditory stimulation in comparison to
visual stimulation. We discuss how different sound features, from simple tones or noise
bursts, spatially localized sounds to complex linguistic stimuli, influence different eye
responses. We first review how auditory stimulation drives saccadic behavior, for
example, how it modulates accuracy and latency of saccades in darkness, how it
affects visual saccades, and how it can facilitate and inhibit both saccades and
microsaccades. We then discuss the effects of different sound and speech stimuli on
smooth pursuit, pupil responses and eye blinks. Eye responses to audiovisual stimuli
are covered, too, and their potential as to how much they could indicate multisensory
interaction or even integration. In addition, we review the evidence of the neural
correlates, both cortical and subcortical, and as such the neural mechanisms, that
could mediate the influence of audition on eye responses. Thus, we provide an
overview on how the auditory system interacts with the oculomotor system to sketch

potential explanations of how sounds can drive the eyes.

1. Auditory-evoked saccades



1.1 The mechanisms of sound localization
Saccades are spatially oriented eye movements, therefore we briefly explain first how
the brain localizes sounds in space. Sound localization partly determines how
saccades are directed towards spatial auditory targets. The brain infers sound location
from spatial acoustic cues that arise from the physical interactions of sounds with the
head and external ears. Acoustic cues on which the brain relies for source localization
(Fig. 2A left) are different for the horizontal plane (sound azimuth) and the vertical
plane (sound elevation). Front/back localization is similar to vertical localization, and
depth/distance of sounds is derived from intensity/volume differences. Sound azimuth
is determined by comparing the differences between acoustic signals arriving at each
ear (binaural differences). Depending on sound spectrum, the determinant cue is
either interaural time difference at low frequencies, or interaural intensity difference at
high frequencies. This is known as the Duplex Theory of sound localization.8 Sound
elevation, on the other hand, is derived from spectral-shape cues, also referred to as
“‘monaural spectral cues”, because acoustic changes on the vertical plane carry no
binaural difference. These cues arise from the location-dependent filtering of the
sound source’s spectrum (Fig. 2A right) by the pinna geometry of each ear.® 0 Initially,
independent neural pathways in the brainstem process the different cues of sound
azimuth and elevation (for review, see Refs 11, 12). The midbrain inferior colliculus
(IC) is a major convergence center for these pathways and in Section 5.1 we review
its role in encoding two-dimensional (2D) sound location. Due to this early separation
of sound signals in the horizontal and vertical dimension, auditory localization is initially
confined to a head-centered frame of reference. A saccadic eye movement, however,
is executed based on an eye-centered organization of the oculomotor system. We will
discuss the transition of reference frames between auditory and oculomotor systems

in more detail below.

Both vision and hearing provide spatial information, but hearing also provides
information about events outside the field of view.'® Saccade studies, however, mostly
employed a fixed head position, thereby limiting the spatial range of saccadic orienting
responses to the field of view. One study displayed sounds in the rear space and found

that eye positions biased behavioral sound localization,* but otherwise, very little is



known about how the eyes respond to sounds in rear space.

1.2. Paradigms used to study auditory-evoked saccades
Saccades are rapid shifts in the direction of gaze that guide the fovea to information
of interest in the environment. There are many types of saccadic eye movements (Fig.
1). Exogenously driven sensorimotor saccades, often termed prosaccades, are
reflexive saccades to unexpected appearances of novel stimuli. In contrast,
endogenously driven volitional saccades encompass saccades directed opposite to
the location of a target, known as antisaccades, and saccades directed towards the
remembered location of a target, referred to as memory-guided saccades. Compared
to visual saccades, research on auditory saccades has largely been limited to
stimulus-driven prosaccades. Note that while the term ‘reflexive’ is commonly used for
prosaccades, auditory saccades may rarely be truly ‘reflexive’ in nature. For example,
if a sound is poorly localized, saccade initiation may partly rely on volitional control
processes in search for the sound rather than being purely stimulus-driven and
‘reflexive’ (see Ref 15 for a related discussion of somatosensory saccades and a
broader conceptualisation of saccades). The distinction is particularly necessary when
considering saccadic latency. For example, response latency is longer for saccades
relying on internal endogenous processes to specify saccadic direction and
amplitude.'® Thus, interpretations of auditory prosaccade findings should consider

possible influences from internal factors.

A number of paradigms developed to test visually guided saccades have also been
used for studying auditory guided saccades. These paradigms (Fig. 1) modulate the
time delay between the initial fixation target and the target to which the saccade is

directed to.
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Fig. 1. Schema of stimulus paradigms used for testing saccadic behavior. Example
timescales are shown at the bottom. A. Step or no-gap paradigm, the most common
one, in which the fixation target is turned off at the same time as the saccade target is
turned on. B. Gap paradigm, in which the fixation target is switched off (typically 200
ms) before the saccade target is switched on. C. Blink paradigm, in which the fixation
target is turned off very briefly and then back on before the saccade target appears.
D. Overlap paradigm, in which the fixation remains after target appearance. E.
Antisaccade task, in which the participant is required to look in the opposite direction

to where the target appears.

In the following, we will discuss the main characteristics of auditory-evoked saccades,
such as their accuracy and latency, under these various paradigms in healthy
participants, and how they differ from visually evoked saccades (see Table 1 for an

overview of the key studies on auditory saccades).

1.3 Auditory saccade accuracy
Auditory-evoked prosaccades are slightly less accurate than visually evoked saccades
when executed in darkness on the horizontal plane'”'® and in darkness in 2D
space.?%21 This is consistent with the notion that the neural representation of acoustic
space is less elaborated and less precise than the representation of visual space. For

example, optimal vernier acuity of visual discrimination, i.e., the finest threshold of



visually distinguishing two spatially separated lines, is much smaller (0.0008 degree)??
than the minimum audible angle (MAA) of sound localization, i.e., the smallest angular
separation at which two sounds are perceived as coming from different locations
(about 1 degree).?® The further away targets are to the eyes (that is, saccade
amplitude is big), the faster auditory saccades on the horizontal plane are initiated, but
the less accurate they are compared to visual saccades.?* There is also an asymmetry
with respect to cardinal direction: saccades towards auditory targets on the vertical
plane are less accurate than those on the horizontal plane (Table 1 and Fig. 3A, Refs
20, 21). Another phenomenon about auditory saccade accuracy is the occurrence of
multiple saccades, i.e., when a primary saccade is followed by corrective secondary
saccades. While the response to visual targets is mostly a single and highly accurate
saccade, the response to an auditory target usually requires multiple saccades,?°25
with their likelihood of occurrence increasing with target eccentricity,?° probably due to
poorer sound localization accuracy. Only a few studies investigated acoustically cued
antisaccades, showing reduced accuracy for auditory than for visual antisaccades.?®
Note that antisaccades are typically initiated to a blank location opposite the target, as
such accuracy is poorer in both modalities due to uncertainty of the exact target

location.

Despite controlled task requirements and stimulus setups, it is difficult to make direct
comparisons between auditory and visual saccades. Saccade generation is
determined by the combined representation of a target’s bottom-up saliency and its
top-down behavioral relevance to the observer.?” These representations likely differ
between modalities and few studies have directly compared auditory and visual
saccades under the same stimulus conditions (Ref 28; also see Sections 1.7 and 1.8

on how stimulus relevance modulates auditory saccades).

1.4. Auditory saccade latency and eccentricity effect
Due to differences in the receptor systems, sound signals reach the cortex faster than
visual signals, along with a faster conduction time to motor cortex. Hence behaviorally,
simply detecting an auditory target is on average faster than detecting a visual

target.2%30 Despite faster sound detection, the brain is slower to initiate an auditory



saccadic response compared to a visual saccadic response to targets close to the
eyes (that is, saccades with small amplitudes), and with a lower peak velocity for a
given saccade size.'7:2021.25 This difference is explained by the processing delay
between determining the spatial position of auditory cues and transforming them into
oculomotor commands for accurate saccade initiation (see also Section 1.5 below). A
related robust finding is the eccentricity effect of auditory saccades being initiated
faster the further the target is in the periphery.17:19-21.242531Thjg eccentricity effect is
influenced by the initial eye position.'7:19-21.31.32 For example, when keeping the head
fixed at a straight-ahead position but varying initial fixation locations along the
horizontal plane, then saccades are initiated faster the further away the target sound
is from the starting fixation location.!72021.31 For visually guided saccades, the
eccentricity effect is the opposite, i.e., visually guided saccades are faster the closer
the target is to the initial eye position. The visual eccentricity effect is also modulated
by stimulus intensity, i.e., it is present only for dim light targets, but not bright ones.33

For auditory guided saccades, no modulation by sound intensity has been observed.?*

It is important to note that early studies varied target positions only in one dimension,
the horizontal plane (i.e., target azimuth). Related reports suggested that auditory
saccades are considerably slower in latency than visual saccades on the horizontal
plane.17-192534 A few other studies (Table 1, Refs 20, 21, 31) looked at auditory
saccades in the full two-dimensional space (i.e. towards targets with both a horizontal
and a vertical component) and found that auditory saccades are faster than visual
saccades for more peripheral targets in 2D space. As such, studies measuring
auditory saccades only on the horizontal dimension may have underestimated
saccade latency and peak velocity, and peripheral versus non-peripheral target
positions may be the stronger modulating factor when comparing auditory and visual
saccades. In terms of saccade accuracy, auditory saccades towards broad-band noise
are accurate in both dimensions, although saccade accuracy in elevation is slightly
lower than on the azimuth. For single frequency tones (Fig. 2D), saccades are driven
mainly by the azimuth component of tones, whereas elevation localisation of tones is

rather poor (see also Section 1.7 and Fig. 3A).



Table 1 Summary of auditory-evoked saccade studies in humans.

Saccade Study | Paradigm Fixation Auditory Stimulus Auditory Target
Range
Zahn et al., Overlap LED center Narrow band noise Horizontal: + 20 deg
1978 (Ref 17) bursts (0.75, 1.5, 3.0,
6.0 kHz)
Duration 400-600 ms
Zahn et al., Overlap LED, 15 & 5 deg | Narrow band noise burst | Horizontal: + 20 deg
1979 (Ref 18) left, center, 15 & (1.5 kHz)
5 deg right Duration 1000 ms
Zambarbieri et Step LED center Square wave (7 Hz) Horizontal: + 30 deg
al., 1982 (Ref
25)
Jay and Step LED, 24 deg left, Broad band noise burst Horizontal: + 24 deg
Sparks, 1990 center, 24 deg (0.02 - 20 kHz) Vertical: =20 deg
(Ref 20) right
Lueck et al., Step LED, 15 deg left, Sinewave (3.4 kHz) Horizontal: + 15 deg
1990 (Ref 34) center, 15 deg Duration 200 ms
right
Frens and Van Step LED center Broad band noise burst Horizontal: + 40 deg
Opstal, 1994, (0.15 — 20 kHz), tones Vertical: + 40 deg
1995 (Refs 21, (0.5,1.0,2.0,5.0, 10
31) kHz)
Default duration 500 ms
Yao and Peck, Step LED, 10 deg left, Broad band noise burst Horizontal: + 30 deg
1997 (Ref 19) center, 10 deg (0.2 -20 kHz)
right
Shafiq et al., Step, 500-Hz tone Broad band noise Horizontal: + 15 deg
1998 (Ref 44) Gap, Duration 1200 ms
Blink,
Overlap
Taylor et al., Step, LED center Tone Horizontal: + 10 deg
1999 (Ref 45) Gap, Broad band noise | Duration max. 1200 ms
Overlap center
Gabriel et al., Step LED center Broad band noise burst Horizontal: + 36 deg

2010 (Ref 24)

(0.1 - 1.2 kHz), narrow
band noises (0.25, 0.7,
1.5,5.0,9.0 kHz)
Duration 500 ms
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Fig. 2. Human auditory space and ocular responses to sounds in darkness. A.
Auditory localization in space is organized in three dimensions: azimuth (horizontal,
blue), elevation (vertical, orange), and distance (depth, gray). Human binocular range
is around 120 degrees on the horizontal plane (Azimuth, L, left; R, right) and around
100 degrees on the vertical plane (Elevation). With fixed head position, saccades to
sounds are restricted in this range. Sound azimuth causes interaural time differences,
and elevated sound provides spectral cues. Right panel shows examples of head-
related transfer functions. The same sound is presented to the observer at three
elevations: at level to the ears, above, and below the ears. Note how the head/pinnae
geometry shapes the perceived sound spectrum, that is, it affects the intensities of
component frequencies of the sound, as detected by the eardrum. B. Auditory
saccades from different starting fixations. Dots are fixation points, spaced by auditory
targets (illustrated as sound waves). Two examples are shown: a leftward saccade
from a central fixation point (purple) and a rightward saccade from an eccentric fixation
point (blue). C. Ocular tracking of moving sounds. A sound source (in darkness) moves
from left to the right. Auditory target pursuit is contaminated by saccades, here
indicated by dotted arrows, as opposed to smooth pursuit of visual targets. D.

Examples of sounds used to elicit ocular response. Top rows are broad-band noise



and a single-frequency tone, both typical in saccade studies (Table 1). Bottom rows
show pitch and spectrum of a structured, regular tone from Zhao et al.®° Figure
produced with Praat (Version 6.2.14).164

1.5. What underlies the auditory eccentricity effect?
What leads to the eccentricity effect of auditory saccades and the modulation thereof?
First, it was argued that sound localization ability decreases for central targets
because when the source of a sound is placed near the midline of the subject’s head,
both phase and amplitude differences at the level of the subject’s ears are very small.
Hence it is more difficult to estimate the absolute target location?® and it takes more
time to determine where to look when the sound is straight ahead. This is intuitive for
when direction of the head and eyes are aligned and probably could explain the
eccentricity effect in auditory saccades. Yet, it was shown that saccade latency
depends on the relative position of the sound with respect to the eyes rather than the
head. The pattern here is that the closer a sound is to the starting fixation point when
head and eyes are not aligned, the longer it takes to direct the saccade (see Fig. 3C
for illustration). Note the opposite is found for visual saccades which are faster the
closer the target is to the initial fixation point.'7-18.20.25 As mentioned earlier, compared
to visual targets, sounds are detected much faster, but this advantage is lost during
auditory saccades, especially for sounds close to the eyes. This longer latency is
thought to reflect a higher degree of uncertainty of determining the auditory target
location, resulting in additional time being required to generate a saccade towards

sounds.

To untangle this phenomenon, the neural processing underlying auditory saccade
generation and execution (Fig. 4) should be considered. Unlike visual signals, which
are predominantly represented in the brain with an eye-centered, retinotopic reference
frame, auditory signals (although originally head-centered) arrive in the brain with
hybrid coordinates, intermediate between head- and eye-centered coordinates. This
has been demonstrated in primates for neurons in the core auditory cortices,® parietal
cortex,3 superior colliculus (SC),37-3% and inferior colliculus (IC).4° It shows that

auditory neuronal representations are substantially modulated by concurrent eye



position relative to the head/ears and this modulation of reference frame occurs as
early as in the IC along the auditory pathway (Section 5.1). It has also been suggested
that the auditory reference frame in the SC changes between sound detection and
saccade execution,® such that in the sensory period, the auditory reference frame is
encoded as hybrid, and in the motor period, auditory saccades have an eye-centered
encoding. Moreover, with the change in the angle of gaze, the auditory receptive field
of SC neurons shifts correspondingly so that it maintains a constant spatial relationship
to the eyes, hence minimizing the misalignment to the visual reference frame.3%41
Such shift likely allows for accurate saccades to auditory targets regardless of initial
eye positions.'842 Qverall, signals passing the acoustic-auditory system are heavily
influenced by the position of the eyes and there is a mixed interplay of reference
frames used by the brain to generate accurate oculomotor commands. The fact that
physical change in the visual axis can reorient a neuron’s auditory receptive field (so
that it now samples information from a different area of space) may also explain the

dependence of the auditory eccentricity effect on eye position.

These effects of eye position on auditory saccades have been studied only on the
horizontal plane, but whether the same effects can be found for the vertical plane is

still unclear.
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Fig. 3. Example measurements of auditory saccades in response to sound. A. End-
point azimuth (top) and elevation (bottom) of primary saccade are shown as a function
of target azimuth (horizontal plane) and elevation (vertical plane). Left column shows
visual saccades, center column saccades to 500 ms broad-band noise, right column
saccades to a 500-Hz tone. Saccades to broad-band noise are less accurate on the
vertical plane and the eyes fail to respond to the elevation component of a single
frequency tone. Figure from Frens and Van Opstal.?! Springer Nature. B. Ocular
tracking of different moving targets. Top row shows eye position over a 10 s span.
Ocular tracking of sound (blue) is not continuous as the typical smooth pursuit of visual
targets (red). Bottom row shows relative changes of eye position when saccades are
removed. Figure from Boucher et al.”> Elsevier. C. Mean latency of auditory saccades
as a function of target sound position in the step and gap paradigms, with three
different starting fixations. Note that the eccentricity effect depends on initial eye

position. Figure from Zambarbieri3? Elsevier.

1.6. Gap effect and express saccades
Another classic setting to test saccades is the gap paradigm (Fig. 1). The associated
gap effect occurs when a visual fixation point is extinguished shortly (typically 200 ms)
before the appearance of a peripheral visual target. Then a subsequent visual saccade

to that target is initiated faster compared to when there is no temporal gap between



fixation point offset and target onset (step paradigm) and when the fixation stays on
after target onset (overlap paradigm).*® With auditory stimuli, there are mixed findings
for the reduction of saccadic latency (when comparing step and gap paradigms). One
study found a smaller gap effect for auditory than for visual targets, that is, the gap
effect is less strong for auditory targets,** whereas Taylor et al.*> found a larger gap
effect in the auditory modality. A second phenomenon under visual gap conditions,
although less reliable, is the occurrence of express saccades, which are reflex-like
saccades of extremely short latency (80-120 ms),*¢ usually followed by saccades of
normal latency approximately 50 ms later. Express saccades for auditory targets have

not been observed so far.

For visual saccades, it has often been suggested that the gap effect and express
saccades are due to disengagement of covert visual spatial attention following fixation
offset.4” Engaged attention, for instance during fixation, acts as an inhibitor of the
saccade system, while disengaged attention (e.g., when the fixation point disappears)
permits saccade preparatory processes which facilitate saccade responses. That is,
when there is a transient gap during fixation, disengaged attention gets the saccadic
system ready for response, which reduces the time needed for saccade execution and
manifests as the gap effect and sometimes as express saccade. However, using visual
fixation and visual saccade targets, Klein et al.*® showed that attention to the visual
fixation point did not play a role in the visual gap effect, and that the governing factor
was the release of ocular fixation when the fixation point was removed. To disengage
attentional effects from fixation release in auditory saccades, Shafiq et al.** included
an auditory “blink” task*” under auditory gap conditions in which the fixation tone was
turned off 20 ms before target presentation (blink paradigm, Fig. 1). The brief turnoff
created an easily discernible click sound that served as a warning signal to disengage
attention from current auditory fixation before subsequently occurring auditory targets.
In line with Klein et al.,*® Shafig et al.** found that the acoustic warning signal did not
decrease saccade latency compared to the step, no-warning condition. Therefore, the
gap effect of auditory saccades, as the gap effect of visual saccades, cannot be
explained by attentional modulation, and may rather be a result of ocular release of

fixation. For example, there is direct evidence for a visual fixation zone in primate SC



that neurons in its rostral pole (rSC) discharge during active visual fixation and pause
during saccadic execution.*®%0 Chemical inhibition of these fixation cells leads to a
reduced ability to fixate and increases unrestrained visual express saccades (< 100
ms). Early fixation release, as in the gap paradigm, may remove the gating process of
the fixation system, thereby facilitating saccade initiation (i.e., leading to shorter
saccadic latency). These visual fixation neurons may not be purely unimodal, as there
is clear reduction of saccadic latency in the auditory gap paradigm after fixation tone
release.** However, direct evidence of these mechanisms for auditory saccades is still

lacking.

Overall, saccades to auditory targets are more variable and less accurate than
saccades to visual targets at the same eccentricities. However, all the so far mentioned
studies on auditory saccades were done in darkness. Thus, humans are able to direct
their gaze towards sound targets in complete darkness with correct, if not precise, eye
movements. This implies that the positional information derived by the auditory system
is transformed into valid oculomotor commands. From this point of view, differences in
saccadic latency and endpoint variability are likely due to the time and error costs

during coordinates transformation between the auditory and the visuomotor system.

1.7. Sound features modulating auditory saccades

Typically, the sounds used in the above mentioned studies included broad-band noise
burst,'%-2" narrow-band noise burst,'”1824 Jow frequency pulses,?® single frequency
tones?! and sine wave tones.3* Notably, the sounds varied not only in their frequency,
but also in duration (Table 1). These acoustic features were later found to be important
determinants for the accompanying saccades, particularly on the vertical plane. For
example, Frens and Van Opstal?’ used a set of tone stimuli with various single
frequencies and showed that, compared to broad-band noise, participants’ saccades
failed to respond to the elevation component of tones, i.e., saccade elevation was
independent of the tones’ vertical location (Fig. 3A). Thus, sufficient spectral cues
(present in broad-band noise but absent in single frequency tones) are necessary for

accurate sound elevation localization and for accurate vertical saccade initiation. A



similar effect was found for the duration of broad-band noise bursts, that is, noise-
evoked saccade elevation accuracy decreases as noise duration decreases as the
brain is unable to extract spectral cues from short presentations of noise.?" On the
horizontal plane, Gabriel et al.?* found that saccades were initiated more quickly to
narrow-band noise bursts centered at midrange frequencies than at very low and very
high frequencies. Interestingly, the observed mid-range frequency preference is in line
with an acoustic fovea,®' with the highest auditory acuity occurring for frequencies
falling within the range of human speech. Thus, the human auditory saccade system
seems to be more sensitive to speech-like sound frequencies. All in all, this evidence
shows that sound by itself is not sufficient to evoke an accurate saccade in the
horizontal or vertical dimension, the ease with which sound location is extracted from

different sound features also modulates auditory saccades.

A lot of research on auditory saccades used simple auditory stimuli such as noise and
sine wave tones, with limited variations in saliency except for sound intensity and
frequency. These sounds are often very short in duration and contain no meaning due
to the nature of the tasks and the fact that e.g., auditory saccades are mostly driven
by abrupt, short sounds. Nevertheless, these studies are important as they reveal how
oculomotor dynamics are driven by sounds at the very fundamental level. In the natural
environment, however, oculomotor behavior usually operates in an acoustically rich
context. Recently, more studies have used more complex sounds with linguistic
content, and, for example, language comprehension has been shown to modulate the
general orienting response (as well as modulating pupil dilation and eye blinks, see
Sections 3 and 4 below). For example, Huette et al.5?2 manipulated the grammatical
aspect of speech and compared eye movements to sentences in simple past tense
(e.g., “walked”), which emphasizes the end-state of action, versus past progressive
tense (e.g., “was walking”) that emphasizes the ongoing nature of actions. Fixations
were shorter and saccades more dispersed for the progressive condition, potentially
reflecting the representation of more dynamic events. This shows that high-level

cognition such as linguistic and grammatical interpretation can guide eye orienting



behavior.

1.8. Inhibition and facilitation of visual saccades by sounds
In natural behavior, gaze orienting to objects of interest is often affected by other
competing stimuli in close spatial or temporal distance to the target that are either
relevant or irrelevant (distractor), in the same (unimodal) or different modality
(crossmodal) to the target. Presentation of sounds affects visual saccadic responses
in different ways. For example, during exploration of a visual scene, irrelevant tones
prolong fixations and inhibit visual saccades (distractor effect).535* Moreover,
saccades and blinks are more strongly inhibited prior to predictable and probabilistic
sounds compared to unpredictable sounds,® indicating that eye movement freezing
could be a biomarker of auditory temporal expectations. On the other hand, facilitation
of saccades due to sounds is also observed when a visual target and an acoustic non-
target (i.e., distractor) are presented synchronously.6:57 In this case, facilitation occurs
such that the saccadic reaction to multimodal targets is faster than any of the
responses to unimodal stimuli. This speed-up in reaction time is often referred to as
redundant target effect. For example, Diederich and Colonius®’ found that saccadic
reaction time to a visual target was reduced in the presence of an auditory non-target,
and the effects were greatly enlarged when two non-targets (auditory & tactile) were

simultaneously presented.

Originally, the redundant/facilitated saccadic response with multimodal stimulation has
been explained with a race model such that the measured reaction time is the winning
racer’s time of parallel sensory processes (racers) triggered by multimodal signals
(e.g., visual & auditory). In particular, the idea postulates context independence, that
is, individual racers proceed at the same speed in the unimodal and multimodal
conditions, and the winner’s advantage is purely statistical.®® However, Raab’s
context-independent race model cannot explain that behavioral responses to a
multimodal target stimulus are often found to be faster than the responses to a
unimodal stimulus.%® An alternative account, therefore, is that the redundant target
effect of saccades is likely due to coactivation, that is, the redundant response is

influenced by both racers.>” Some coactivation models also assume ‘“integrated



processing of the combined stimuli”,?° i.e., sensory convergence. Taken together,
irrelevant sounds can both inhibit and facilitate saccades to visual targets, and in the
case of facilitation, the underlying multisensory interaction mechanisms are still
debated.

1.9. Inhibition of microsaccades by sounds
Microsaccades, or fixational saccades, are rapid, miniature saccades occurring
involuntarily during attempted fixation, with a frequency of 1-2 per second.®' There
was a debate whether microsaccades had any specific functional role for visual
perception, until Engbert and Kliegl®? demonstrated that microsaccades are optimized
motor acts with rich spatio-temporal dynamics to enhance visual perception during
fixation. Similar to saccadic inhibition induced by sounds, microsaccades are strongly
inhibited after sound presentation,%3.64 with their direction being biased towards the
location of auditory stimuli (orientation effect).%® Further, microsaccadic inhibition (MSI)
is typically followed by a rebound of enhanced microsaccade rates.?3-%5 Furthermore,
attended deviant tones in an auditory sequence induce prolonged MSI,%6-68 regardless
of stimulus-specific properties like pitch.6® Moreover, when passively attended deviant
tones are frequent and predictable, MSI occurred faster as a function of the pitch
difference between the deviants and the standard tones.®° Using more natural sounds
(e.g., car alarm, sneeze, camera shutter, kiss, etc.), Zhao et al.”® found that MSI was
systematically modulated by auditory salience (as rated subjectively) such that more
salient sounds evoked earlier and larger MSI. Therefore, MSI may index an orienting
mechanism that is sensitive to not just the onset, but also the perceived salience of
sounds.5%70 Compared to visual- or auditory-alone conditions, stronger MSI was
observed in audiovisual conditions when participants made saccades to audiovisual
targets, possibly reflecting multisensory integration affecting ocular control.”! These
multimodal effects on MSI point to a potentially important role of the superior colliculus
in both multisensory integration*' and microsaccade generation (Ref 64; for review,

see Ref 3; see also Section 5 on neural correlates).

2. Smooth pursuit



Aside from saccades, another important ocular orienting response is smooth pursuit
eye movements (SPEMs). Smooth pursuit eye movements cannot be performed at
will but require the percept of a moving visual stimulus.”? Smooth pursuit allows the
observer to follow moving visual objects and maintain retinal stability of images on the
fovea. Compared to the rapid, abrupt nature of saccadic response, smooth pursuit of
a moving target is slow and continuous. Whereas the saccadic system operates on
position signals, sustained smooth pursuit eye movements require velocity signals

from the target to track the relative retinal motion.

Unlike the release of saccade, which is under voluntary control, smooth pursuit
depends heavily on a visible moving target. Motion detectors in the visual system
provide the inputs to engage the smooth pursuit control system. However, aside from
visual motion, kinesthetic and cutaneous motion also provides signals sufficient to
trigger smooth pursuit,”® although in these cases, smooth pursuit is contaminated with
saccades.” Here, the motion information is likely provided by proprioceptive and
somatosensory afferents. Moving auditory targets, to the contrary, are unable to
generate smooth pursuit responses. Boucher et al.”® and Berryhill et al.”® compared
smooth pursuit responses for moving auditory and visual stimuli, and found that
sounds cannot trigger smooth pursuit, and that the tracking of continuous auditory
motion is indistinguishable from when participants perform pursuit to imagined motion
in darkness, both in the horizontal, vertical and depth planes. While ocular tracking of
visual motion is smooth and continuous, ocular tracking of auditory motion is primarily

carried out by a sequence of saccades (Fig. 3B).7

Although sounds cannot trigger smooth pursuit, they still affect pursuit of visual targets.
For example, sounds can help maintain high pursuit velocities when a moving visual
target disappears. Madelain and Krauzlis’” used a static tone as a positive reinforcer
contingent on smooth eye movements. They found that feedback from sounds helped
participants to maintain high pursuit velocities even after the disappearance of the
visual target. This indicates that the motor output of the pursuit system can be

influenced by learned contingencies from auditory signals.



In general, smooth pursuit cannot reach large velocities in a short period of time and
cannot track very fast targets (see Ref 2, for a review). For visual targets with a
predictable motion trajectory, the oculomotor system uses prediction to anticipate the
future target path for smooth pursuit. However, this mechanism cannot manage
unpredictable or very fast-moving targets. Consequently, pursuit and saccades are
combined for tracking of unpredictable targets to avoid large position error and the eye
lagging behind the target. In this situation, a saccade that helps realigning the eye
when smooth pursuit falls behind is called a catch-up saccade. In contrast with
saccades to stationary targets accounting only for positional error, catch-up saccades
necessitate the retinal velocity error (motion of the eye relative to the target) to make

a predictive, and accurate “jump”.”®

Based on the auditory distractor effect in visual saccades (see Section 1.8), Kerzel et
al.”® investigated how catch-up saccades were affected by abrupt acoustic onsets.
They showed that a loud irrelevant click sound was able to inhibit catch-up saccades
but only weakly inhibited pursuit, indicating a privileged access of acoustic input to the
saccadic system. Thus, inhibition of saccadic eye movements may dissociate from
inhibition of smooth pursuit. While the effect of a click (i.e., auditory distractor) on
smooth pursuit was much smaller than the effect of a flash (i.e., visual distractor),
catch-up saccades were inhibited to the same degree by clicks and flashes. The
inhibition of catch-up saccades is consistent with the acoustic distractor effect on
saccades during visual exploration.5354 And the (relative) resistance of smooth pursuit
gain to acoustic distraction shows that visual signals are the main input to the pursuit

system.

3. Pupillometry

So far, we have covered two important aspects of gaze orienting behavior, namely
saccades and smooth pursuit. However, gaze orienting is accompanied by a
coordinated interplay of multiple eye responses, including non-spatial pupil responses
that change the pupil size to admit more or less light into the eyes. Pupil response is

in part reflexive to visual input, for example, it responds to changes in brightness and



focal distance, allowing sufficient light to arrive at the retina. In addition, pupil changes
are often driven by cognitive processes and considered as an integral part of
orienting®® and a key indicator for arousal.>®!' These cognitively driven pupillary
modulations are also seen in pupil responses to sounds, but to what extent pupil

responses are driven by arousal, cognitive processes or both, is still unclear.

In monkeys and humans, acoustic stimuli evoke transient pupillary dilation, and
dilation responses are modulated by sound intensity,8283 and subjective salience of
the sound.® The pupil also dilates more to deviant than standard tones.®® Saccades
and pupil responses often act together and correlate during orienting behavior. For
instance, faster saccadic responses to targets are accompanied by larger pupil
dilations, and this effect is present across sensory modality of the saccade target
(visual, auditory, audiovisual).” Note while saccades are often fast (< 250 ms), pupil
responses are slow signals peaking around 1 s after stimulus onset. The relationship
between saccadic latency and magnitude of pupil dilation may be mediated by an
interplay of arousal, attention and cognitive factors. Faster saccadic responses are
associated with a state of increased arousal and attention which in turn are reflected
in larger pupil dilations. Compared to visual stimuli, auditory stimuli elicit faster
transient pupil dilations, although not as fast as dilations to bimodal audiovisual
stimuli.”? Whether pupillary responses can be a sign of multisensory integration is
much under debate. In humans, one study® suggests pupil size changes to
multisensory signals to be super-additive and thus a sign of multisensory integration
whereas another® concludes pupil size changes to be simply additive, i.e., a linear
summation of the unisensory pupil size changes. As most studies differ in stimulus
intensity (e.g., supra-threshold or near-threshold), stimulus intensity contrast (e.g.,
high visual & low auditory signal, or high visual & high auditory signal), and sound type
(e.g., noise or tones), it remains unclear to what extent pupil size changes indicate

multisensory integration.

In naturalistic sounds, one often finds regularities such as rhythms in music and
speech. Our brain is highly adapted to learn and predict such frequently reoccurring

signals such that expected signals require comparatively less computational



demands.?687 Recent studies explored how pupil diameter may reflect modulation of
sensory and cognitive processing by structured versus random auditory streams. For
example, Milne et al.®8 asked participants to listen to rapid tone-pips®® containing either
regular or randomly changing patterns, while the base rate of tones was kept the same.
They observed a smaller sustained (tonic) pupil diameter for regular than for random
auditory sequences. Another study®® found stronger transient (phasic) pupil dilations
when changes in the auditory sequence pattern violate structural regularity (Fig. 2D)
compared to when a predictable structure emerged. Interestingly, when the auditory
pattern changes were rendered behaviorally relevant through active monitoring tasks,
marked differences in the dynamics of tonic pupil activity emerged. At first, when the
task was entirely passive, there were no differences between sustained pupil
responses to random and regular parts of the sound sequence. However, when
participants monitored and detected transitions between sound patterns, there were
diverging tonic pupil dilations to the random and regular sound structures themselves
(as in Ref 88), even in the absence of a transition. Together, these studies showed
that inherent regularity and statistics embedded in sound sequences evoke distinct

pupil responses, and that these responses are task modulated.

Pupillometry has also been increasingly used as a measure for the brain’s evaluation
of meaningful sounds or linguistic stimuli. For example, changes in pupil size provide
an objective tool to assess listening effort under various acoustic challenges during
speech comprehension. When listening to speech, a larger pupil is observed for
syntactically more complex sentences compared to simple sentences,®'°?> and
acoustically more degraded versus less degraded speech.®3-9° Further, the semantic
demands of speech also increase pupil dilation. When listening to everyday naturalistic
sentences containing homophones (ambiguous words with more than one meaning),
pupil size is larger and peaks later compared to matched sentences without
homophones.®> While there is microsaccadic inhibition (MSI) following sentence onset,
neither sentence clarity nor semantic ambiguity affects microsaccade rate, suggesting
that changes in pupil dilation are probably not related to microsaccades. This evidence

demonstrates that pupil response is modulated also by the cognitive demands of



speech comprehension.

4. Blinks

Spontaneous eye blinks are far more frequent than necessary for simply maintaining
the tear film of the eye.%:°7” Besides environmental conditions, endogenous factors
such as attention strongly affect the temporal patterns of eye blinks. When exclusively
acoustic stimuli are presented, spontaneous blinking is momentarily suppressed,?8-100
and the suppression is stronger as listening difficulty increases.® Moreover, cognitive
task requirements in either the visual or auditory modality (e.g., counting the number
of visual or auditory targets) result in an increased post-stimulus blink frequency
compared to passive viewing or listening conditions, respectively.®® This pattern
closely resembles the stereotypical inhibition-release-baseline response of
microsaccades®4, suggesting that blinks and microsaccades might rely on a common
mechanism for oculomotor inhibition that acts independently of stimulus modality.'
Recently, Huber et al.’%2 found that blink patterns were modulated by the predictability
of presented tones and the requirement for a motor response. Specifically, when a
manual reaction is required (compared to when no action is required), there was
increased blink suppression for tones with high predictability, followed by an excess of
blinking after tone offset. The rebound of eye blinks was not merely a secondary
reaction to manual response because it was observed prior to keypress, too. Another
study®® asked participants to respond or hold response (go/no-go task) according to
the information in spoken sentences. They found that blink suppression was released
significantly earlier in no-go trials (information absent, response not needed) than in
go trials. This suggests that eye blinks are not merely triggered by task sound offset,
instead, they are meaningfully paced in time for the evaluation of linguistic input.
Together, these studies showed that spontaneous blinking is modulated by anticipation

and the cognitive evaluation of sound input.

Other studies looked at how eye blinks track spoken sentences. Jin et al.'%

demonstrated that ocular muscle activity controlling eye blinks (as measured with



electro-oculography, EOG) synchronizes to high-level linguistic structures, in both
eyes open and eyes closed conditions. In particular, when participants listen to a
sequence of simple four-word sentences with open eyes, blinks and EOG responses
are synchronized to the temporal frequency of words and sentences, both with and
without visual stimulus. The same pattern was observed in the EOG when the eyes
were closed. When the word order was presented randomly, blinks and EOG
responses were uncoordinated. This demonstrates that ocular muscle activity can
track the linguistic structure of natural speech. Additionally, the temporal dynamics of
vertical EOG power displayed an inhibition-release-baseline pattern: EOG power
decreased after the speech sequence onset, was suppressed during speech
perception and sharply increased after its offset. Such dynamic change of EOG
occurred even with closed eyes. As the vertical EOG likely reflects eyelid movements,

this finding mirrors the blinking and MSI patterns in earlier studies.%8 101

5. Neural correlates

In previous sections, we have reviewed how different sounds guide ocular responses.
Here we briefly describe the neural mechanisms (Fig. 4) proposed to control the
generation of eye movements to sounds. Typically, in response to visual targets, the
main cortical ocular-motor brain areas include the frontal eye field (FEF) and the
supplementary eye field (SEF) in the frontal lobe; several associative, attentional, and
motor areas in the posterior parietal cortex (PPC), such as the parietal eye field (PEF);
and the cingulate eye field in the anterior cingulate cortex (for a comprehensive review,
see Ref 104). The most important subcortical structure involved in saccade generation
is the superior colliculus (SC). Modulation of eye movements is likely to be
implemented by the dorsolateral prefrontal cortex (DLPFC). The middle occipito-
temporal visual area (hMT+/V5) is essential for visual motion detection, and also

involved in auditory motion.105-107
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Fig. 4. Brain areas controlling saccades and pupil response. A. Simplified neural
circuitry underlying saccade generation. DLPFC, dorsal lateral prefrontal cortex; FEF,
frontal eye fields; PEF, parietal eye fields (homologue to the lateral intraparietal area,
LIP, in monkey); STG, superior temporal gyrus; visual, visual cortex; Thal, Thalamus;
LGN, lateral geniculate nucleus; SC, superior colliculus; IC, inferior colliculus; RF
reticular formation in the brainstem; Cereb, cerebellum; EOM, extraocular muscles.
Figure modified, from Martinez-Conde et al.3 Springer Nature. B. Simplified neural
pathways of auditorily or visually induced pupil response. Sympathetic and
parasympathetic innervations lead to pupillary dilation and constriction, respectively.
Dilation is controlled by the dilator pupillae (blue) in the periphery of the iris, and
constriction by the circular sphincter pupillae (orange). IC, inferior colliculus; LC, locus
coeruleus; Hypothala, hypothalamus; SGC, superior cervical ganglion; PON, pretectal
olivary nucleus; EW, Edinger-Westphal nucleus of third nerve; CG, cilliary ganglion.

Figure modified from Wang and Munoz'4” Elsevier, and Math6t® Ubiquity Press.

5.1. Neural correlates of auditory saccades
For accurate shifts of gaze, the superior colliculus is a vital brain structure because it
receives convergent inputs from almost all the cortical and subcortical structures

involved in the generation of saccades (Fig. 4A).1%® Evidence from animal



electrophysiology shows that neurons in the deep layers of the SC respond to inputs
from a range of sensory modalities, and their visual, auditory, and somatosensory
receptive fields are in close topographical alignment. Further, motor neurons in the
intermediate and deeper layers of the SC register the initiation of saccades of
particular amplitudes and to particular spatial locations.19°:110 For visual spatial signals,
the SC sensory and motor maps are closely aligned, allowing a highly accurate
visuomotor coordination for orienting,'! as seen behaviorally in the fast and accurate
visual saccadic response. Auditory space representation, however, is larger and less
determined than visual space representation (see Section 1.3). Compared to the visual
modality, the auditory space map in the deeper layers of the SC emerges
developmentally later and over a much longer period of postnatal life.!'? Interestingly,
during overt orienting behavior, when the gaze angle changes, the auditory receptive
field of SC neurons shifts correspondingly such that the alignment of the visual and
auditory maps can be maintained.*' Thus, visual input may play an instructive role in
the development''? and maintenance*! of appropriately tuned auditory-evoked eye
responses. And it could to some extent explain the behavioral characteristics of
auditory saccades in darkness, such that their low accuracy may be due to larger
receptive fields in the SC (compared to the much finer visual receptive fields), and that

the saccade eccentricity effect is modulated by initial eye fixation position.2°

A remarkable property of the SC is that its multisensory neurons demonstrate unusual
integrative properties (e.g., super-additivity) to multisensory stimuli, probably
contributing to the distinct saccadic response facilitation in the redundant target effect
(see Section 1.8, Refs 57, 60). According to Stein and Meredith*!, stimulus intensity
and the relative spatial and temporal presentation of audiovisual signals influence the
timing and size of collicular neural responses (as derived from cat SC
electrophysiological data). However, the link between collicular and behavioral/ocular
responses to multimodal signals is not straightforward, because multisensory neurons
vary in their response properties, and the response of a single multisensory neuron

can vary from sub-additive to additive and super-additive depending on the stimulus



strength.’3 Thus, inferences from animal SC evidence to human behavioral studies

should be drawn with caution.

Together with the frontal eye fields, the SC projects directly to the brainstem reticular
formation to provide the necessary input to the saccadic premotor circuit for saccade
initiation. The SC is necessary because a collicular lesion leads to a lack of orienting
reflex and a lack of responses to novel visual and auditory stimuli.'* On the other
hand, deactivation of cortical visual or auditory afferents to SC neurons does not affect
collicular responses to unimodal stimuli, although it seems to render SC unable to

integrate visual and auditory signals.5

Inferior colliculus (IC) is an important subcortical node early in the auditory pathway
for the encoding of 2D sound locations (for review, see Ref 116). Not only is it
necessary for relaying ascending and descending auditory information (for review, see
Ref 117), IC also receives inputs from non-auditory sources such as vision and
somatosensation (for review, see Ref 118). Importantly, IC has reciprocal connectivity
to SC, the main site of multisensory saccade generation.'® IC projects to SC as shown
in cats'20.121 and ferrets.22 Direct neurophysiological evidence from behaving primates
demonstrated IC being sensitive to absolute sound level, to sound-source azimuth and
elevation.’?® Given the collicular connections, it is likely that SC incorporates sound-
source inputs from IC, at least partly, for precise oculomotor control such as auditory
saccades. IC responses to sounds also seem to vary with eye positions non-linearly,*°
suggesting a hybrid reference frame (see Section 1.5) for sound localisation at the

level of IC.

For auditorily guided saccades, another important cortical ocular-motor area are the
frontal eye fields (FEF). FEF motor neurons are active preceding saccades to visual
targets as well as to auditory targets made in the dark.'?* The crucial factor for a FEF
discharge before auditorily guided saccades is the location of an auditory target

relative to the current direction of gaze.'?* Therefore, sound location cues, even



though mainly head-centered, appear to already conform to the visual coordinate
system at the FEF stage (see Section 1.5, for the discussion of reference frame at the
level of the SC). The FEF projects directly to the pons at the brainstem25126 for
saccade execution. It also sends afferents to the SC'?” such that the medial
subdivision of FEF targets those collicular neurons exhibiting visual and auditory
sensory responses.’?® Unlike a collicular lesion, a FEF lesion does not abolish
saccades, it very mildly affects most reflexive visual saccades but might delay eye
movements that involve a voluntary component (e.g., fixation disengagement, for a
review see Table 4 of Ref 129). It is thus hypothesized that FEF plays a context-
dependent modulatory role over the cortical and subcortical structures involved in
different reflexive visual saccades. It is less clear how the FEF modulates auditory
saccades, as studies thus far examined mainly the visual modality, but FEF of normally
sighted individuals is responsive to auditory stimuli in covert shifts of spatial attention
(without eye movements).'30 In primates, the rostral part of FEF has extensive
projections to the superior temporal gyrus (STG)'3" which is part of auditory cortex.
Combining intracranial recording and eye tracking, a recent study'32 in humans found
that FEF shares bidirectional functional connectivity with the STG during the saccade-
fixation cycle. Specifically, during naturalistic viewing of movie clips with and without
viewing, bottom-up influences from the STG to FEF is strongest after fixation onset
whereas top-down interactions from FEF to STG peak in later phase of fixation and
during ensuing saccades. It is possible that auditory cortex is involved in an attentional
network that enhances oculomotor responses to visual inputs,’3? or that auditory
stimulation drive FEF and eye movements directly. It remains to be investigated how
the interactions between FEF and STG are modulated purely by sounds without visual

stimulation.

Eye movements, especially reflexive orientation eye movements such as saccades,
have to be inhibited at moments when they are unwanted. Dorsolateral prefrontal
cortex (DLPFC) is thought to be specifically involved in saccadic inhibition. The DLPFC

has direct connections with the main cortical ocular motor areas (for review, see Ref



1). Under the visual antisaccade paradigm in humans, a DLPFC lesion, but not a FEF
lesion, leads to increased misdirected saccades, whereas the latency of correct
antisaccades increases after FEF lesion, but not after DLPFC lesion.'32 This suggests
that inhibition of unwanted reflexive saccades is under the specific control of the
DLPFC, as later confirmed in both primate'3* and human fMRI studies.'3®> And this
control is probably exerted directly through connections from the DLPFC to the
SC,136.137 put not via the FEF. Again, like for FEF, studies on the modulation of DLPFC
looked at visual saccades alone, and it is unclear to what extent DLPFC inhibits
auditorily guided saccades. Behavioral findings suggest that DLPFC may be involved
in the oculomotor inhibition mechanism of auditory temporal expectations, for instance
the saccadic inhibition prior to sounds with predictable structure.5®> Another source of
inhibition on saccade neurons could be the substantia nigra pars reticulata (SNpr)'38

by exerting tonic inhibition to the SC to avoid unwanted eye movements.1%8

5.2. Neural correlates of pupillary response to sounds
Pupil size is controlled by the balanced activity between the sympathetic constriction
and parasympathetic dilation pathways (Fig. 4B; for a detailed review, see Ref 5). For
many aspects of cognitive pupillary responses, the locus coeruleus-norepinephrine
system (LC-NE) is regularly involved,'® particularly when related to arousal and
mental effort.#° Locus coeruleus (LC) is the major source of noradrenergic innervation
in the brain and it mediates cognition through arousal.'#' There is strong
electrophysiological evidence for functional relationships between LC activation (i.e.,
arousal) and pupil change.'*? A human fMRI study'43 also demonstrated that pupil
diameter covaries with activations in LC. Noradrenaline release not only accompanies
pupil dilation, but its innervation from LC also affects processing in the auditory
cortex.44145 The detailed cause-effect links are difficult to establish, 46 but it is possible
that sound-specific features, such as saliency and regularity assessed in higher order

cortical networks, could lead to changes in arousal which in turn affects pupil size.”®

Another structure mediating the pupil pathways is the SC.71.83.147 Having direct and



indirect connections to the parasympathetic pupil circuit and receiving descending
cognitive signals,’46 the SC likely inhibits pupil constriction and drives the pupil dilation
that typically accompanies orienting responses, for example, to salient auditory
events.’” Characteristically, the integrative role of the SC is sometimes apparent in
pupillary responses to multisensory stimuli. For example, audiovisual stimuli evoke
larger, super-additive, pupil response magnitudes, compared to visual or auditory
alone stimuli (see Refs 82, 84; but see Ref 85, for an additive account of pupil changes
to audiovisual stimuli). Overall, projections from the SC to the pupil circuitry (Fig. 4B)

may provide sound-relevant inputs to coordinate orienting-related pupil responses.

There is now accumulating evidence of cortical modulations on pupillary changes. For
example, pupil dilation is modulated by subthreshold electrical microsimulation of the
FEF in monkeys, 48 but it is unclear whether these effects are mediated via projections
from FEF to SC or from FEF to the pretectal olivary nucleus (PON) in the sympathetic
pupil pathway. Similarly, the auditory cortex may also play a role on sound-induced
pupillary responses. Cortical processing of sound-specific features could lead to
heightened arousal which may affect pupil dilation.”® Yet the extent of pupil changes

result from cortical auditory feedback is unclear.

5.3. Neural correlates of smooth pursuit
For moving visual targets, the smooth pursuit system is subserved by a cortical
network involving the pursuit subregion of FEF'4® and the middle occipito-temporal
area MT+/V5 that responds preferentially to visual motion.'®® These regions, among a
few others (for a review, see Ref 104), project to the pontine nuclei that relays the
information to ocular motor neurons in the cerebellum. Of these, hMT+/V5'%" is seen
as the main visual motion processor that feeds the network with motion signals. In
situations where there are unpredictable, or very fast moving, visual targets, the
pursuit system collaborates with the saccadic system to avoid large position error and
the eye lagging behind the target (see Ref 2, for an overview). For the auditory modality,

human imaging studies using PET or fMRI have identified cortical areas with enhanced



activity to sounds containing simulated sound-source motion. The human planum
temporale (PT), for example, engages preferentially in the processing of moving
sounds, 2155 and its neural coding for the direction of sounds follows an axis-of-
motion organization.'®® The middle temporal visual area (hMT+/V5) also represents
auditory motion information to some extent,'%¢ with the anterior portion of hMT+/V5
showing motion selectivity for both vision and audition in sighted and blind people
(Refs 105-107; but see Ref 155, for similar results only in the blind, but not in the
sighted). Compared to visual stimuli, however, the ocular tracking of moving sounds
is not continuous and composed only of saccades and no smooth pursuit (see Section
2), suggesting that moving sounds may not be able to activate the ocular pursuit
pathway. Indeed, as noted by Middlebrooks,'® it is difficult to distinguish cortical
responses to continuous auditory motion (velocity computation) from cortical
responses to changes in sound-source location (position computation), the latter
potentially mistaken as evidence for sound motion sensitivity. Unlike visual motion
detection which is supported by direction-selective neurons in early visual cortex, 5!
processing of continuous sound motion is not as well defined on the neural level (for
review, see Ref 158). There is a lack of evidence that auditory motion velocity signals
are extracted (if at all) and fed to the smooth pursuit pathway. Rather, ocular tracking
of moving sound sources appears to be a sequence of saccades (position pathway)

that move the eyes in discrete steps along the motion path.159.160

5.4. Neural correlates of blinks
Spontaneous blinking is suppressed at the presentation of sounds and increases after
sound offset. Neural explanations for this are lacking. It is possible that eye blink
suppression shares some oculomotor inhibition mechanisms with microsaccades (the
inhibition-release-rebound response pattern).'®" In visual fixation tasks during
voluntary blink inhibition, fMRI-EOG evidence shows the involvement of bilateral
parahippocampal cortex, visual cortex, and precentral gyrus.'®! It is unclear, however,
how these areas might be involved in sound-induced involuntary blink inhibition. When

environmental sounds are occasionally played in the background during a visual



reading task,'6? the orbicularis oculi (the muscle controlling eyelid closure) shows a
short-lasting inhibition of EMG (electromyography) activity followed by a gradual
increase in EMG activity during auditory stimulation. Muscular motor activity again
confirmed the inhibition-increase pattern. However, the neural correlates for these

effects remain to be explored.

Summary
We summarize the key aspects of how sounds modulate eye responses, particularly

in comparison to visual modulation of eye responses, and the potential contribution of

the involved brain structures.

Auditory evoked saccades are less accurate than visual saccades'’-?' due to the lower
spatial resolution of auditory space compared to visual space. Detecting sounds is
initially faster than detecting visual stimuli, but saccade initiation is slower due to the
transformation of auditory spatial cues into oculomotor commands in visual space.
Auditory saccades are faster the further away they are from the initial eye position,'”:1%-
2131.32 whereas visual saccades are faster the closer they are to the initial eye position
(eccentricity effect). Some of this eccentricity effect is explained by the transformation
of auditory cues from a head-centered reference frame into an eye-centered reference
for saccade execution, likely mediated by the superior colliculus. The gap effect (faster
saccades when the fixation dot is extinguished before target appearance) is present
also for auditory saccades but there are no auditory express saccades. In both
modalities, the gap effect cannot be explained by disengagement of attention but
rather reflects ocular release of fixation.*448 Different sound features affect auditory
evoked saccades, such that vertical auditory saccades necessitate spectral cues
(present in noise but not in single tones) of sufficient duration. Horizontal auditory
saccades are initiated quickest with sound frequencies similar to human speech,?* and
saccades can even be modulated by high-level grammatical aspects of speech.5?
Sounds also affect visual saccades: irrelevant sounds can inhibit visual saccades

(distractor effect), and more so when sounds are predictable, but can also facilitate



saccades to visual targets when presented synchronously (redundant target effect).

The underlying multisensory interaction mechanisms of either effect are still debated.

Microsaccades are strongly inhibited by sounds, and this inhibition is modulated by
attention®6-68 and sound saliency.®7° Multimodal effects on microsaccade inhibition
point towards a potential involvement of the superior colliculus due to its role in both

multisensory integration and microsaccade generation.

Smooth pursuit cannot be triggered by sounds alone; the oculomotor system rather
reacts with a sequence of saccades to moving sounds. However, a static sound can
help maintain smooth pursuit when the visual target disappears,’” and catch-up
saccades during fast visual tracking are inhibited by sounds (similar to the distractor

effect).

Pupil size is modulated by sound intensity, saliency and regularity, by auditory task
demands and by the semantic and syntactic processing demands of speech. Pupil
responses to audiovisual stimuli are stronger than to unimodal stimuli,”" but whether

this indicates multisensory integration is still under debate.

Eye blinks are inhibited by sounds, similar to microsaccades, and this inhibition is
modulated by sound predictability and cognitive evaluation of sounds. Eye blinks also

synchronize to the high-level linguistic structure of spoken sentences.'%3

In terms of neural correlates, the superior colliculus (SC) is a critical structure in the
generation of auditory saccades. Auditory receptive field of SC neurons are larger than
visual receptive fields and are shifted during gaze orientation such that visual and
auditory spatial SC maps align. The SC’s multisensory neurons could contribute to
saccade facilitation during the redundant target effect, as well as to microsaccade
inhibition and pupil size changes, but the link between neural response properties
measured in animals and oculomotor behavior in humans is still unclear. Another
important midbrain nucleus is the inferior colliculus (IC). IC is implicated in coding

sound azimuth and elevation,'?3 receiving and sending inputs to and from SC. IC



neurons are modulated by eye position, suggesting a role in integrating retinal and
auditory space, and importantly, supporting SC for sound orienting. The frontal eye
fields (FEF) also play a critical role in auditory saccades,'?* and head-centered
auditory spatial cues are already aligned to eye-centered visual space at the FEF
processing stage. FEF seems to play a context-dependent modulatory role in visual
saccades, but evidence for its role in auditory saccades is still sparse. Dorsolateral
prefrontal cortex (DLPFC) is critical for saccadic inhibition and the control of

antisaccades, but its role in auditory saccades is underexplored.

Pupil responses, particularly related to arousal and mental effort, involve the locus
coeruleus-norepinephrine system (LC-NE), but its role in auditory-evoked pupil
response is again unclear. Also, the SC plays a modulatory role in pupil response to
salient auditory stimuli (along with parallel orienting eye responses), and its
multisensory integration properties may be linked to additive or super-additive pupil

responses to multisensory stimuli.

The neural correlates of auditorily induced eye blink inhibition are still unknown.

Conclusions

This review provided evidence that sounds drive and modulate eye responses and
often differently to the way visual stimuli drive eye responses. Sounds can speed up,
slow down or inhibit saccades depending on spatial location, sound features and
presence of co-occurring visual stimulation. Sounds also inhibit microsaccades and
eye blinks, and this inhibition is modulated by attentional and cognitive factors. Pupil
size is modulated by both low-level sensory features and high-level cognitive demands
of auditory stimulation. Sounds alone cannot induce smooth pursuit but can modulate
visually induced smooth pursuit. In response to audiovisual stimuli, saccades,
microsaccades and pupil response show signatures of multisensory interaction, and
potential multisensory integration, but the underlying computational and neural
mechanisms are still unclear and require further investigation. Also, the involvement
of the key neural correlates of visual eye responses in auditory-evoked eye responses

are underexplored in many aspects. We summarize the key open questions for future



research on auditory-evoked eye responses in Box 1. All in all, we can say that the
auditory system interacts with the ocular-motor system in an intricate way, from the
transformation of low spatial resolution, head-centered auditory cues to high-
resolution, eye-centered oculomotor commands to the interaction between high-level
cognitive content in speech with basic eye responses. These interactions between the
auditory and the eye response systems are complex and likely to involve an interplay
between several brain circuits, but the exact underlying neural mechanisms remain

underexplored and call for further research.

Box 1
Open questions for future research on auditory evoked eye responses:

1. How do the eyes respond to sounds in rear space?

2. What are the characteristics and neural mechanisms of antisaccade response

to sounds?

Is there an eccentricity effect of auditory saccades on the vertical plane?

How can the redundant target effect (i.e., the speeding up of visual saccades

by an irrelevant sound) be explained?

5. Do pupil responses to audiovisual stimuli indicate multisensory integration?

Does the superior colliculus mediate multisensory effects of eye responses?

7. Are the FEF and/or STG involved in planning and execution of saccades to
sounds?

8. What is the role of the DLPFC in sound induced saccadic inhibition?

9. How is the LC-NE system involved in eye responses to auditory stimuli?

10. What are the neural correlates for auditorily induced eye blink inhibition?

11.Does hearing sounds in the absence of visual stimulation modulate retinal
processing, similar to eye movements modulating the eardrums (c.f., Ref 163)?
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Figure captions

Fig. 1. Schema of stimulus paradigms used for testing saccadic behavior.
Fig. 2. Human auditory space and ocular responses to sounds in darkness.
Fig. 3. Example measurements of auditory saccades in response to sound.

Fig. 4. Brain areas controlling saccade and pupil response.
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