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Seeing sounds: visual and auditory interactions in the brain

David A Bulkin and Jennifer M Groh

Objects and events can often be detected by more than one
sensory system. Interactions between sensory systems can
offer numerous benefits for the accuracy and completeness of
the perception. Recent studies involving visual-auditory
interactions have highlighted the perceptual advantages of
combining information from these two modalities and have
suggested that predominantly unimodal brain regions play a
role in multisensory processing.
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Introduction

T'he focus of sensory research has expanded in recent years
to include serious consideration of the nature and scope of
interactions among sensory systems. In this review, we
discuss recent findings concerning visual influences on
auditory processing, at both the behavioral and the neu-
rophysiological levels. These recent studies suggest that
the perceptual benefits of integrating visual and auditory
information are extensive, and that the neural substrate for
these interactions involves recruitment of brain areas
previously thought of as predominantly unimodal.

Visual-auditory interactions

The roles of the visual and auditory systems overlap. Both
senses are concerned, at least in part, with stimuli at some
distance from the body, which distinguishes them from
the somatosensory system. Furthermore, both vision and
hearing are capable of providing reasonably fine-grained
spatial and temporal information, unlike the chemical
senses. Thus, vision and audition are often charged with
conveying information of a similar quality about the same
(or at least related) objects and events.

Because of this overlap in function, interactions between
the visual and the auditory systems can be beneficial in a

number of ways. First, each sensory system can provide
‘missing pieces’. For example, the visual system,
although generally excellent at providing spatial informa-
tion, cannot detect the locations of occluded objects,
objects located beyond the field of view, or objects in
the dark. The auditory system is capable of filling in these
lacunae. The complementary nature of visual and audi-
tory spatial information provides obvious survival bene-
fits, be it for humans engaged in the task of crossing a busy
street or animals seeking prey or avoiding predators.

Second, when the two senses both provide information
about exactly the same object or event, combining the
signals from each modality can enhance the accuracy of
the resulting percept. This type of interaction is best
illustrated using illusions in which the visual and auditory
information is actually slightly discrepant but the percept
is unified. For example, in the McGurk effect, a video of a
person’s mouth saying “ga’ is dubbed with a soundtrack
of a voice saying “‘ba”’; resulting in a percept intermediate
between the two, such as ““da’ [1]. This illusion reflects a
strategy employed by the brain of combining visual and
auditory information to provide a single percept consis-
tent with both sources of information, a strategy that,
under normal circumstances, produces greater accuracy
and/or speed of speech comprehension when the two
sources of input are matched [2°,3]. There appears to
be a critical period for developing the ability to form these
associations: deaf children with cochlear implants are
more likely to show fusion of visual and auditory syllables
if they have received their implant prior to the age of
2.5 years [4].

Persistent discrepancies between visual and auditory
information can lead to persistent changes in the way
that information from one of the two senses is perceived,
with concomitant changes in neural processing. This was
first shown by Knudsen and Knudsen [5] in the spatial
domain: juvenile barn owls reared with visual displacing
prisms gradually shift their sound localization behavior
to agree with the mismatched visual scene. Recent
work from this group has suggested that the underlying
mechanism enabling these shifts is a remapping of pro-
jections between the central nucleus of the inferior col-
liculus and the external nucleus of the inferior colliculus
[6,7]. The coexistence of multiple circuits explains the
ability of prism-reared owls to easily switch back and
forth between prism and normal conditions as adults [8].

Recent work by Recanzone and co-workers [9] has
demonstrated that both humans and monkeys experience
a similar recalibration of the auditory scene on the basis of
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Glossary

Coordinate transformation: The process of converting a signal in
one reference frame to another.

Eye-centered reference frame: A set of axes for defining the
location of an object, with the eyes as the reference point. Visual
spatial information arrives in this manner as the position of an image
on the retina depends on its position with respect to the orientation of
the eyes in space.

Head-centered reference frame: A set of axes for defining the
location of an object, with the head as the reference point. Interaural
timing and level differences provide information concerning sound
source location in a head-centered reference frame.

Interaural level difference: The difference in amplitude or level of a
sound wave across the two ears. The magnitude of an interaural level
difference depends on the location of a sound source with respect to
the head and ears.

Interaural time difference: The difference in the time of arrival of a
sound wave across the two ears. The magnitude of an interaural time
difference depends on the location of a sound source with respect to
the head and ears.

Reference frame: A set of axes used to define a spatial location.

mismatched visual information. When a visual stimulus is
presented at a location that is slightly shifted from an
accompanying sound, this induces a shift in the perceived
sound location that persists even when the sound is
subsequently presented by itself [9,10°]. This phenom-
enon is known as the ventriloquism aftereffect, and is
similar to the prism adaptation phenomenon observed in
barn owls, except that the two phenomena have thus far
been studied at quite different time scales; the ventrilo-
quism aftereffect is apparent within a given behavioral
testing session and prism adaptation lasts for weeks after
removal of the spectacles. It is possible that the two
phenomena will appear essentially the same when stu-
died in the same fashion, or there might be genuine
differences in the underlying neural mechanisms and
behavioral properties.

Whereas the visual system excels at spatial acuity, the
auditory system gives more precise temporal information
and appears to dominate perception of when events occur.
When subjects make judgments about the timing of tem-
porally mismatched visual-auditory events, the auditory
percept ‘wins’ [11-13]. It seems that the brain weights
sources of sensory information according to their assumed
reliability when producing a unified percept [14,15].

Neural computations for facilitating
visual-auditory interactions

The type of visual-auditory interactions described in the
preceding section requires a series of computations by the
brain. Arguably the most important problem the brain
must solve is to identify specifically which sights and
sounds correspond to one another. Indeed, the ventrilo-
quism and McGurk effects are examples in which this
process goes slightly awry: the visual stimulus that ‘cap-
tures’ the sound is not actually the source of the sound,
the soundtrack of the video is not actually the true sound
of the person speaking.

There are, in principle, three possible ways to ‘bind’
visual and auditory signals: first, spatially — signals from
approximately the same location in space are presumed to
arise from the same event; second, temporally — signals
with the same temporal profile are presumed to arise from
the same event; or third, through experience — signals
that have been associated with each other in the past are
presumed to arise from the same event on this occasion.
Little work has been done on the temporal or experiential
possibilities, but considerable effort has been devoted to
exploring the spatial computations that are necessary for
visual-auditory integration.

The crucial hurdle to integrating visual and auditory
signals in the spatial domain is that the two sources
initially employ different reference frames (see glossary).
Visual spatial information is derived from the site of
activation on the retina. The site of retinal activation
depends on the location of the visual object with respect
to the direction of gaze. By contrast, the locations of
sounds must be inferred by comparing sound arrival time
and level differences (see glossary) across the two ears.
These cues specify the location of the sound with respect
to the head and ears. In animals with mobile eyes, such as
humans and monkeys (but not barn owls), there is no
fixed correspondence between a location on the retina
and a given set of interaural cue values. Rather, the
relationship between visual space and auditory space is
constantly changing as the eyes move around.

A recent behavioral study provided evidence that the
brain somehow solves this reference frame discrepancy.
Metzger et al. [16] compared the accuracy of eye move-
ments to visual stimuli with those to auditory stimuli in
monkeys making saccades from different initial eye posi-
tions. The results showed that monkeys do compensate
for where the eyes are starting from when making sac-
cades to sounds, just as they do for visual stimuli. This
study suggests that by the time an oculomotor command
is generated, visual and auditory information are encoded
in a common coordinate system.

A series of physiological studies suggests that this process
of computing a coordinate transformation (see glossary)
on auditory signals has begun by a comparatively early
point in the auditory pathway: many neurons in the
primate inferior colliculus (IC) are sensitive to the posi-
tion of the eyes in the orbits [17-19]. This sensitivity is
also present in auditory cortex [20,21]. At present, it is
unknown where the eye position signals might first arise
in the auditory pathway, or in what direction they are
propagated (i.e. through ascending versus descending
connections).

What kind of coordinate transformation this neural circuit
is performing is also unclear. The effect of eye position on
auditory neurons in the IC and auditory cortex disrupts
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the head-centered-ness of the auditory spatial informa-
tion, but does not produce eye-centered receptive fields.
In fact, it is not certain that a head- to eye-centered
coordinate transformation would necessarily be advanta-
geous. It could be that a hybrid reference frame, such as
that found in the IC and auditory cortex, is well-suited for
preparing motor commands, especially if the motor com-
mand for generating a saccade occurs in a reference frame
that is best described as mixed. Indeed, the hybrid nature
of the representation of auditory information in the IC
and auditory cortex appears to be similar to that found in
the intraparietal cortex [22°%,23°°], a structure that has
been specifically linked to the control of eye movements
[24]. The auditory reference frame in all three arcas —
inferior colliculus, auditory cortex and intraparietal sulcus
— might be similar to that of the primate superior
colliculus (SC), which has auditory receptive fields that
shift when the eyes move, but only about half the distance
of the eye movement, therefore producing a hybrid
representation [25,26].

Visual influences over auditory areas

Not only does the position of the eyes affect activity in
auditory areas, but the stimulus on the retina does as well.
Evidence for visual influence over auditory processing
comes from a variety of sources, from anatomical and
physiological to neuroimaging, and at a variety of levels of
the two sensory pathways. Projections between the visual
and the auditory cortices have recently been identified in
primates [27°], and some auditory cortical neurons appear
to have visual responses [28°°]. Both event related poten-
tials (ERP) and functional magnetic resonance imaging
(fMRI) showed enhanced auditory cortical responses
when tones were paired with an attended visual stimulus
versus an unattended visual stimulus [29°°]. In deaf
individuals, auditory cortex shows fMRI activation to
moving visual stimuli [30,31°]. There is also anatomical
evidence for projections to the IC from the retina [32-34],
visual cortex [35] and the superior colliculus [36,37].
However, in anesthetized cats visual responsiveness in
the IC is rare (<10% of neurons), and occurs only among
neurons that lack auditory responses ([38] see also [39]).

Top-down control mechanisms exert considerable influ-
ence over both visual and auditory response properties in
auditory areas in barn owls. Disinhibition of the SC
unmasks visual responses in the IC that are otherwise
silent [40]. Microstimulation of the arcopallial gaze fields,
analogous to the mammalian frontal eye fields, sharpens
the tuning of auditory receptive fields in the SC [41].

Language and communication might be a particularly
important instance of visual-auditory integration, requir-
ing the recruitment of ‘historically’ auditory areas by
visual stimuli. When monkeys match vocalizations with
the appropriate facial expressions of conspecifics, local
field potentials in both core and belt areas of auditory
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cortex show enhancement or suppression compared with
responses to the auditory stimulus alone [42°°]. In
humans, the planum temporale, a region of the superior
temporal gyrus, has been implicated in both auditory- and
language- related processing. Planum temporale activa-
tion has been shown in hearing subjects during silent
visual speech perception [43—45]. This visual activation
might be specific to linguistic stimuli: hearing subjects
passively viewing single elements of sign language
(a non-linguistic stimulus to the non-signer) do not show
activation in this area [46]. However, MacSweeney ¢z a/.
[45] found responses in planum temporale in deaf and
hearing signers as well as in hearing nonsigners while they
were viewing both sign language gestures and Tic Tac (a
racecourse betting code based on gestures but lacking
phonological structure). In the MacSweeney study, par-
ticipants were instructed to attempt to interpret the
gestures. This suggests that planum temporale activation
to visual stimuli is found in normal subjects only when
they interpret the visual stimuli in a communication
context [45]. In short, planum temporale might be best
viewed not as having visual responses to just any kind of
visual stimulus but as an auditory area that incorporates
potential language-related material in general [46,47].

Conclusions

Clearly, we are just beginning to untangle the threads of
interaction between the visual and the auditory systems.
Much work needs to be done in both the perceptual and
the neural domains. At the perceptual level, additional
studies establishing the circumstances of cross modal
binding and plasticity are needed, as are novel paradigms
to investigate the nature of the information transfer
between these systems. How does the visual system help
the auditory system de-code cluttered auditory scenes, for
example? At the neural level, further investigations into
the extent and hierarchical organization of visual-audi-
tory interactions are needed. Such studies will form the
basis for a new understanding of how the visual and
auditory systems function in concert.
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