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Abstract

Understanding the conditions under which the brain integrates the different sensory streams and the mechanisms supporting this

phenomenon is now a question at the forefront of neuroscience. In this paper, we discuss the opportunities for investigating these

multisensory processes using modern imaging techniques, the nature of the information obtainable from each method and their

benefits and limitations. Despite considerable variability in terms of paradigm design and analysis, some consistent findings are

beginning to emerge. The detection of brain activity in human neuroimaging studies that resembles multisensory integration re-

sponses at the cellular level in other species, suggests similar crossmodal binding mechanisms may be operational in the human

brain. These mechanisms appear to be distributed across distinct neuronal networks that vary depending on the nature of the shared

information between different sensory cues. For example, differing extents of correspondence in time, space or content seem to

reliably bias the involvement of different integrative networks which code for these cues. A combination of data obtained from

haemodynamic and electromagnetic methods, which offer high spatial or temporal resolution respectively, are providing converging

evidence of multisensory interactions at both ‘‘early’’ and ‘‘late’’ stages of processing––suggesting a cascade of synergistic processes

operating in parallel at different levels of the cortex.
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1. Introduction

The past decade has witnessed a growing shift of

emphasis away from the study of the senses in isolation

and towards an understanding of how the human brain

coordinates the unique sensory impressions provided by

the different sensory streams. The adoption of a multi-

sensory perspective on human sensory perception has

evolved in part as a consequence of developments in

both technology and sensory neurophysiology. In the
late 1980s and 1990s, the introduction of novel brain

imaging techniques such as positron emission tomog-

raphy (PET), functional magnetic resonance imaging

(FMRI) and magnetoencephalography (MEG) allowed,

for the first time, the study of global brain function in

vivo. One consequence of this development was that

research could now focus on how systems interacted,

rather than how they behaved in isolation. These ad-
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vances in technology coincided with a time of increasing

knowledge about the mechanisms involved in the pri-
mary sensory systems. A natural extension of this

understanding was the realization that a complete

understanding of our perceptual systems would neces-

sitate the inclusion of how each sense was modulated by

or integrated with input arriving from different sensory

systems.

The evolutionary basis of such multisensory capa-

bilities is clear. Integrating inputs from multiple sensory
sources disambiguates the discrimination of external

stimuli and can speed responsiveness (see [91] for a re-

view). The question that now confronts us is how best to

study these phenomena in the human brain. What are

the opportunities afforded by the different techniques

and what kinds of strategies should we employ to tease

out the key principles, some of which may be unique to

humans? Specific questions that are currently being
addressed using human neuroimaging methods (often

in conjunction with single cell recording studies in

non-human primates) include (i) what is the nature

of the neuronal mechanisms mediating multisensory
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integration (ii) where are these neuronal networks
localized (iii) are distinct networks involved in synthe-

sizing different types of information such as time, spatial

location, content (iv) at what stage of processing are

these integrative computations being carried out (i.e.

‘‘early’’ versus ‘‘late’’ integration) and (v) how best can

each of these questions be examined in the human brain?

In this paper, we first provide a very brief overview on

what is currently known about multisensory integration
based on behavioral studies in humans and neuroana-

tomical and electrophysiological studies in monkeys.

These areas have been reviewed extensively elsewhere

(see [12,22,45,90,105]). We will then provide a concise

description of currently available neuroimaging tech-

niques and their relative merits. This is followed by a

discussion of the various imaging paradigms and ana-

lytic strategies that have so far been utilized in the
investigation of multisensory phenomena, and the

advantages and disadvantages of different approaches.

These studies are now beginning to implicate certain

brain areas in the crossmodal synthesis of different

stimulus parameters such as time, space and identity––

and are briefly summarized here (for more detailed re-

views of current findings, see [16,18,57,78]). We then

highlight a topical issue in the multisensory literature––
that of the role of endogenous and exogenous atten-

tional processes in the context of crossmodal binding.

Finally, we consider what is special about multisensory

convergence and conclude with some suggestions con-

cerning future research directions.

1.1. Behavioral studies

In an early study of crossmodal phenomena, [96]

demonstrated that reaction time (RT) in a target

detection task can be speeded by the presence of a non-

specific accessory stimulus in another modality, i.e. a

stimulus that bears no meaningful relationship other

than temporal proximity. Subsequent investigations into

this crossmodal ‘redundant target effect’ (RTE) have

replicated and extended these findings [4,21,33,43,85]
and provided further evidence that the observed cross-

modal facilitation is not simply due to a statistical

probability summation effect alone [34,69]. Conse-

quently, ‘‘race models’’ of the RTE that sought to ex-

plain the phenomenon on the basis of a probabilistic

interpretation, have been largely superceded by ‘‘co-

activation models’’ [66] in which signals from the dif-

ferent sensory channels are integrated prior to initiation
of the motor response.

Behavioral studies have also explored the conditions

under which crossmodal interactions occur. Two key

determinants of intersensory binding are synchronicity

and spatial correspondence [76]. Thus, when two or

more sensory stimuli occur at the same time and place,

they are typically bound into a single percept and de-
tected more rapidly than either input alone. In contrast,
slight discrepancies in the onset and location of two

crossmodal cues can be significantly less effective in

eliciting responses than isolated unimodal stimuli

[86,93]. Similar instances of crossmodal facilitation have

also been shown to effect detection thresholds. For

example, Frassinetti et al. [30] found that subject’s sen-

sitivity to visual stimuli presented below luminance

threshold was increased by a simultaneous accessory
sound burst presented at the same spatial location. This

effect was eliminated when the two sensory inputs were

separated in space or offset by more than 500 ms. Sim-

ilar crossmodal influences have also been reported in the

case of auditory and tactile detection thresholds (for

reviews see [55,105]).

In addition to the parameters of time and space,

psychophysical experiments have shown that the syn-
thesis of multisensory inputs can also be influenced by

their semantic congruence. For example, hearing a dog’s

bark emanating from the same approximate location as

a visible cat is unlikely to create the impression of a

barking cat. On the other hand, multisensory inputs

concerning object identity can be combined to produce a

novel perceptual outcome, one that was neither heard

nor seen. Dubbing an audible syllable (BA) onto vid-
eotape of a speaker mouthing a different syllable (GA)

typically results in the perception of ‘‘DA’’ [62]. Because

the contextual information from the auditory and visual

channels is complementary and persuasive, the effect can

tolerate temporal and spatial disparity to a greater de-

gree than two simple inputs that have no shared content-

related information.

In addition to differences in the physical properties of
the stimuli, it is beginning to come to light that other

factors too may play a role in mediating crossmodal

interactions. These include task-related factors, such as

attended modality and whether subjects are required to

detect or discriminate a target [53], as well as other

intrinsic variables such as the prior sensory bias of the

subject (i.e. whether they are visually or acoustically

dominant [32]).

1.2. Neuroanatomical findings

In the late 1960s and 1970s, it was widely accepted

that cortical sensory processing progressed in a

hierarchical fashion from primary to secondary sensory-

specific cortices to regions of ‘‘association’’ or ‘‘hetero-

modal’’ cortex. These so-called ‘‘heteromodal’’ zones
were defined on the basis that they were found to receive

converging afferents from multiple sensory modalities

and contained neurons responsive to stimulation in

more than one modality. Studies carried out during that

period, and more recently, have identified a large num-

ber of such areas (see Fig. 1). These include anterior

portions of the superior temporal sulcus (STS)



Fig. 1. Lateral (a) and mid-sagittal (b) views of the human brain showing putative heteromodal brain areas. (c) Shows insular cortex after temporal

lobe dissection. Different regions of heteromodal cortex are depicted in distinct colours across lateral and medial views. Yellow defines the boundaries

of multisensory regions implicated in cortical sulci. Delineation of these areas has been based on neuroanatomical, electophysiological and laminar

profile studies in non-human primates (see Section 1.2 for a detailed explication of these brain regions).
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[2,3,8,19,71,103] posterior portions of the STS, including

the temporo-parietal association cortex (Tpt) [20,49]

parietal cortex, including the ventral (VIP) and lateral

(LIP) intraparietal areas [7,51,52], and premotor and
prefrontal cortex ([36,104]). Multisensory convergence

zones have also been identified in sub-cortical structures,

including the superior colliculus [31], the claustrum [74],

the suprageniculate and medial pulvinar nuclei of the

thalamus [64,70], and within the amygdaloid complex

[98].

Although a strictly hierarchical view of sensory pro-

cessing has been challenged by more recent evidence
indicating a more divergent and parallel organization

(for a review see [65]), the relative synaptic distance of

these heteromodal zones from regions of primary sen-

sory cortex still bolsters the prevailing view that

multisensory integration occurs at a ‘‘late’’ stage of

processing, following considerable elaboration of the

unisensory signals in their respective ‘‘dedicated’’ corti-

ces. However, evidence from a number of sources sug-
gests that such a model may be over-simplistic. For

example, systematic lesions of large swathes of so-called

heteromodal cortex in monkeys have failed to produce

reliable deficits on tasks of crossmodal matching and

transfer (reviewed in [25]) and electrophysiological

studies in humans have found evidence of interaction

effects as early as 40 ms post-stimulus onset, consistent

with interaction of the two sensory modalities at a very
early stage of processing (e.g. [32]).

The debate between ‘‘late’’ and ‘‘early’’ models of

multisensory integration has taken on greater signifi-
cance following recent evidence that areas early in the

cortical auditory processing hierarchy project directly to

areas early in the visual hierarchy, including V1 [25,81].

For example, using retrograde tracers, Falchier et al.
[26] identified projections from core and parabelt audi-

tory cortex into parts of V1 corresponding to the rep-

resentation of the peripheral visual field. Whilst the

distribution of these connections was relatively sparse,

they nevertheless provide a possible mechanism by

which the auditory system could alert visual cortex to an

expected visual stimulus. Evidence of early multisensory

interactions within putative ‘‘unisensory’’ cortex has
also been reported recently. In a series of elegant studies

examining the time course and laminar profile of

somatosensory, visual and auditory inputs into posterior

auditory cortex (belt and parabelt regions) Schroeder

et al. [83,84] observed multisensory integration re-

sponses in these auditory-responsive areas at very short

latencies. Recording of laminar response profiles iden-

tified that in auditory cortex, somatosensory and audi-
tory inputs have a feedforward pattern whilst visual

inputs to the region have a feedback pattern. Although

the source of these somatosensory and visual inputs into

auditory cortex remains to be determined, evidence from

tracer studies (as outlined above) suggest a pattern of

projections from both heteromodal and unimodal cor-

tices.

To summarize, the most current indications from
neuroanatomical studies in monkey suggest that multi-

sensory integration could be achieved at various levels

of the cortical processing hierarchy. Thus, integration of
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the different sensory streams could occur at both early
and late stages of processing mediated via a parallel

network of both feedforward and feedback connections.

We have now outlined several routes by which the senses

might converge. Electrophysiological studies are begin-

ning to detail the neuronal mechanisms that might

implement these putative synergistic processes.

1.3. Multisensory integration at the cellular level

The most detailed studies of crossmodal interactions

at the neuronal level have been conducted in the mam-

malian superior colliculus (SC) (see [91]). Single-unit

recordings from this subcortical structure, which is

thought to be involved in orientation and attentive

behaviors, suggest certain neuronal mechanisms and

rules by which multisensory convergence is achieved. For
example, multisensory neurons in the SC display over-

lapping sensory receptive fields, one for each modality

(A, V, T) to which they respond. When two or more

sensory cues occur in close temporal and spatial prox-

imity, the response of these neurons can be substantially

enhanced, sometimes exceeding 12-fold enhancements in

firing rate beyond that expected by summing the im-

pulses exhibited by each unimodal input in isolation [91].
Because the output no longer resembles the response

obtained to either input, there is a de facto assumption

that the information obtained from two sources has been

combined to form a single (new) output signal [94]. This

process is referred to as multisensory integration. The

observed facilitation of the neuronal response is often

maximal when the responses to the individual inputs are

weakest, a principle known as inverse effectiveness. In
contrast, crossmodal stimuli that show spatial or tem-

poral disparity can induce profound response depression.

This means that the response to an unimodal stimulus

can be severely lessened, even eliminated, by the presence

of an incongruent stimulus from another modality [46].

These principles of multisensory integration have also

been shown to apply to superior colliculus-mediated

functions such as orientation and attentive behaviors
[89,92] as well as a range of other crossmodal interactions

that may be subserved by other brain areas.

Apart from the SC, neurons exhibiting multisensory

receptive fields have also been shown to be present in

cortical structures of the monkey [23,24,35,68], cat [106]

and rat [1]. However, detailed observations of multi-

sensory response properties in cortex are comparably

sparse and sometimes vary from those of the SC. For
example, in the cat multisensory integration responses in

neurons of the anterior ectosylvian fissure and the lat-

eral sulcus were less restrained by the precise temporal

and spatial congruency of the multisensory stimuli [102].

This suggests that multisensory processing in the cere-

bral cortex may subserve different and a wider range of

functions, most of which remain to be explored.
Human neuroimaging techniques now offer us an
avenue by which to explore both the routes and mech-

anisms of multisensory integration in humans. In this

next section, we will evaluate briefly some of the tech-

niques available for investigating these crossmodal

phenomena. In the subsequent section, we go on to

discuss some of the methodological and analytic strat-

egies that have been adopted using these techniques to

investigate multisensory processes, the pros and cons of
different approaches and the assumptions that they

incorporate.
2. Neuroimaging methods

The various neuroimaging methods that have been

used in the investigation of human multisensory brain
mechanisms fall into two categories:

1. haemodynamic/metabolic, of which the most promi-

nent techniques are functional magnetic resonance

imaging (fMRI) and positron emission tomography

(PET) and

2. electrical/magnetic, which includes electroencepha-

lography (EEG) and magnetoencephalography
(MEG).

These imaging techniques differ, not only in terms of

their temporal and spatial resolution (Fig. 2), but also in

the source of their respective signals which can have

profound consequences on the interpretation of the data

obtained using these methods. In the following section

we provide a brief description of these techniques and
the basis of their signals.

2.1. Haemodynamic methods

Haemodynamic neuroimaging methods rely on the

assumption that task-induced neuronal activity is re-

lated to changes in both local cerebral blood flow and

oxygen metabolism. These changes in the circulatory
system in the region of neuronal activation can be used

to derive inferences about the underlying neuronal

activity and are therefore indirect measures of that

activity. Of these methods, PET and BOLD FMRI have

been most commonly applied to imaging multisensory

processes in the human brain.

2.1.1. PET

PET allows the measurement of changes in neural

activity by monitoring task-related changes in regional

cerebral blood flow (RCBF) or corresponding blood

volume (RCBV) [42,77]. During PET scanning, a

radioactive solution containing positron-emitting atoms

is introduced to the blood stream. These positrons

interact with electrons to produce photons of electro-



Fig. 2. Provides a comparison of the relative spatial resolution and data format offered by PET, FMRI and MEG. Activations in each case were

obtained from a single individual in response to simple auditory stimuli. The PET data was acquired at the University of Melbourne as part of a

study on auditory hallucinators (collaborative data supplied by Dr. M. Seal, Department of Psychiatry, Institute of Psychiatry, UK). Red and indigo

reflect the peaks of activation and the data were superimposed onto a high-resolution T1 MRI image of the individual’s brain. The superior spatial

resolution of FMRI can be observed both in the unsmoothed and smoothed images. The unsmoothed FMRI data were acquired on a 1.5T MRI

scanner at the Institute of Psychiatry, London, UK by Professor M. Brammer. Yellow reflects voxels of highest statistical significance. The data are

superimposed onto the individual’s brain acquired at the same resolution as the FMRI data. The activation clearly delineates the transverse temporal

gyri (one in the left hemisphere and two gyri in the right hemisphere) or primary and parabelt auditory regions with considerably better spatial

resolution than the PET image. The second FMRI (smoothed data superimposed onto a higher resolution T1 image of the subject’s brain) image

shows bilateral activation encompassing HG and the surrounding STP. Activation is more anterior on the right consistent with the asymmetrical

anatomy of Heschls gyrus Data are from subject 4 reported by Hall et al. [107]. The activation map is for the statistical contrast between pairs of

matched frequency-modulated and unmodulated tones (P < 0:001 uncorrected). The MEG images are generated from the same data set and show

the responses to a simple auditory stimulus recorded with a 151 channel MEG system (courtesy of the Wellcome Centre for MEG Studies, University

of Aston, UK). The rightmost MEG image shows the timecourse of the individual responses overlaid to each other to generate the evoked potential

waveform. This gives an example of the comparatively superior temporal resolution that MEG offers over haemodynamic methods. The leftmost

MEG image displays a field map obtained 100 ms after stimulus presentation. Yellow–red contours show the magnetic field distribution on the skull

surface and illustrates the relatively poorer spatial resolution of MEG. The field map activity pattern corresponds to the N100 m component of the

auditory evoked potential, which is assumed to originate from the supratemporal auditory cortex [40].
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magnetic radiation, whose trajectory can be determined

and reconstructed by a ring of photon detectors around

the subject’s head. By comparing images of blood flow

under different experimental conditions, brain regions

implicated in each component of the task can be iso-

lated. The spatial resolution of PET is in the order of 4–

6 mm and its temporal resolution, which is constrained

by the image acquisition time, is between 90 and 120 s.

2.1.2. FMRI

Over the last decade, FMRI has arguably overtaken

PET as the method of choice for studying brain function

in vivo. This is largely due to the fact that FMRI does

not require injection of a radioactive substance, but re-

lies instead on a natural contrast agent––the blood
oxygen dependent level (BOLD) effect [47,72]. BOLD

contrast exploits the different magnetic properties of

oxygenated and deoxygenated blood. When a subject is

placed in a high magnetic field (the MR scanner), task-

induced changes in brain metabolism (see above) alter

the ratio of oxy- and deoxy-hemoglobin locally causing

measurable changes in MR signal intensity [47,72,99].

Detection of these MR signals changes allows the source
of the underlying neuronal activity to be localized to

within a few millimeters. While this provides FMRI with

very high spatial resolution, its temporal resolution is

restricted by the sluggish nature of the BOLD response

(approximately 6–8 s post-stimulus onset). Recent data

has shown that the main source of the BOLD signal

derives from changes in local field potentials, rather than
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neural spike activity [54]. In other words, BOLD-FMRI
detects areas of the brain that process information

arising from a stimulus, rather than neurons that fire to

respond directly to that stimulus.

2.2. Electrical recordings (EEG/MEG)

In contrast to PET and FMRI, EEG and MEG

provide a direct measure of the electrical or electro-
magnetic fields generated by neuronal activity. MEG

and EEG signals, typically recorded from the surface

of the skull, are thought to reflect the synchronous

activation of large neuronal populations; more specif-

ically, from post-synaptic trans-membrane currents in

pyramidal dendrites. The transmission of the neuronal

current through the brain and to the sensors is virtu-

ally instantaneous and thereby provides EEG and
MEG with a temporal resolution on a millisecond

timescale. Although the temporal resolution of these

electromagnetic methods are clearly superior to hae-

modynamic techniques, their spatial resolution is

somewhat restricted by a technical limitation which

requires the calculation of a signal source in a three-

dimensional object (i.e. the subject’s head) based on

the two-dimensional information provided by the sen-
sors.

In MEG and EEG studies the activity related to a

specific sensory event of interest is extracted from the

background activity by averaging over multiple event

trials, time-locked to the stimulus onset. The resulting

waveform pattern, the evoked response, is comprised

of a deflection of positive and negative peaks over

time. These evoked responses are then typically mod-
eled as current dipoles whose number, strength and

locations are estimated based on the externally mea-

sured electrical or magnetic field distribution. This

procedure poses a non-trivial challenge because there is

no mathematically unique solution to the problem of

inferring the numbers and locations of dipoles that

could, theoretically, produce the observed pattern of

activity on the surface of the skull. In other words
there is an infinite number of source configurations

that could produce exactly the same measured field––

the so-called inverse problem [41]. Solving the inverse

problem for one local source of activation is straight-

forward since the laws governing the propagation of

electrical/magnetic fields through skull and tissue, the

so-called forward problem, are now well understood

[73]. However, if several sources are contributing to the
observed field map, as can be expected in multisensory

experiments, solving the inverse problem becomes

increasingly more difficult and complex. In practice,

however, the experimenter can use a priori knowledge

of physiology and functional anatomy, often derived

from other neuroimaging modalities, to incorporate

feasible constraints into the model [17,39].
3. Neuroimaging paradigms and analytic strategies

Several different strategies have been used to identify

brain areas involved in crossmodal interactions in hu-

mans. At present, these can be most usefully divided by

task and paradigmatic/analytic approach. For example,

some researchers have employed tasks of crossmodal

matching that involve the explicit comparison of

information from different modalities and pertaining to
two distinct objects (e.g. [37,38]). Another simple ap-

proach has been to compare brain activity evoked

during presentation of information in one modality

(e.g. auditory) to that evoked by the same (or related)

task carried out in another modality (e.g. visual), where

a superimposition of the two maps reveals areas of

common (or ‘co-responsive’) activation ([10,59]). Others

have utilized paradigms explicitly designed to tap
crossmodal integration ([14,15,29]). Here, information

from two different modalities perceived as emanating

from a common event is fused into an integrated per-

cept [76].

The results of these studies are beginning to challenge

the view posited by Ettlinger [25] that all crossmodal

phenomena ‘‘require only one underlying process’’.

Rather, these experiments have shown that different
networks of brain areas are involved in different cross-

modal tasks and may be further differentiated based on

the variable being manipulated (spatial, temporal or

featural correspondence) and the particular combina-

tion of senses under study (for a review, see [12]).

We will now discuss the advantages and disadvan-

tages of the different experimental and analytic strategies

used to identify possible sites of multisensory conver-
gence. In addition, we highlight some of the assumptions

associated with each approach, and the additional

caveats that have to be taken into account depending on

the particular imaging methodology applied. As will

become clear, different paradigms and different imaging

techniques can be used to address distinct questions

concerning multisensory processing such as the loci of

multisensory convergence, the question of whether
integration occurs at early or late stages of processing,

and whether these mechanisms are modulated by factors

such as task and attention. We will illustrate our points

in the context of auditory (A) and visual (V) and tactile

(T) inputs.

3.1. Haemodynamic studies

The superior temporal resolution of PET and FMRI

coupled with their relatively poor timing information,

makes these techniques best suited to the localization of

putative multisensory convergence sites. Thus, although

both methods can be used to identify interactions and

their source, they provide sparse information concerning

the timecourse and route of multisensory interactions.
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Several different strategies for localizing these integra-
tion sites have been adopted.

3.1.1. Superimposition of two unimodal tasks

One obvious approach to identifying multisensory

brain areas has been to expose subjects to stimuli pre-

sented in one or another modality and localize the brain

areas responsive to both. In the context of an FMRI or

PET experiment, this typically involves superimposition
of the two unisensory activation maps in standard ste-

reotactic space and subsequently determining area(s) of

overlap. There are several advantages to such an ap-

proach. Firstly, experiments of this nature are relatively

straightforward to design providing the task is equally

relevant in the two different sensory domains (but see

below). Secondly, they have a certain face validity in

that most multisensory neurons recorded in animals are
defined on the basis that they are responsive to stimuli in

more than one modality (see [65,91]). Indeed, using this

strategy, several human imaging studies (e.g. [50,59,78])

have localized sites of multisensory co-responsiveness in

areas believed to be homologous to those previously

identified as bimodal using electrophysiological tech-

niques in non-human primates.

Although superimposition is one useful method for
identifying areas responsive to tasks or stimulation

experienced in more than one modality, it does not allow

us to draw conclusions concerning the presence of bi-

modal (i.e. those that respond to both modalities) cells in

co-activated areas per se. Neither is it possible to dem-

onstrate that these areas necessarily integrate multisen-

sory cues. To explain, superimposing the activation maps

from an auditory and a visual object recognition task
and determining the regions of overlap will in theory (but

see below) isolate brain areas responsive to the auditory

and visual stimuli as well as those involved in processing

the non-sensory components of the paradigm (e.g.

working memory). Discriminating these components

would thus require further experiments. Even under

these circumstances, co-responsiveness (as determined by

overlap) may simply indicate either (a) the presence of
mixed populations of unisensory cells within activated

voxels, but none that are actually bimodal, or (b) the

presence of bimodal cells that are co-responsive but fail

to integrate their inputs. For example, electrophysio-

logical studies in the superior colliculus have found that

although many neurons in this structure are co-respon-

sive to multiple modalities, not all of them necessarily

combine or integrate this information such that their
response to one modality is measurably altered by the

presence of a stimulus from a different modality (‘‘mul-

tisensory integration’’––see above).

3.1.2. Bimodal versus unimodal contrasts

A possible improvement on the superimposition

methodology is to contrast activation obtained during
unimodal tasks against that produced during actual bi-
modal stimulation, and attempt to identify areas where

bimodal stimulation gives a greater response than either

modality presented in isolation (e.g. [13,37]). Here the

idea is to expose subjects to bimodal stimulation, audi-

tory and visual stimulation and then compute the con-

junction [AV)V]\ [AV)A]. Ostensibly, this strategy

benefits from the obvious inclusion of a bimodal con-

dition that may invoke synergistic processes not
similarly recruited during unimodal stimulation. Fur-

thermore, the detection of conjunction responses allows

the extraction of context-independent bimodal activity

(i.e. irrespective of whether the bimodal–unimodal

contrast was calculated against a purely visual or purely

auditory condition). However, if AV is simply the linear

sum of A and V, and the differences are both significant,

conjunction analysis may still simply detect voxels in
which unimodal auditory and unimodal visual-respon-

sive neurons coexist. Thus, this strategy may not afford

any real improvement over computing the simple

intersection [A\V].

A more robust method for identifying integration re-

sponses involves the inclusion of a reference (‘‘rest’’)

condition in a full 2 · 2 design in which rest, A, V, and

AV conditions are all present, permitting the computa-
tion of the interaction effect [AV-rest]) [(A-rest) + (V-

rest)]. Interaction effects are commonly used in statistical

analysis to identify changes that occur when two factors

are simultaneously altered that would not be predicted

from the results of altering each factor in isolation. In the

context of multisensory integration, the use of interac-

tion effects therefore permits the clear demonstration

that the bimodal response cannot simply be predicted
from the sum of the unimodal responses.

This approach has a number of advantages over the

other analytic techniques discussed. First, the strategy is

based on the known electrophysiological behavior of

cells carrying out signal integration. Second, it provides

a de facto demonstration that some form of interaction

has occurred as the output signal is significantly different

from the sum of the inputs, overcoming the problem
that a response to two unimodal inputs could simply be

due to different populations of sensory-specific neurons.

Third, it allows integrative behavior to be detected when

unimodal responses are weak. For studies of crossmodal

integration at least, these conditions will necessarily

ensure that the paradigm meets criteria for binding, such

that the two or more temporally proximal sensory in-

puts are perceived as emanating from a common event
[76]. Finally, because the calculation of interaction ef-

fects requires the inclusion of both unisensory, a mul-

tisensory and rest condition, it is also possible to

compute superimpositions and conjunctions for com-

parison.

However although we believe interaction effects cur-

rently permit the strongest conclusions concerning
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multisensory convergence to be drawn, they are not
immune from issues of interpretation. For example,

Laurienti et al. [48] have demonstrated that putative

multisensory integration responses (AV>A+V) could

arise as a consequence of summing positive and negative

BOLD responses to stimuli in a single modality. In a

recent FMRI study, they observed that when subjects

received visual stimulation, activation in the auditory

cortex was suppressed below the resting BOLD baseline
(i.e. de-activated). The same effect was also observed in

the opposite direction (i.e. in the visual cortex) during

acoustic stimulation. Thus, when calculating whether

the bimodal stimulation was greater than the sum of the

two unimodal conditions, a positive interaction effect

was achieved as a consequence of summing cortical

activations and deactivations in response to both uni-

modal cues. However, examination of the positive acti-
vations in both unimodal conditions show that they are

not significantly different from the bimodal condition,

suggesting that crossmodal inhibitory effects in sensory-

specific areas during unimodal stimulation may produce

artificial multisensory facilitation responses. One option,

to guard against this eventuality, is to calculate inter-

action effects solely against positive activations only––

although this is a highly conservative strategy that may
underestimate the true extent of interaction sites.

Even in the event that these interactions are calcu-

lated against positive activations in the unisensory

conditions, demonstrating that such effects truly reflect

multisensory integration as opposed to the alternative

(and likely correlated) possibility that bimodal stimuli

result in increases in the perceptibility of the inputs. For

example, in the case of speech, the effect of bimodal
audio-visual speech may reflect enhanced comprehen-

sion when two senses are present, rather than conver-

gence of the two sensory channels. Methods of

countering such alternative interpretations have focused

on manipulation of the experimental design, rather than

simply analytic strategy.

3.1.3. Manipulating crossmodal congruency

Two alternative approaches to the identification of

multisensory convergence zones include systematic

manipulation of one or more parameters on which the

integration of two modality-specific stimuli are likely to

be combined (such as temporal onset and/or spatial

correspondence) and more precise modeling of the fea-

tures of multisensory integration observed at a neuronal

level. For example, to discriminate brain areas involved
in the detection of audio-visual synchrony, Bushara et al.

[9] scanned subjects using PET whilst they performed a

synchrony detection task. By varying the onset asyn-

chrony between the simple auditory and visual stimuli,

the authors were able to introduce different levels of task

difficulty. Regression analysis was then used to identify

voxels with RCBF responses that correlated positively
with increasing task demand (i.e. decreasing intermodal
delay). The advantage of this method is that it overcomes

issues relating to the interpretation of crossmodal inter-

action effects because attention is balanced across the

different sensory conditions.

A rather different tack was adopted by Calvert et al.

[15] in which auditory and visual stimuli were matched

or mismatched in terms of their presentation frequency.

Brain areas putatively involved in the integration of the
two inputs on the basis of their shared temporal corre-

spondence were then identified by looking for areas

showing superadditive responses to matched audio-

visual stimulation compared to the sum of the two

unimodal inputs, and response suppression (in which the

bimodal response is significantly less than the best

responding of either unimodal condition on a voxel-wise

basis) in the context of mismatched inputs. The advan-
tage of manipulating crossmodal coherence and mod-

eling the known responses of multisensory integration at

a cellular level is that the detection of opposing effects

despite the same level of information in the auditory and

visual channels, is less vulnerable to questions of inter-

pretation in terms of differing levels of attention between

the different conditions.

Yet another method of isolating multisensory inter-
actions is to manipulate the perceptibility of the audi-

tory and visual channels and model inverse effectiveness.

This principle, observed at both the behavioral and

electrophysiological levels, states that maximal cross-

modal facilitation responses should be observed when

the two unimodal stimuli are minimally effective. Callan

et al. [11] adopted a similar strategy when looking for

sites of integration for auditory and visual speech. By
degrading the perceptibility of the auditory channel,

crossmodal enhancement was found to be maximal

when the seen speech was paired with auditory speech in

noise, rather than in clear conditions. Thus, multisen-

sory integration responses under these conditions are

unlikely to reflect differences in the comprehensibility of

speech when both channels are available (versus either

modality in isolation) because the direction of the gain is
orthogonal to level of perceptibility.

3.2. Electromagnetic techniques

The high temporal resolution of MEG and EEGmake

them ideally suited for testing hypotheses concerning the

precise time course of multisensory events in the human

brain. For example, neuromagnetic/electrical methods
are able to answer questions about the temporal occur-

rence of interaction between two sensory streams (late vs

early) and thus (in combination with neuroanatomical

and electrophysiological data) may elucidate whether

convergence arises via feedforward or feedback connec-

tions. At present, different laboratories have found evi-

dence of first interaction effects at early (i.e. 40–46 ms
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[32]), later (i.e. 120–130 ms [28,95]) and even later post-
stimulus epochs (i.e. 280 ms [79]). Such discrepancies in

the time course of multisensory interactions despite

identical methods of analysis, suggest that stimuli and

task requirements might have significant effects on the

detection of integration related activity.

As with FMRI and PET, the detection of bimodally

evoked responses that exceed the algebraic sum of that

obtained to the two individual contributing components
has also been used in the context of averaged ERP

studies (e.g. [32]). In this case, amplitude values of ERP

components are measured in response to stimulation

in both modalities separately, as well as to concurrent

bimodal stimulation. The crossmodal interaction effect

is then defined as the difference waveform of [bimodal)
(unimodal modality A+unimodal modality B)] at each

electrode/sensor. This difference waveform can then be
displayed as surface potential maps on the outer surface

of the skull [27,32,69,79] or subjected to a dipole anal-

ysis to obtain an estimate of the relative strength and

location of the proposed crossmodal interaction effect

[27,56,95].

However, calculation of interaction effects in MEG

experiments may be subject to artifacts of interpretation
congruency interaction

¼ ðbimodal congr: S1þ bimodal congr: S2Þ � ðbimodal incongr: S1 and S2þ bimodal incongr: S2 and S1Þ
that may not affect haemodynamic studies to the same

extent. For example, Teder-Salejarvi et al. [95] observed

that if there is a component X present in all three tasks

(e.g. in A, V and AV), calculating a simple interaction
effect ([A+V])AV) results in the double addition of

this component in the unimodal cases, but only once in

the bimodal condition ([X+X])X¼X). This effectively

leads to the presence of the component X in the differ-

ence waveform and makes delineation from true multi-

sensory components impossible. Teder-Salejarvi et al.

[95] showed that an early components related to stimu-

lus expectancy, namely the contingent negative variation
(CNV, [82]), could precisely result in the appearance of a

spurious early interaction effect. Similar confounding

effects can be expected to result from late stimulus or

task-related activity (e.g. P3 [75], motor response, etc.).

To avoid these confounds, variable ISIs or a high-pass

filter (after visual inspection of pre-stimulus baseline)

may be applied to minimize expectancy waveforms.

The problem of unequal subtraction in simple inter-
action paradigms is, however, less acute in FMRI data

analysis. Whereas a MEG/EEG sensor or electrode

might receive signals that are generated by multiple
cortical areas involved in different aspects of stimulus
processing, the point of measurement in FMRI is an

isolated three-dimensional unit (cubic voxels). Conse-

quently, whereas a frontally generated CNV [82] in an

MEG experiment might affect the estimation of an early

auditory ERP waveform at temporal sites, similar

frontal activity induced in an FMRI experiment will not

affect the assessment of the BOLD signal recorded from

voxels in distal regions such as the auditory cortex.
A possible alternative to the unequal subtraction

problem in the neuroelectric/magnetic methods is pre-

sented in a recent EEG study by Gondan et al. [34], who

used a congruency interaction paradigm to determine

AV integration dynamics. With this kind of experi-

mental design, bimodal stimuli are either congruent or

incongruent on one dimension with at least two levels

(e.g. spatial position). Gondan et al. [34] presented audio
and visual stimuli at either of two spatial locations (S1,

S2), creating congruent and incongruent audio-visual

events. This resulted in the following four stimulus

conditions: 1. bimodal congruent at S1; 2. bimodal

congruent at S2; 3. bimodal incongruent at S1 and S2; 4.

bimodal incongruent at S2 and S1. The interaction effect

could then calculated as
With this formula, task-related activity that is present

in all conditions and is not related to sensory integration

(e.g. CNV, P3) is effectively canceled out; and thereby

the confounding effects of unequal subtraction discussed
by Hillyard and co-workers [95] (see above) are avoided

and true multisensory interactions can be unambigu-

ously accessed.

Other important information that can be extracted

from the MEG signal relates to the frequency compo-

nents of the measured response. The spontaneous EEG

activity contains distinct rhythmic components that

peak in specific frequency bands (e.g. Alpha¼ 8–13 Hz,
Beta¼ 14–30 Hz; Gamma¼ 31–70 Hz) that correlate

well with the subject’s state and are modulated by

stimulus characteristics and task. Using these oscillatory

properties of the EEG/MEG signals, von Stein et al.

[100] presented subjects with representations of the same

objects through different sensory modalities (audio and

visual), and were able to elucidate some of the mecha-

nisms by which supramodal feature representation is
achieved in the human brain. Coherence analysis [80]

revealed an enhanced coherence between temporal and

parietal electrodes in the 13–18 Hz frequency range,
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which was common to both modalities of presentation
and absent in the control condition. This study illus-

trates how neuroelectrical/magnetical methods can

provide unique information about large-scale oscillatory

brain mechanisms involved multisensory processing and

object representation. However, using similar tech-

niques, such as SAM [88], the additional information

provided by the oscillatory behavior of the EEG/MEG

signals could also be potentially used to infer about the
role certain oscillations play in the binding of cross-

modal features and stimuli [87,97].
4. Crossmodal brain areas implicated to date

Despite the considerable variability in design and

analytic strategy across different crossmodal imaging
studies, several brain areas are now being consistently

implicated in the multisensory synthesis of differing

factors such as time, space and content. Sensitivity to

shared temporal onset across different sensory cues

has been shown in the superior colliculus and insula-

claustrum. Several regions of the inferior and superior

parietal lobe, including most explicitly, the intraparie-

tal sulcus, appear to be involved in the detection and
integration of multisensory cues based on their shared

spatial location. Finally, cortex within the fundus of

the superior temporal sulcus has been increasingly

implicated in the integration of audio-visual speech

based on the detection of shared phonetic features. In

addition to these regions of heteromodal cortex, a

number of recent studies now suggest that multisensory

interactions also occur in early stages of the processing
hierarchy, in areas of putative sensory-specific cortex

[32,60].
5. Crossmodal attention and multisensory integration

A topical issue in the multisensory literature is the

connection between attention and multisensory inte-
gration. This has been further sub-divided into questions

concerning the role of exogenous (involuntary and

stimulus-driven) and endogenous (or top-down, volun-

tary) attentional mechanisms on crossmodal processes

(for a recent discussion see [61]).

5.1. Exogenous shifts in spatial attention or multisensory

integration?

McDonald et al. [61] have argued that multisensory

integration and involuntary shifts in crossmodal spatial

attention may be distinct processes with separate

underlying neuronal mechanisms. They base this sup-

position in part on behavioral data indicating that when

two individual sensory cues are separated by a long time
window (i.e. between 100 and 500 ms), multisensory
integration and many of its perceptual consequences

(e.g. ventriloquism) are greatly reduced ([44,63]). Thus,

one means of discriminating multisensory integration

from stimulus-driven shifts in attention is to present

multisensory cues at varying degrees of asynchrony and

examine the effect on the brain response (see [9]). Mac-

aluso and Driver [58] on the other hand argue against

such a clear cut distinction––citing evidence that multi-
sensory cells such as those recorded in the superior

colliculus [91] and cortex [102] still exhibit integrative

responses for asynchronies extending up to 600 ms [63].

On this basis, they have argued that the distinction be-

tween crossmodal endogenous attention and multisen-

sory integration may be simply one of terminology. An

alternative but related explanation is that involuntary

shifts of spatial attention may arise as a consequence of
multisensory integration.

5.2. Is multisensory integration modulated by endogenous

attention?

Behavioral studies have produced equivocal evidence

concerning the immunity of multisensory integration to

modulation by top-down voluntary attentional pro-
cesses. For example, while some studies have reported

effects of task instruction and contextual appropriateness

on the persuasiveness of the ventriloquist’s illusion,

others have failed to replicate these effects (see [5] for a

review of these issues). Similarly, although the direction

of spatial attention was not found to influence the size of

the ventriloquist effect [6] the same was not the case for

selective attention to modality (Radeau [76]). Separate
attempts to manipulate integration by varying atten-

tional load during the perception of auditory and visual

information about emotion have also provided support

for the automaticity of the integrative process [101].

These data suggest that in addition to the possibility of

several distinct attentional mechanisms, some but not all

may influence the integration of multisensory cues.

Where and under what conditions, such effects might
occur, are now being addressed at the neurophysiolog-

ical level.

Recently, Fort et al. [27] conducted an ERP study to

examine whether the integration of auditory and visual

cues pertaining to single objects was modulated

depending on whether subjects directed attention to-

wards or away from the bimodal event. Subjects were

asked to discriminate two separate objects defined either
by the conjunction of auditory and visual features, or by

their visual or auditory features alone. In one condition,

subjects were asked to attend and respond to the identity

of the objects (attend). In a separate condition, they

were asked to ignore the objects and respond to target

items interleaved between the object trials (non-attend).

Regardless of whether subjects attended or ignored the



Fig. 3. The figure shows brain areas exhibiting superadditive multi-

sensory responses when attending to the visual (left-hand side in sag-

ittal orientation) or tactile (right-hand side in coronal orientation)

modalities. Anatomical assignment of these areas (shown in red) are

coded by colored circles.
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objects, bimodal interaction effects [AV>A+V] were
observed in modality-specific (auditory and visual) cor-

tices. Different crossmodal effects were found depending

on the sensory dominance of the subject (i.e. whether

they were visually or acoustically dominant). Beyond

these early sensory areas, interaction effects in putative

heteromodal regions were detected only when subjects

directed their attention to the bimodal events. These

findings suggest that directed attention can have a
modulatory role on multisensory integration but that

some features of crossmodal correspondence may be

registered automatically in early sensory processing

areas.

Other studies have examined whether multisensory

integration is modulated by selective attention to one or

other modality ([53,58]). These two studies have inves-

tigated this question in the context of spatially congru-
ent and incongruent visual and tactile inputs. Despite

the use of very similar paradigms, the two groups have

obtained somewhat different results.

Using PET, Macaluso et al. [59] scanned subjects

during bimanual stimulation with visual (LED) and

tactile (vibration) cues. Stimulation could be single or

double pulsed. There were two factors––one was cov-

ertly attended side (left or right), and the other was at-
tended modality (vision or touch). The subjects task was

to respond by saying ‘‘bip’’ to double pulsed cues in the

attended side and attended modality––and ignore events

in the unattended side and modality. When subjects

were selectively attending and responding to the tactile

modality, activation was detected in the post-central

gyrus. Selective attention to the visual modality pro-

duced activation in the superior occipital gyrus. These
modality-specific activations contrast with the response

in the anterior part of the intraparietal sulcus (IPS)

which was observed regardless of whether subject’s at-

tended to one or other modality, but that was specific to

selective attention to modality rather than attention

to side. These findings suggest that selective attention to

modality enhances activation in unimodal cortex

appropriate to the attended modality, and that these
effects may be mediated by a supramodal attentional

mechanism in the IPS.

These findings contrast to some extent with those

reported from a similar study using event-related FMRI

[53]. In this study, subjects were stimulated on the feet

with visual, tactile or visuo-tactile cues that were pre-

sented either to the same (congruent) side or opposite

sides of space (incongruent). The task was to detect and
respond with a button press to either visual (attend vi-

sion condition) or tactile (attend touch condition) in-

puts. It was hypothesized that bimodal trials should

elicit faster RTs and a superadditive brain response

(VT>V+T), and this effect would be greater for spa-

tially congruent inputs. By manipulating selective

attention to modality, Lloyd et al. [53] were able to as-
sess whether the network of areas exhibiting multisen-
sory integration responses were subject to top-down

control. The results of this study found that both

behavioral and brain activation patterns differed sub-

stantially depending on whether subjects attended to the

visual or tactile modality. Specifically, when attending to

vision, only simultaneous tactile inputs to the same side

of space speeded detection of the visual cues (see Fig. 3).

Concordantly, superadditive brain responses were also
only identified in the congruent bimodal condition.

These were detected in a network of brain areas

including the intraparietal sulcus and superior parietal

lobule––areas previously implicated in processing cues

in extrapersonal space––in the middle occipital and

lingual gyri, consistent with the previous PET study by

Macaluso and Driver [58] and in the posterior cingulate

gyrus. When subjects attended to the tactile modality,
however, visual cues on either side of space enhanced

detection of the tactile stimuli. This suggests that under

these circumstances, co-occurrence in time, rather than

space, was the most salient factor leading to crossmodal

facilitation of response times. Indeed, examination of

the corresponding FMRI data revealed multisensory

interaction effects for all bimodal presentations in the

head of the caudate nucleus and claustrum––areas pre-
viously found to be sensitive to the relative temporal
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onset of crossmodal cues. In sum, these data add to the
growing weight of evidence suggesting that multisensory

integration in humans appears to be sensitive to shifts in

voluntarily directed attention and that crossmodal cues

are integrated based on the most persuasive point of

correspondence between them.
6. What is special about crossmodal processing?

There is now mounting evidence from a host of

neurophysiological and behavioral studies that the dif-

ferent sensory systems interact to effect performance.

But how specific are these various crossmodal phe-

nomena to multisensory processing? Behavioral studies

have shown that redundant target effects can also be

observed in the context of unimodal studies. For
example, it has been shown that two visual stimuli

presented simultaneously and in separate hemifields can

yield shorter latencies than the sum of the two unilateral

stimuli (i.e. of targets presented to the contralateral or

ipsilateral hemifield only) [67]. Moreover, the authors

hypothesize that such synergistic effects are likely to be

mediated by convergence of the contributing unisensory

inputs onto populations of mutually recipient neurons.
The same principle has been shown to apply to cross-

modal effects mediated by multisensory neurons in the

superior colliculus [91].

One apparent distinction between unisensory and

multisensory interactions at both behavioral and phys-

iological levels is the time window for integration. For

example, integration of two different visual dimensions

such as color and form occurs within 40 ms. However,
the McGurk effect persists despite onset asynchronies of

up to 180 ms. There is some evidence that response

enhancement in multisensory neurons of the colliculus

can be observed with asynchronies of over 600 ms. This

prompts the question as to whether multisensory inter-

actions, as distinct from unisensory ones, may be med-

iated by somewhat distinct mechanisms and/or involve

several different collaborative networks. An alternative
explanation may be that such temporal distinctions

simply reflect differences in the synaptic distances re-

quired for multisensory integration compared to the

integration of unimodal features within unimodal cor-

tex. The challenge now will be to determine what to

crossmodal––and the true extent of the advantages

that can be gained by is specific synthesizing our sensory

systems.
7. Future directions

In this review we discussed the application of hae-

modynamic and neuroelectical/magnetic imaging meth-

ods to the investigation of multisensory processes, and
elucidated their individual strengths and weaknesses. It
was emphasized that the imaging modalities discussed in

this review are limited either in their temporal or spatial

resolution, and by themselves do not provide sufficiently

informative data about localized dynamic brain pro-

cesses. However, in order to understand how the brain

processes and conjoins stimulation of the different sen-

ses, high-resolution spatio-temporal imaging of brain

activity is required. At present, this goal can be
approximated through the integration of multiple

imaging modalities [17], and by using the finding from

one modality in guiding the analysis in the other.

However, many basic questions regarding the relation-

ship between the BOLD signal and neuronal activity,

and thereby regarding the relationship between BOLD

and electromagnetic signals remain unanswered. Shed-

ding light on the coupling of neuronal activity with
haemodynamic and large-scale network responses may

make it possible to relate the spatially sensitive FMRI

signal to the temporally sensitive signals of EEG and

MEG.
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