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7.1 INTRODUCTION

The inputs delivered by different sensory organs provide us with complementary information about
the environment. Constantly, multisensory interactions occur in the brain to evaluate cross-modal
matching or conflict of such signals. The outcome of these interactions is of critical importance
for perception, cognitive processing, and the control of action (Meredith and Stein 1983, 1985;
Stein and Meredith 1993; Macaluso and Driver 2005; Kayser and Logothetis 2007). Recent stud-
ies have revealed that a vast amount of cortical operations, including those carried out by primary
regions, are shaped by inputs from multiple sensory modalities (Amedi et al. 2005; Ghazanfar and
Schroeder 2006; Kayser and Logothetis 2007, 2009). Multisensory integration is highly automatized
and can even occur when there is no meaningful relationship between the different sensory inputs
and even under conditions with no perceptual awareness, as demonstrated in pioneering research on
multisensory interactions in the superior colliculus of anesthetized cats (Meredith and Stein 1983,
1985; Stein and Meredith 1993; Stein et al. 2002). Clearly, these findings suggest the fundamental
importance of multisensory processing for development (Sur et al. 1990; Shimojo and Shams 2001,
Bavelier and Neville 2002) and normal functioning of the nervous system.

In recent years, an increasing number of studies has aimed at characterizing multisensory corti-
cal regions, revealing multisensory processing in the superior temporal sulcus, the intraparietal
sulcus, frontal regions as well as the insula and claustrum (Calvert 2001; Ghazanfar and Schroeder
2006; Kayser and Logothetis 2007). Interestingly, there is increasing evidence that neurons in areas
formerly considered unimodal, such as auditory belt areas (Foxe et al. 2002; Kayser et al. 2005;
Macaluso and Driver 2005; Ghazanfar and Schroeder 2006; Kayser and Logothetis 2007), can also
exhibit multisensory characteristics. Furthermore, numerous subcortical structures are involved in
multisensory processing. In addition to the superior colliculus (Meredith and Stein 1983, 1985),
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116 The Neural Bases of Multisensory Processes

this includes the striatum (Nagy et al. 20006), the cerebellum (Baumann and Greenlee 2007), the
amygdala (Nishijo et al. 1988), and there is evidence for cross-modal interactions at the level of the
thalamus (Komura et al. 2005).

Whereas the ubiquity and fundamental relevance of multisensory processing have become
increasingly clear, the neural mechanisms underlying multisensory interaction are much less
well understood. In this chapter, we review recent studies that may cast new light on this issue.
Although classical studies have postulated a feedforward convergence of unimodal signals as the
primary mechanism for multisensory integration (Stein and Meredith 1993; Meredith 2002), there
is now evidence that both feedback and lateral interaction may also be relevant (Driver and Spence
2000; Foxe and Schroeder 2005; Ghazanfar and Schroeder 2006; Kayser and Logothetis 2007).
Beyond this changing view on the anatomical substrate, there is increasing awareness that com-
plex dynamic interactions of cell populations, leading to coherent oscillatory firing patterns, may
be crucial for mediating cross-systems integration in the brain (von der Malsburg and Schneider
1986; Singer and Gray 1995; Singer 1999; Engel et al. 1992, 2001; Varela et al. 2001; Herrmann
et al. 2004a; Fries 2005). Here, we will consider the hypothesis that synchronized oscillations may
also provide a potential mechanism for cross-modal integration and for the selection of informa-
tion that is coherent across different sensory channels. We will (1) contrast the two different views
on cross-modal integration that imply different mechanisms (feedforward convergence vs. neural
coherence), (2) review recent studies on oscillatory responses and cross-modal processing, and
(3) discuss functional aspects and scenarios for the involvement of neural coherence in cross-modal
interaction.

7.2 VIEWS ON CROSS-MODAL INTEGRATION

7.2.1 INTEGRATION BY CONVERGENCE

The classical view posits that multisensory integration occurs in a hierarchical manner by progres-
sive convergence of pathways and, thus, sensory signals are integrated only in higher association
areas and in specialized subcortical regions (Stein and Meredith 1993; Meredith 2002). A core
assumption of this approach is that the neural representation of an object is primarily reflected in a
firing rate code. Multisensory integration, accordingly, is expressed by firing rate changes in neu-
rons or neural populations receiving convergent inputs from different modalities. A frequently used
approach to investigate multisensory processing at the level of single neurons is the comparison of
spike rate in response to multisensory stimuli with the firing rate observed when presenting the most
effective of these stimuli alone (Meredith and Stein 1983, 1985; Stein and Meredith 1993; Stein et al.
2002). In more recent studies, an approach in which the neuronal responses to multisensory inputs
are directly compared with the algebraic sum of the neuronal responses to the unisensory constitu-
ents has been applied (Rowland et al. 2007; Stanford et al. 2005). In this approach, multisensory
responses that are larger than the sum of the unisensory responses are referred to as superaddi-
tive, whereas multisensory responses that are smaller are classified as subadditive. A large body of
evidence demonstrates such multisensory response patterns in a wide set of brain regions (Calvert
2001; Macaluso and Driver 2005; Ghazanfar and Schroeder 2006).

However, as recognized by numerous authors in recent years, a pure convergence model will f(':vv;ﬂgeptrgbamy"
possibly not suffice to account for all aspects of multisensory processing (Driver and Spence 2000; netead?
Foxe and Schroeder 2005; Ghazanfar and Schroeder 2006; Kayser and Logothetis 2007). First,
strong cross-modal interactions and modulation occur in primary cortices, which is difficult to
reconcile with the notion of hierarchical convergence. Second, a convergence scenario does not
appear flexible enough because it does not allow for rapid recombination of cross-modal signals into
completely novel percepts. Furthermore, a feedforward convergence model does not explain how
low-level information about objects can remain accessible because the high-level representation is
noncompositional, i.e., it does not explicitly make reference to elementary features.
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Multisensory Integration through Neural Coherence 117

7.2.2  INTEGRATION THROUGH NEURAL COHERENCE

A different account of multisensory interaction can be derived from data on the functional role of
correlated neural activity, which is likely to play a key role for feature integration and response
selection in various sensory modalities (von der Malsburg and Schneider 1986; Singer and Gray
1995; Singer 1999; Tallon-Baudry and Bertrand 1999; Engel et al. 1992, 2001; Herrmann et al.
2004a; Fries 2005). As shown by numerous studies in both animals and humans, synchronized
oscillatory activity, in particular at frequencies in the gamma band (>30 Hz), is related to a large
variety of cognitive and sensorimotor functions. The majority of these studies were conducted in the
visual modality, relating gamma band coherence of neural assemblies to processes such as feature
integration over short and long distances (Engel et al. 1991a, 1991b; Tallon-Baudry et al. 1996), sur-
face segregation (Gray et al. 1989; Castelo-Branco et al. 2000), perceptual stimulus selection (Fries
et al. 1997; Siegel et al. 2007), and attention (Miiller et al. 2000; Fries et al. 2001; Siegel et al. 2008).
Beyond the visual modality, gamma band synchrony has also been observed in the auditory (Brosch
et al. 2002; Debener et al. 2003), somatosensory (Bauer et al. 2006), and olfactory systems (Bressler
and Freeman 1980; Wehr and Laurent 1996). Moreover, gamma band synchrony has been impli-
cated in processes such as sensorimotor integration (Roelfsema et al. 1997; Womelsdorf et al. 2006),
movement preparation (Sanes and Donoghue 1993; Farmer 1998) or memory formation (Csicsvari
et al. 2003; Gruber and Miiller 2005; Herrmann et al. 2004b).

Collectively, these data provide strong support for the hypothesis that synchronization of neu-
ral signals is a key mechanism for integrating and selecting information in distributed networks.
This so-called “temporal correlation hypothesis™ (Singer and Gray 1995; Singer 1999; Engel et al.
2001) predicts that coherence of neural signals allows to set up highly specific patterns of effec-
tive neuronal coupling, thus enabling the flexible and context-dependent binding, the selection of
relevant information, and the efficient routing of signals through processing pathways (Salinas and
Sejnowski 2001; Fries 2005; Womelsdorf et al. 2007). Based on experimental evidence discussed in
the subsequent sections, we suggest that the same mechanism may also serve to establish specific
relationships across different modalities, allowing cross-modal interactions of sensory inputs and
the preferential routing of matching cross-modal information to downstream assemblies (Senkowski
et al. 2008). We would like to note that this view does not contradict the notion that cross-modal
interactions have strong effects on neuronal firing rates, but it shifts emphasis to considering a richer
dynamic repertoire of neural interactions and a more flexible scenario of cross-modal communica-
tion in the brain.

7.3 OSCILLATORY ACTIVITY IN CROSS-MODAL PROCESSING

A variety of different paradigms have been used to study the role of oscillatory responses and neu-
ral coherence during multisensory processing. Most studies have been performed in humans using
electroencephalography (EEG) or magnetoencephalography (MEG), whereas only few animal
studies are available. The approaches used address different aspects of multisensory processing,
including (1) bottom-up processing of multisensory information, (2) cross-modal semantic match-
ing, (3) modulation by top-down attention, as well as (4) cross-modally induced perceptual changes.
In all these approaches, specific changes in oscillatory responses or coherence of neural activity
have been observed, suggesting that temporally patterned neural signals may be relevant for more
than just one type of multisensory interaction.

7.3.1  OscILLATIONS TRIGGERED BY MULTISENSORY STIMULI

The first attempt to investigate neural synchronization of oscillatory responses in the human EEG
was the comparison of phase coherence patterns for multiple pairs of electrodes during the presenta-
tion of auditory and visual object names, as well as pictures of objects (von Stein et al. 1999). Under
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118 The Neural Bases of Multisensory Processes

conditions of passive stimulation (i.e., subjects were not required to perform any task), the authors
reported an increase of phase coherence in the lower beta band between temporal and parietal
electrode sites. The authors therefore suggested that meaningful semantic inputs are processed in a
modality-independent network of temporal and parietal areas.

Additional evidence for the involvement of oscillatory beta responses in multisensory process-
ing comes from a study in which subjects were instructed to respond to the appearance of any
stimulus in a stream of semantically meaningless auditory, visual, and multisensory audiovisual
stimuli (Senkowski et al. 2006). In the cross-modal condition, an enhancement was observed for
evoked oscillations, i.e., early oscillatory activity that is phase-locked to stimulus onset. This inte-
gration effect, which specifically occurred in the beta band, predicted the shortening of reaction
times observed for multisensory audiovisual stimuli, suggesting an involvement of beta activity
in the multisensory processing of behaviorally relevant stimuli. Cross-modal effects on evoked
beta responses have been also reported in a sensory gating paradigm (Kisley and Cornwell 2006),
in which auditory and somatosensory stimuli were presented at short or long interstimulus inter-
vals under conditions of passive stimulation. Higher auditory and somatosensory evoked beta
responses were found when the preceding stimulus was from the other compared to when it was
from the same modality, suggesting a cross-modal gating effect on the oscillatory activity in
this frequency range. Further EEG investigations have focused on the examination of oscilla-
tory activity in response to basic auditory, visual, and audiovisual stimuli during passive stimula-
tion (Sakowitz et al. 2000, 2001, 2005). In these studies, multisensory interactions were found in
evoked oscillatory responses across a wide range of frequencies and across various scalp sites,
indicating an involvement of neural synchronization of cell assemblies in different frequency
bands and brain regions.

Compelling evidence for an association between oscillatory responses and multisensory process-
ing comes from a recent study on somatosensory modulation of processing in primary auditory
cortex of alert monkeys (Lakatos et al. 2007). The authors investigated the effect of median nerve
stimulation on auditory responses and observed a pronounced augmentation of oscillations in the
delta, theta, and gamma frequency ranges. Further analysis revealed that this effect was mainly
because a phase resetting of auditory oscillations by the somatosensory inputs. Another intriguing
observation in the same study was that systematic variation of the relative delay between somatosen-
sory and auditory inputs lead to multisensory response enhancements at intervals corresponding to
the cycle length of gamma, theta, and delta band oscillations. In contrast, for intermediate delays,
the paired stimulus response was smaller than the responses to auditory stimuli alone. Further sup-
port for phase resetting as a potential mechanism of cross-modal interaction comes from a recent
study focusing on visual modulation of auditory processing in the monkey (Kayser et al. 2008).
Using auditory and visual stimuli while recording in the auditory core and belt regions of awake
behaving monkeys, the authors observed both enhancement and suppression of unit and field poten-
tial responses. Importantly, visual stimuli could be shown to modulate the phase angle of auditory
alpha and theta band activity.

Two recent studies have addressed interactions between auditory and multisensory regions in the
superior temporal sulcus in behaving monkeys. One of the studies examined the effect of audiovi-
sual looming signals on neural oscillations in the two regions (Maier et al. 2008). The main finding
of this study was enhanced gamma band coherence between the two structures for cross-modally
coherent looming signals compared to unimodal or receding motion inputs. This suggests that
coupling of neuronal populations between primary sensory areas and higher-order multisensory
structures may be functionally relevant for the integration of audiovisual signals. In a recent study,
Kayser and Logothetis (2009) have investigated directed interactions between auditory cortex and
multisensory sites in the superior temporal sulcus. Their analysis, which was confined to frequen-
cies below the gamma band, suggests that superior temporal regions provide one major source of
visual influences to the auditory cortex and that the beta band is involved in directed information
flow through coupled oscillations.
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Multisensory Integration through Neural Coherence 119

In line with other studies (Foxe et al. 2002; Kayser et al. 2005; Ghazanfar and Schroeder 2006;
Kayser and Logothetis 2007), these data support the notion that inputs from other modalities and
from multisensory association regions can shape, in a context-dependent manner, the processing of
stimuli in presumed unimodal cortices. Taken together, the findings discussed above suggest that
modulation of both the power and the phase of oscillatory activity could be important mechanisms
of cross-modal interaction.

7.3.2  Errects OF CROSS-MODAL SEMANTIC MATCHING ON OSCILLATORY ACTIVITY

In addition to spatial and temporal congruency (Stein and Meredith 1993), an important factor influ-
encing cross-modal integration is the semantic matching of information across sensory channels. A
recent study has addressed this issue during audiovisual processing in an object recognition task, in
which sounds of animals were presented in combination with a picture of either the same or a differ-
ent animal. Larger gamma band activity (GBA) was observed for semantically congruent compared to
semantically incongruent audiovisual stimuli (Yuval-Greenberg and Deouell 2007). We have recently
been able to obtain similar results using a visual-to-auditory semantic priming paradigm (Schneider
et al. 2008), in which we also observed stronger GBA for trials with cross-modal semantic congru-
ence as compared to incongruent trials (Figure 7.1). Source localization using the method of “linear
beamforming” revealed that the matching operation presumably reflected in the GBA involves multi-
sensory regions in the left lateral temporal cortex (Schneider et al. 2008). In line with these results, we
have recently observed an enhanced GBA for the matching of visual and auditory inputs in working
memory in a visual-to-auditory object-matching paradigm (Senkowski et al. 2009).

The effect of multisensory matching of meaningful stimuli on oscillatory activity has also been
the subject of studies that have used socially important stimuli such as faces and voices. Exploiting
the interesting case of synchronous versus asynchronous audiovisual speech (Doesburg et al. 2007),
changes in phase synchrony were shown to occur in a transiently activated gamma oscillatory net-
work. Gamma band phase-locking values were increased for asynchronous as compared to synchro-
nous speech between frontal and left posterior sensors, whereas gamma band amplitude showed an
enhancement for synchronous compared to asynchronous speech at long latencies after stimulus onset.
A more complex pattern of multisensory interactions between faces and voices of conspecifics has
been recently observed in the superior temporal sulcus of macaques (Chandrasekaran and Ghazanfar
2009). Importantly, this study demonstrates that faces and voices elicit distinct bands of activity in the
theta, alpha, and gamma frequency ranges in the superior temporal sulcus, and moreover, that these
frequency band activities show differential patterns of cross-modal integration effects.

The relationship between the early evoked auditory GBA and multisensory processing has also
been investigated in an audiovisual symbol-to-sound-matching paradigm (Widmann et al. 2007).
An enhanced left-frontally distributed evoked GBA and later parietally distributed induced (i.e.,
non—phase locked) GBA were found for auditory stimuli that matched the elements of a visual pat-
tern compared to auditory inputs that did not match the visual pattern. In another study, the role
of neural synchronization between visual and sensorimotor cortex has been examined in a multi-
sensory matching task in which tactile Braille stimuli and visual dot patterns had to be compared
(Hummel and Gerloff 2005). In trials in which subjects performed well compared to trials in which
they performed poorly, this study revealed an enhancement of phase coherence in the alpha band
between occipital and lateral central regions, whereas no significant effects could be found in other
frequency bands. In summary, the available studies suggest that cross-modal matching may be
reflected in both local and long-range changes of neural coherence.

7.3.3 MobDULATION OF CROSS-MODAL OSCILLATORY RESPONSES BY ATTENTION

One of the key functions of attention is to enhance perceptual salience and reduce stimulus ambigu-
ity. Behavioral, electrophysiological, and functional imaging studies have shown that attention plays
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FIGURE 7.1 Enhanced gamma band activity during semantic cross-modal matching. (a) Semantically
congruent and incongruent objects were presented in a cross-modal visual-to-auditory priming paradigm.
(b) GBA in response to auditory target stimuli (S2) was enhanced following congruent compared to incongru-
ent stimuli. Square in right panel indicates a time-frequency window in which GBA difference was signifi-
cant. (c) Source localization of GBA (40-50 Hz) between 120 and 180 ms after auditory stimulus onset (S2)
using “linear beamforming” method (threshold at z = 2.56). Differences between congruent and incongruent
conditions are prominent in left medial temporal gyrus (BA 21; arrow). This suggests that enhanced GBA
reflects cross-modal semantic matching processes in lateral temporal cortex. (Adapted with permission from
Schneider et al., Enhanced EEG gamma-band activity reflects multisensory semantic matching in visual-to-
auditory object priming, Neurolmage, 42, 1244-1254, 2008.)

an important role in multisensory processing (Driver and Spence 2000; Macaluso et al. 2000; Foxe
et al. 2005; Talsma and Woldorff 2005). The effect of spatial selective attention on GBA in a mul-
tisensory setting has recently been investigated (Senkowski et al. 2005). Subjects were presented
with a stream of auditory, visual, and combined audiovisual stimuli to the left and right hemispaces
and had to attend to a designated side to detect occasional target stimuli in either modality. An
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Multisensory Integration through Neural Coherence 121

enhancement of the evoked GBA was found for attended compared to unattended multisensory
stimuli. In contrast, no effect of spatial attention was observed for unimodal stimuli. An additional
analysis of the gamma band phase distribution suggested that attention primarily acts to enhance
GBA phase-locking, compatible with the idea already discussed above that cross-modal interactions
can affect the phase of neural signals.

The effects of nonspatial intermodal attention and the temporal relation between auditory and
visual inputs on the early evoked GBA have been investigated in another EEG study (Senkowski
et al. 2007). Subjects were presented with a continuous stream of centrally presented unimodal
and bimodal stimuli while they were instructed to detect an occasional auditory or visual target.
Using combined auditory and visual stimuli with different onset delays revealed clear effects on the
evoked GBA. Although there were no significant differences between the two attention conditions,
an enhancement of the GBA was observed when auditory and visual inputs of multisensory stimuli
were presented simultaneously (i.e., 0 £ 25 ms; Figure 7.2). This suggests that the integration of
auditory and visual inputs, as reflected in high-frequency oscillatory activity, is sensitive to the rela-
tive onset timing of the sensory inputs.

7.3.4  PERCEPT-RELATED MULTISENSORY OSCILLATIONS

A powerful approach to study cross-modal integration is the use of physically identical multisensory
events that can lead to different percepts across trials. A well-known example for this approach is
the sound-induced visual flash illusion that exploits the effect that a single flash of light accompa-
nied by rapidly presented auditory beeps is often perceived as multiple flashes (Shams et al. 2000).
This illusion allows the direct comparison of neural responses to illusory trials (i.e., when more than
one flash is perceived) with nonillusory trials (i.e., when a single flash is perceived), whereas keep-
ing the physical parameters of the presented stimuli constant. In an early attempt to study GBA dur-
ing the sound-induced visual flash illusion, an increase in induced GBA was observed over occipital
sites in an early (around 100 ms) and a late time window (around 450 ms) for illusory but not for
nonillusory trials (Bhattacharya et al. 2002). Confirming these data, a more recent study has also
observed enhanced induced GBA over occipital areas around 130 and 220 ms for illusory compared
to nonillusory trials (Mishra et al. 2007).

Using a modified version of the McGurk effect, the link between induced GBA and illusory per-
ception during audiovisual speech processing has been addressed in MEG investigations (Kaiser
et al. 2005, 2006). In the McGurk illusion, an auditory phoneme is dubbed onto a video showing
an incongruent lip movement, which often leads to an illusory auditory percept (McGurk and
McDonald 1976). Exploiting this cross-modal effect, an enhanced GBA was observed in epochs
in which an illusory auditory percept was induced by a visual deviant within a continuous stream
of multisensory audiovisual speech stimuli (Kaiser et al. 2005). Remarkably, the topography of
this effect was comparable with the frontal topography of a GBA enhancement obtained in an
auditory mismatch study (Kaiser et al. 2002), suggesting that the GBA effect in the McGurk illu-
sion study may represent a perceived auditory pattern change caused by the visual lip movement.
Moreover, across subjects, the amplitude of induced GBA over the occipital cortex and the degree
of the illusory acoustic change were closely correlated, suggesting that the induced GBA in early
visual areas may be directly related to the generation of the illusory auditory percept (Kaiser et al.
2006).

Further evidence for a link of gamma band oscillations to illusory cross-modal perception comes
from a study on the rubber hand illusion (Kanayama et al. 2007). In this study, a rubber hand was
placed atop of a box in which the subject’s own hand was located. In such a setting, subjects can
have the illusory impression that a tactile input presented to one of their fingers actually stimulated
the rubber hand. Interestingly, there was a strong effect of cross-modal congruence of the stimula-
tion site. Stronger induced GBA and phase synchrony between distant electrodes occurred when a
visual stimulus was presented nearby the finger of the rubber hand that corresponded to the subject’s
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FIGURE 7.2 Effect of relative timing of multisensory stimuli on gamma band oscillations. (a) Horizontal

gratings and sinusoidal tones were presented with different stimulus onset asynchronies. (b) GBA to auditory

and visual components of multisensory audiovisual stimuli were extracted for five asynchrony ranges centered

about —100, =50, 0, +50, and +100 delay between visual and auditory stimulus, respectively. GBA evoked with +100 ms delay?
multisensory inputs was compared to GBA to unisensory control stimuli. (c) An enhancement of evoked GBA

compared to unimodal input was observed when auditory and visual inputs were presented with smallest rela-

tive onset asynchrony window (0 = 25 ms). This shows that precision of temporal synchrony has an effect on

early cross-modal processing as reflected by evoked GBA. (Adapted from Senkowski et al., Good times for
multisensory integration: Effects of the precision of temporal synchrony as revealed by gamma-band oscilla-

tions, Neuropsychologia, 45, 561-571, 2007.)

finger receiving a tactile stimulus, as compared to a spatial cross-modal misalignment. This finding
suggests a close relationship between multisensory tactile—visual stimulation and phase coherence
in gamma band oscillations. In sum, the findings discussed in this section suggest that oscillatory
activity, in particular at gamma band frequencies, can reflect perceptual changes resulting from
cross-modal interactions.
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7.4 FUNCTIONAL ROLE OF NEURAL SYNCHRONY
FOR CROSS-MODAL INTERACTIONS

The data available support the hypothesis that synchronization of oscillatory responses plays a
role for multisensory processing (Senkowski et al. 2008). They consistently show that multisensory
interactions are accompanied by condition-specific changes in oscillatory responses which often,
albeit not always, occur in the gamma band (Sakowitz et al. 2000, 2001, 2005; Bhattacharya et al.
2002; Kaiser et al. 2005, 2006; Senkowski et al. 2005, 2006, 2007; Lakatos et al. 2007; Mishra et
al. 2007; Kanayama et al. 2007; Doesburg et al. 2007; Widmann et al. 2007; Schneider et al. 2008).
Interpreting these effects observed in EEG or MEG signals, it is likely that they result not only from
changes in oscillatory power, but also from altered phase coherence in the underlying neuronal
populations. Several of the studies reviewed above have addressed this directly, providing evidence
that coherence of neural signals across cortical areas may be a crucial mechanism involved in mul-
timodal processing (von Stein et al. 1999; Hummel and Gerloff 2005; Doesburg et al. 2007; Maier
et al. 2008; Kayser and Logothetis 2009).

Theoretical arguments suggest that coherent oscillatory signals may be well-suited to serve cross-
modal integration. It has been argued that synchronization of neural activity may help to cope with
binding problems that occur in distributed architectures (von der Malsburg and Schneider 1986;
Singer and Gray 1995; Engel et al. 1992, 2001; Singer 1999). Clearly, multisensory processing poses
binding problems in at least two respects (Foxe and Schroeder 2005): information must be inte-
grated across different neural systems; moreover, real-world scenes comprise multiple objects, cre-
ating the need for segregating unrelated neural signals within processing modules while, at the same
time, selectively coordinating signals across channels in the correct combination. It seems unlikely
that such complex coordination could be achieved by anatomical connections alone because this
would not provide sufficient flexibility to cope with a fast-changing multisensory world. In contrast,
establishment of relations between signals by neural coherence may provide both the required flex-
ibility and selectivity because transient phase-locking of oscillatory signals allows for the dynamic
modulation of effective connectivity between spatially distributed neuronal populations (Konig
et al. 1995; Salinas and Sejnowski 2001; Fries 2005; Womelsdorf et al. 2007).

If neural coherence indeed supports multisensory integration, a number of scenarios seem pos-

sible regarding the interaction of “lower-order” and “higher-order” regions. The studies reviewed .
above demonstrate the effects of multisensory interactions on oscillatory responses at multiple lev- Igﬁg.lasoﬂgiqg
els, including primary sensory areas (Kaiser et al. 2006, 2008; Lakatos et al. 2007) as well as ot glyé%roé(ﬁ:ns the
higher-order multimodal and frontal areas (Kaiser et al. 2005; Senkowski et al. 2006), suggesting Siffs’i”piﬁv“.i‘e
that coherent neural activity might play a role for both “early” and “late” integration of multisen- thie Teterence.
sory signals. However, the available data do not yet allow to conclusively decide which interaction
patterns are most plausibly involved and, likely, these will also depend on the nature of the task
and the stimuli. Using the case of audiovisual interactions, a number of hypothetical scenarios
are schematically depicted in Figure 7.3. The simplest scenario predicts that during multisensory
interactions, neural synchronization changes between early sensory areas. An alternative possibility
is that changes in neural coherence or power occur mainly within cell assemblies of multisensory
association cortices like, e.g., superior temporal regions. More complex scenarios would result from
a combination of these patterns. For instance, changes in neural synchrony among unimodal regions
could also be associated with enhanced oscillatory activity in multisensory areas. This could result
from reentrant bottom-up and top-down interactions between unimodal and multimodal cortices.
In addition, changes in multisensory perception will often also involve frontal regions, which might
exert a modulatory influence on temporal patterns in multisensory parietotemporal regions through
oscillatory coupling. Most likely, at least for multisensory processing in naturalistic environments,
these interactions will combine into a highly complex pattern involving the frontal cortex, tem-
poroparietal regions as well as unimodal cortices and presumably also subcortical structures.
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FIGURE 7.3 Scenarios for large-scale neural communication during cross-modal perception. Model pro-
posed here is compatible with a number of different patterns of neural interactions. Figure refers to the case
of audiovisual interactions. (a) Multisensory interactions by coherence change between early sensory areas.
(b) Alternatively, changes in neural coherence or power might occur mainly within or between multisensory
association cortices, e.g., superior temporal and parietal regions. (c) Combining both scenarios, neural syn-
chrony among unimodal regions could also be associated with enhanced oscillatory activity in multisensory
areas. (d) Multisensory perception might also involve oscillatory activity in frontal regions, which is likely to
exert a modulatory influence on temporal patterns in parietal and temporal regions.

Exploiting coherent oscillations as a potential mechanism would be compatible with various
modes, or outcomes, of cross-modal interaction. An important case is the integration of spatially or
semantically matching cross-modal signals. Congruent multisensory information would lead, very
likely, to coherent activation of neurons processing sensory inputs from different modalities. This,
in turn, will lead to stronger activation of cells in multisensory temporal, parietal, or frontal regions
that receive input from such a synchronized assembly (Figure 7.3). Thus, cross-modal coherence
might provide a plausible mechanism to implement the binding of features across different sensory
pathways. In addition, cross-modal integration may be considerably facilitated by top-down influ-
ences from higher-order regions (Engel et al. 2001; Herrmann et al. 2004a). During the processing
of natural multimodal scenes or semantically complex cross-modal information, such top-down
influences might express a dynamic “prediction” (Engel et al. 2001) about expected multisensory
inputs. In case of a match with newly arriving sensory inputs, “resonance” is likely to occur, which
would augment and accelerate the processing and selection of matching multisensory information
(Widmann et al. 2007; Schneider et al. 2008; Senkowski et al. 2009).

The mechanism postulated here may also account for the processing of conflicting cross-
modal information. In this case, the mismatching of spatiotemporal phase patterns would presum-
ably lead to competition between different assemblies and a winner-take-all scenario (Fries et al.
2007). Evidence from work in the visual system suggests that such a competition would lead to

K10614_C007.indd 124 3/26/2011 7:12:02 AM



Multisensory Integration through Neural Coherence 125

an augmentation of temporal coherence in the dominant assembly, but a weakening of the tempo-
ral binding in other assemblies (Roelfsema et al. 1994; Fries et al. 1997, 2001). Because synchro-
nized signals are particularly efficient in driving downstream cell populations (Konig et al. 1996;
Womelsdorf et al. 2007) and in modulating synaptic weights (Markram et al. 1997; Bi and Poo
2001), such a mechanism would then lead to a selection of strongly synchronized populations and
suppression of decorrelated activity.

A third case may be cross-modal modulation, i.e., the bias of a percept by concurrent input from
a different sensory modality. The model suggested here predicts that the inputs from the second
modality can change the temporal structure of activity patterns in the first modality. One possible
mechanism for such a modulation by oscillatory inputs is suggested by studies discussed above
(Lakatos et al. 2007; Kayser et al. 2008). Both “lateral” interactions between assemblies in early
areas as well as top-down influences could lead to a shift in phase of the respective local oscillations,
thus entraining the local population into a temporal pattern that may be optimally suited to enhance
the effect on downstream assemblies. The prediction is that this phase resetting or phase shift-
ing should be maximally effective in case of spatial, temporal, or semantic matching cross-modal
information. Such a mechanism might help to explain why cross-modal context can often lead to
biases in the processing of information in one particular sensory system and might contribute to
understanding the nature of “early” multisensory integration (Foxe and Schroeder 2005). Because
such modulatory effects might occur on a range of time scales (defined by different frequency bands
in oscillatory activity), this mechanism may also account for broader temporal integration windows
that have been reported for multisensory interactions (Vroomen and Keetels 2010).

Finally, our hypothesis might also help to account for key features of multisensory process-
ing such as the superadditivity or subadditivity of responses (Stein and Meredith 1993; Meredith
2002) and the principle of “inverse effectiveness” (Kayser and Logothetis 2007). Because of non-
linear dendritic processing, appropriately timed inputs will generate a much stronger postsynaptic
response in target neuronal populations than temporally uncoordinated afferent signals (Konig et al.
1996; Singer 1999; Fries 2005) and, therefore, matching cross-modal inputs can have an impact
that differs strongly from the sum of the unimodal responses. Conversely, incongruent signals from
two modalities might result in temporally desynchronized inputs and, therefore, in “multisensory
depression” in downstream neural populations (Stein et al. 2002).

7.5 OUTLOOK

Although partially supported by data, the hypothesis that neural synchrony may play a role in
multisensory processing clearly requires further experimental testing. Thus far, only a relatively
small number of multisensory studies have used coherence measures to explicitly address interac-
tions across different neural systems. Very likely, substantial progress can be achieved by studies in
humans if the approaches are suitable to capture dynamic cross-systems interactions among specific
brain regions. Such investigations may be carried out using MEG (Gross et al. 2001; Siegel et al.
2007, 2008), EEG/fMRI (Debener et al. 2006) or intracerebral multisite recordings (Lachaux et al. fum era "
2003), if the recordings are combined with advanced source modeling techniques (Van Veen et al.
1997) and analysis methods that quantify, e.g., directed information transfer between the activated
regions (Supp et al. 2007). In addition, some of the earlier EEG studies on multisensory oscillations
involving visual stimuli (e.g., Yuval-Greenberg and Deouell 2007) seem to be confounded by arti-
facts relating to microsaccades (Yuval-Greenberg et al. 2008), a methodological issue that needs to
be clarified and possibly can be avoided by using MEG (Fries et al. 2008). To characterize the role
of correlated activity for multisensory processing at the cellular level, further microelectrode stud-
ies in higher mammals will be indispensable.

The model put forward here has several implications. We believe that the study of synchroniza-
tion phenomena may lead to a new view on multisensory processing that considers the dynamic
interplay of neural populations as a key to cross-modal integration and stipulates the development of

K10614_C007.indd 125 3/26/2011 7:12:02 AM


engel
Hervorheben
Replace by "combination of EEG with functional magnetic resonance imaging"


126 The Neural Bases of Multisensory Processes

new research approaches and experimental strategies. Conversely, the investigation of multisensory
interactions may also provide a crucial test bed for further validation of the temporal correlation
hypothesis (Engel et al. 1992; Singer and Gray 1995; Singer 1995), because task- or percept-related
changes in coherence between independent neural sources have hardly been shown in humans thus
far. In this context, the role of oscillations in different frequency bands is yet another unexplored
issue that future studies will have to address. As discussed above, multisensory effects are often, but
not exclusively, observed in higher frequency ranges, and it is unclear why gamma band oscillations
figure so prominently.

Finally, abnormal synchronization across sensory channels may play a role in conditions of
abnormal cross-modal perception such as synesthesia (Hubbard and Ramachandran 2005) or in
disorders such as, e.g., schizophrenia or autism. In synesthesia, excessively strong multisensory
coherence might occur, which then would not just modulate processing in unimodal regions but
actually drive sensory neurons even in the absence of a proper stimulus. In contrast, abnormal
weakness of cross-modal coupling might account for the impairment of multisensory integration
that is observed in patients with schizophrenia (Ross et al. 2007) or autism (Iarocci and McDonald
2006). Thus, research on cross-modal binding may help to advance our understanding of brain
disorders that partly result from dysfunctional integrative mechanisms (Schnitzler and Gross 2005;
Uhlhaas and Singer 2006).
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