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In addition to visual information from the face of the speaker, a less natural, but nowadays extremely
important visual component of speech is its representation in script. In this review, neuro-imaging stud-
ies are examined which were aimed to understand how speech and script are associated in the adult ‘‘lit-
erate” brain. The reviewed studies focused on the role of different stimulus and task factors and effective
connectivity between different brain regions. The studies will be summarized in a neural mechanism for
the integration of speech and script that can serve as a basis for future studies addressing (the failure of)
literacy acquisition. In this proposed mechanism, speech sound processing in auditory cortex is modu-
lated by co-presented visual letters, depending on the congruency of the letter–sound pairs. Other factors
of influence are temporal correspondence, input quality and task instruction. We present results showing
that the modulation of auditory cortex is most likely mediated by feedback from heteromodal areas in the
superior temporal cortex, but direct influences from visual cortex are not excluded. The influence of script
on speech sound processing occurs automatically and shows extended development during reading
acquisition. This review concludes with suggestions to answer currently still open questions to get closer
to understanding the neural basis of normal and impaired literacy.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Speech is a multimodal phenomenon. Most naturally, speech is
highly intertwined with visual information from the speaker’s face.
This includes, but is not confined to, lip movements (Campanella
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and Belin, 2007). Many neuro-imaging studies have shown that vi-
sual information from the speaker can by itself activate the audi-
tory cortex (Campbell, 2008; Molholm and Foxe, 2005), or
modulate speech processing during stages previously assumed to
be unimodal auditory (Amedi et al., 2005; Calvert et al., 1999). This
observation is not unique to speech processing, as visual influences
in ‘‘auditory” cortex have been observed across species and for
many types of stimuli (Kayser and Logothetis, 2007; Schroeder
and Foxe, 2005).

In addition to visual information from the (face of the) speaker,
a less natural, but nowadays extremely important visual compo-
nent of speech is its representation in written language, or script.
Since spoken language is our primary language system, learning
to read essentially comes down to understanding how a script rep-
resents the speech system. In alphabetic scripts, such as English or
Dutch, letters and speech sounds (or phonemes) are the basic ele-
ments of correspondence between spoken and written language.
Investigations of how letters and speech sounds are associated in
the brain therefore increase our understanding of the neural basis
of literacy, the relevance of which is emphasized by the constantly
increasing demands for literacy in today’s knowledge-based soci-
ety (National Reading Council, 1998).
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In this review, neuro-imaging investigations of how speech and
script are associated in the adult ‘‘literate” brain will be closely
examined to formulate a neural mechanism that can serve as a ba-
sis for future studies addressing (the failure of) literacy acquisition.
In the past few years, it has become apparent that the auditory cor-
tex plays an important role in the integration of speech and script,
which may not be surprising given the fact that speech is primary
to the learning and use of a script. To provide a theoretical frame-
work for this view, this review will start by giving a more elaborate
background on the relation between spoken and written language.
Next, empirical evidence as to where, when and how speech and
script information interact in the brain will be reviewed. For the
‘‘how” question, of special interest are (1) the role of different stim-
ulus and task factors and (2) effective connectivity within the net-
work, i.e., the question of how different brain regions cooperate to
successfully connect speech with its written representation.

The different stimulus manipulations that have been investi-
gated include semantic congruency (Van Atteveldt et al., 2004),
temporal correspondence (Van Atteveldt et al., 2007a), input qual-
ity (Blau et al., 2008a) and stimulus repetition (van Atteveldt et al.,
2008). To investigate how different top–down task demands influ-
ence the perceptual integration processes, we compared passive
and active matching (Van Atteveldt et al., 2007b) and the effects
of explicit versus implicit integration processes during task perfor-
mance. These factors will be considered one by one, before they
will be merged into a neural mechanism for letter–sound integra-
tion, in which preliminary effective connectivity results will also be
included. Finally, suggestions for future studies to answer cur-
rently still open questions will be discussed, to get closer to under-
standing the neural basis of normal and impaired literacy.

2. The relation between speech and script

Reading has been characterized as being ‘‘parasitic on speech”
(Mattingly, 1972), and learning to read as ‘‘an unnatural act”
(Gough and Hillinger, 1980). These statements refer to the differ-
ence in naturalness between spoken and written language. Spoken
language precedes written language, both in phylogenetic and
ontogenetic development. In the time-course of evolution, spoken
language is as old as the human species, while writing systems are
cultural inventions that only exist since a few thousands years, and
are of common use only since the last century. As a consequence,
brain mechanisms for spoken language are a product of biological
evolution, whereas the artificial nature and relatively short history
of writing systems make the existence of a naturally adapted spe-
cialized brain mechanism for written language unlikely (Gleitman
and Rozin, 1977; Liberman, 1992). At the same time, literacy has
become extremely important since its short existence. In many
Western countries, 100% of the population is expected to be lit-
erate nowadays (National Reading Council, 1998). Considering
the artificial nature of written language, meeting this expectation
logically poses a serious challenge during individual cognitive
development.

In analogy with evolutionary development, speech is also ear-
lier and more natural during individual development. Whereas
spoken language is typically acquired automatically and without
effort, literacy takes a long period of instruction (Froyen et al.,
2009), and is usually learned at an older age (Eden and Moats,
2002), if learned at all. As already mentioned, the essential step
in becoming literate is to discover how a writing system encodes
the already acquired spoken language system. In alphabetic scripts,
this is called the alphabetic principle (Byrne et al., 1996), which in-
cludes learning the letter–sound correspondences of a language.
Different developmental theories are in agreement that, although
other factors also play a role, this is the crucial step in literacy
acquisition (Ehri, 2005). Only after mastering all letter–sound
mappings, all words can be decoded systematically. Skilled reading
most probably still involves automatic activation of phonological
representations (National Reading Council, 1998; Perfetti and
Sandak, 2000; Snowling and Hulme, 2005). This indicates that after
successful acquisition of the alphabetic principle and many years
of reading experience, letter–speech sound associations are over-
learned paired associates in literate adults.

To sum up, in speech-based alphabetic scripts, the spoken lan-
guage system is primary and is represented by script at the level
of letters and speech sounds. To gain more insight in the neural ba-
sis of literacy skills, letter–speech sound associations are the most
fundamental level to study. Therefore, although several neuro-
imaging studies have studied letter-to-sound conversion indirectly
or at the level of words (e.g., see Price and Mechelli, 2005), this re-
view will focus on studies that provide direct insight into how let-
ters and speech sounds interact in the brain.

3. Empirical evidence for interaction of speech and script in the
auditory cortex

3.1. Functional magnetic resonance imaging: a short note on statistical
criteria

The question of what is the best metric to infer multisensory
integration (MSI) from functional magnetic resonance imaging
(fMRI) data is a matter of ongoing debate (Beauchamp, 2005;
Calvert, 2001; Driver and Noesselt, 2008; Laurienti et al., 2005).
We favor the criterion that the bimodal fMRI-response, or Blood
Oxygen Level Dependent (BOLD) response, should be increased rel-
ative to the most effective unimodal response, also termed the
‘‘max criterion” (Beauchamp, 2005). A similar criterion has been
used to infer multisensory enhancement or depression on the sin-
gle neuron level, using the number of evoked impulses to unimodal
and bimodal stimulation (Stein and Meredith, 1993). The max cri-
terion is more stringent than the also used ‘‘mean criterion” in
which the bimodal response should be more than the mean of
the unimodal responses. This criterion is too liberal especially
when one of the unimodal responses is weak or absent, which re-
duces the mean in such a way that a bimodal response exceeds the
mean even when weaker than the largest unimodal response
(Beauchamp, 2005). Therefore, the mean criterion can be mislead-
ing, especially when examining low-level sensory regions such as
the auditory cortex, since it would be classified as ‘‘multisensory”
when visual responses are weak, even if the audiovisual response
is weaker than the auditory response.

On the other hand, the max criterion is more liberal than the
super-additivity metric, which states that the bimodal response
should exceed the sum of the unimodal responses. Although
claimed to be the only metric that can infer MSI from fMRI data
with high certainty (i.e., without false positives, Calvert, 2001), it
appears to be too strict, likely leading to many false negatives. This
is because the high variability in operational modes of single mul-
tisensory neurons (Perrault et al., 2005) in combination with the
indirect nature, limited dynamic range and coarse spatial resolu-
tion of fMRI makes a super-additive BOLD response rather unlikely
(Laurienti et al., 2005). All in all, the max criterion seems to be the
best compromise, as is supported by a direct comparison of the dif-
ferent analytic metrics (Beauchamp, 2005).

Because all different metrics for comparing bimodal to unimodal
responses have limitations, an interesting additional approach is to
manipulate the (e.g., identity) congruency of the different inputs
(e.g., visual and auditory). In this type of analysis, two bimodal con-
ditions are contrasted with each other (congruent vs. incongruent),
which eliminates the unimodal component and its accompanying
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complications from the metric. Since a distinction between congru-
ent and incongruent cross-modal stimulus pairs can not be estab-
lished unless the unimodal inputs have been integrated
successfully, the congruency contrast can be used as a supplemental
criterion for multisensory integration. An additional advantage of
using the congruency contrast is that it only has two levels, which
facilitates manipulation of different factors (e.g., temporal or spatial
relation between the cross-modal inputs) within the same design
and directly search for interactions using multi-factorial analyses
(Van Atteveldt et al., 2007a). For example, interactions between tem-
poral or spatial relation and identity congruency directly address the
impact of these factors on multisensory integration.

3.2. Visual letters modulate speech sound processing in low-level
auditory cortex

In the first of a series of fMRI studies in our group, we aimed to
elucidate the network of brain regions involved in the processing,
convergence and integration of letters and speech sounds in lit-
erate adults (Van Atteveldt et al., 2004). To achieve this aim, we
presented our subjects with single letters (unimodal visual),
speech sounds (unimodal auditory), and their combinations (bimo-
dal/audiovisual) during fMRI scanning. Moreover, we manipulated
the identity congruency of the bimodal stimuli: congruent (e.g.,
letter ‘‘a” combined with speech sound /a/) and incongruent (e.g.,
letter ‘‘a” with speech sound /o/) pairs were presented in different
blocks. The unimodal conditions were included to demonstrate
processing and convergence of letters and speech sounds, by test-
ing which areas responded specifically to only letters or only
speech sounds (modality-specific processing), and which re-
sponded to both (convergence or heteromodal processing). The bi-
modal conditions were included to assess which areas were
involved in multisensory integration, by contrasting bimodal to
unimodal responses (using the max criterion), and bimodal con-
gruent and incongruent conditions to each other (congruency
contrast).

The key findings from this fMRI study were that: (1) Regions of
the superior temporal sulcus and gyrus (STS/STG) showed response
enhancement for both bimodal conditions, and a converging or
heteromodal response pattern to the unimodal conditions; and
(2) Compared to the fMRI response to speech sounds alone, low-le-
vel (‘‘unimodal”) auditory cortex regions showed an increased re-
sponse to congruent and a suppressed response to incongruent
letter–sound pairs (congruency effect), in absence of a significant
response to letters alone. These two findings are summarized in
Fig. 1 (graphs in top row: ‘‘passive block design”). The congruency
effect was located on Heschl’s sulcus (HS), extending to the planum
temporale (PT), probably corresponding to auditory belt cortex as
described in non-human primates (Kaas and Hackett, 2000),
reflecting the second stage of processing (after processing in the
primary core). The absence of a clear unimodal visual response in
PT/HS indicated that the effect of the letters on speech sound pro-
cessing in this area reflects a modulatory feedback effect with
likely origin in the STS/STG, as was also suggested for audiovisual
speech (Calvert, 2001). However, an interesting alternative inter-
pretation of the visual modulation of PT/HS activity is by direct
anatomical connections between visual and auditory cortex that
have been demonstrated in animals (Budinger et al., 2006; Falchier
et al., 2002; Rockland and Ojima, 2003). This should be explored in
more detail in future studies, for instance using fMRI effective con-
nectivity measures (see Section 4.3), but complementary methods
providing precise timing information might be necessary for con-
clusive answers (see Section 6.2).

The exact processing stage in which letters modulated speech
sound processing (secondary auditory cortex) was estimated on
basis of individual anatomical landmarks on flattened cortical
sheets that provided detailed anatomical information (figure 4 in
Van Atteveldt et al., 2004). As also clear from this figure, the anat-
omy of Heschl’s region is highly variable across subjects (Morosan
et al., 2001). Therefore, it is of great importance to examine the
anatomical location of visual influences in the auditory cortex on
an individual basis, as was done very systematically in a study
on lip reading (Pekkola et al., 2005). However, as also indicated
by Pekkola and colleagues, the exact topography of functional fields
within auditory cortex also varies, and is inconsistently related to
the macro-anatomical landmarks available from MRI images
(Morosan et al., 2001). This makes it impossible to delineate pri-
mary from secondary auditory cortex with certainty based on ana-
tomical MRI’s only. More ideally, processing stage should be
defined functionally using tonotopic mapping, in analogy to retino-
topic mapping which is used in the visual cortex to delineate early
visual areas (Sereno et al., 1995). Using high-resolution fMRI,
Formisano et al. (2003) convincingly demonstrated that the human
primary auditory cortex (PAC) consists of two mirror-reversed
tonotopic maps, i.e., exhibiting a low-to-high or high-to-low gradi-
ent of frequency tuning. This corresponds with what has been
shown using invasive electrophysiology in the macaque PAC (Kaas
and Hackett, 2000). This knowledge can be applied in studies
investigating different aspects of sound processing, to verify
whether effects are located in the PAC or not, and in which subdi-
vision (see e.g., Riecke et al., 2007). Analogously, it will be very
interesting to use such best-frequency mapping techniques in hu-
man multisensory studies, to functionally rather than only ana-
tomically verify the exact processing stage of visual influences
(see also Section 6.1.1). In a high-resolution fMRI study on visual
influences in the macaque auditory cortex, Kayser and colleagues
mapped auditory cortex fields (Kayser et al., 2007) using a tech-
nique that combines differential frequency and bandwidth prefer-
ences (Petkov et al., 2006). In their study, Kayser and colleagues
were able to demonstrate very accurately that strongest visual
influences occurred in auditory (para-) belt, but extended to (cau-
dal) primary cortex. The challenge now lies in combining a similar
sophisticated form of functional mapping with multisensory
experiments in humans as well.

3.3. Influence of input timing

In the study that followed, we manipulated temporal corre-
spondence between the letters and speech sounds in the bimodal
conditions, in addition to the identity congruency manipulation
(Van Atteveldt et al., 2007a). As discussed in Section 3.1, this is
one of the advantages of the congruency analysis approach. In both
bimodal congruent and incongruent conditions, we now used five
different stimulus onset asynchronies (SOA) between the letter
and speech sound stimuli: �300, �150, 0, 150 and 300 ms (nega-
tive SOA’s indicate that visual precedes auditory). This balanced
2-factorial (2 � 5) design allowed a voxel-by-voxel search for
interactions between congruency and SOA, in other words, voxels
that show a different effect of congruency for different input tim-
ings. Interestingly, the interaction analysis revealed auditory cor-
tex areas corresponding to the PT/HS regions that showed the
congruency effect in the previous study. As summarized in Fig. 1
(‘‘Auditory cortex” graph in bottom row: ‘‘Passive block design, dif-
ferent SOA’s”), the PT again showed a strong congruency effect, but
only for synchronously presented visual and auditory inputs. The
multisensory enhancement for congruent, as well as the suppres-
sion for incongruent letter–sound pairs rapidly diminished with
increasing SOA. In addition, a bilateral, more anterior region on
the superior temporal plane (aSTP) showed a significant interac-
tion between SOA and congruency (not shown here, see Figures
3–5 in Van Atteveldt et al., 2007a). These aSTP regions exhibited
the congruency effect also only for synchronous presentation,



Fig. 1. Summary of response profiles in auditory cortex and STS/STG as influenced by modality, congruency and temporal asynchrony of letter–sound pairs, under different
task conditions. (Center) The brain depicts the reconstructed left hemisphere on which different statistical maps are projected: congruency contrast in dark blue, max
criterion in violet. The dark blue region encircled by the dotted line reflects the auditory cortex; the violet region encircled by the closed line reflects heteromodal STS/STG.
The figure is adapted from van Atteveldt et al. (2004), but the maps are representative also for those obtained in the other fMRI studies. (Graphs) The top row (‘‘passive block
design”) displays the averaged % BOLD response time-course in the auditory cortex (left graph) and STS/STG (right graph) in the first fMRI study in which stimuli were
blocked, audiovisual stimuli synchronous, and viewing/listening was passive. The bottom row (‘‘passive block design, different SOAs”) shows the multisensory interaction
index as a function of SOA (VA, visual precedes; AV, auditory precedes). The index reflects the audiovisual (AV) response as percentage of the most effective unimodal
response (auditory/A or visual/V) and was calculated by: ((AV � [A,V]max)/[A,V]max) � 100%. The left panel (‘‘passive/active event-related”) shows the averaged % BOLD
response time-course in the auditory cortex using event-related fMRI (random stimulus presentation) during passive viewing/listening (upper graph) and active matching
(lower graph) of letter–sound pairs.
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although the multisensory interaction values seemed to fluctuate
more as a function of SOA.

Because the SOA by congruency interaction analysis did not re-
veal voxels in the heteromodal STS/STG, we applied the max crite-
rion at all five SOA’s to examine the effect of input timing on MSI
independent of congruency. This analysis revealed response
enhancement for both congruent and incongruent letter–sound
pairs relative to the most effective unimodal response in the STS/
STG, roughly for all SOA’s (Fig. 1, ‘‘STS/STG” graph in bottom
row: ‘‘Passive block design, different SOA’s”). Interestingly, as
shown in Fig. 1, the strength of response enhancement seems to
fluctuate as a function of SOA: some SOAs seem to be ‘‘better” than
others for MSI. This hints at a recently revealed and potentially
very interesting mechanism in which cross-modal inputs can influ-
ence each other by resetting the phase of ongoing oscillations
(Ghazanfar and Chandrasekaran, 2007; Lakatos et al., 2007). Ongo-
ing oscillations are fluctuations of local neuronal ensembles be-
tween high and low excitability states (Schroeder et al., 2008).
Lakatos and colleagues found in the macaque auditory cortex that
the phase of ongoing oscillations could be reset by somatosensory
input in such a way that the processing of subsequent auditory in-
puts was enhanced or suppressed, depending on whether they ar-
rived during an excitatory (‘‘best”) or inhibitory (‘‘worst”) phase of
the oscillatory cycle of a certain frequency band. Enhancement
peaks corresponded to gamma, theta and delta periods. Moreover,
they verified phase resetting by comparing phase distribution of
different frequency bands before and after somatosensory stimula-
tion. This revealed that after somatosensory stimulation, the phase
distribution of oscillations in exactly the gamma, theta and delta
bands were concentrated relative to prestimulus, when they were
random. The SOA fluctuation that we observed in STS seems con-
sistent with the delta band period and might therefore point to a
similar mechanism. However, note that we sampled only a limited
set of SOAs, and that the auditory stimulus preceded in half of
them.

In relation to the previous fMRI study described in Section 3.2,
we interpreted the SOA effects as follows: letters and speech
sounds are integrated in STS over a wide temporal range (though
with better and worse SOAs), but feedback to the auditory cortex,
in this study PT and aSTP, is only provided when the stimuli are in
temporal synchrony. This is supported by another fMRI study com-
paring synchronous with asynchronous audiovisual patterns
(Noesselt et al., 2007). Their effective connectivity analysis indi-
cated feedback from STS to auditory cortex only for the coincident
stimuli.

3.4. Impact of different task demands

So far, our studies only revealed insights in letter–sound inte-
gration in a passive setting, as no explicit top–down task instruc-
tions were imposed during viewing and listening. We therefore
believe that the results described in Sections 3.2 and 3.3 reflect
an automatic, bottom–up mechanism of integration, where only
stimulus properties (identity congruency, temporal correspon-
dence) define which inputs will be integrated (and how). To inves-
tigate how different top–down task demands influence the
integration process, we included an active condition in a subse-
quent study (Van Atteveldt et al., 2007b). In this study, we first
switched from blocked to random stimulus presentation during
passive perception, which served two goals. Firstly, since the use
of a behavioral task necessitates random stimulus presentation
and thereby event-related fMRI (er-fMRI) analysis, we wanted to
replicate the previously demonstrated multisensory effects using
er-fMRI. The second goal was to exclude the possibility that
blocked presentation of congruent and incongruent stimuli evoked
different attention conditions that could (partly) be responsible for
the demonstrated congruency effects. Both goals were achieved:
er-fMRI analysis of unimodal and bimodal congruent and incon-
gruent stimuli almost perfectly replicated the results from the
blocked stimulus presentation in the auditory cortex (Fig. 1, ‘‘pas-
sive event-related” graph in left column). This confirms that the
congruency effect we observed using blocked stimulus presenta-
tion is not (exclusively) attributable to attention differences in
the congruent and incongruent blocks. Note that the different
shape and amplitude of the event-related BOLD response are as ex-
pected from the shorter stimulus durations.

In the second part of the study, only bimodal (congruent and
incongruent) stimuli were randomly presented, and subjects were
instructed to indicate by a button press whether or not the letter
matched the speech sound (‘‘yes” or ‘‘no”). The stimulus presenta-
tion and scanning design was identical to the passive event-related
experiment. Interestingly, during active matching, the congruency
effect was no longer observed in the auditory cortex or in any other
region (Fig. 1, ‘‘active event-related” graph in left column), at any of
the tested SOA’s (0 and ±300 ms). When both event-related graphs
are compared, the absence of the congruency effect seems to be
best explained by an increased response to incongruent stimuli
during explicit matching. An additional whole-brain analysis re-
vealed that several frontal and parietal areas were stronger acti-
vated during incongruent relative to congruent stimuli. These
results demonstrate that multisensory responses to letter–sound
pairs in the auditory cortex heavily depend on task demands.
Whereas the auditory cortex is modulated by congruency and tem-
poral synchrony in absence of task instructions, this modulation is
overruled during a matching task for which congruency informa-
tion is explicitly needed for performance. The increased activity
for incongruent versus congruent letter–sound pairs in frontal
and parietal regions indicate a possible source of this task-related
top–down effect.

An intriguing question that followed from this study is
whether congruency information will influence auditory cortex
when it is not an explicit aspect of the task. This question was ad-
dressed in another fMRI study in which subjects performed a uni-
modal auditory speech sound discrimination task (‘‘did you hear
/a/ or /e/?”, Blau et al., 2008a). The speech sounds were presented
unimodally or combined with congruent or incongruent letters;
however, the letters were completely irrelevant for task perfor-
mance. The nature of the task makes integration of the letters
and speech sounds, if it occurs, implicit since it is not needed
for solving the task. In the auditory cortex, a similar congruency
effect was observed as during passive integration, indicating that
implicit integration during an active task does not overrule this
response. In sum, different task demands have a different impact
on the neural mechanism of letter–speech sound integration, and
especially the explicitness of the integration process seems to
influence ‘‘default” responses in the auditory cortex as observed
during passive viewing and listening conditions. This implies that
one should consider carefully what kind of task would be best
suited for a specific purpose.

3.5. Input quality

Combination of inputs from different senses is especially help-
ful in circumstances where the separate inputs do not provide opti-
mal information. Examples are the improvement of speech
perception by lip reading in noisy surroundings or the complemen-
tary auditory or somatosensory information provided when dusk
falls. This phenomenon was exploited in the study of Blau and col-
leagues (2008a, see 3.4), where sub-optimal stimuli were used in
both modalities: pink noise was added to the speech sounds, and
the letters were degraded by overall contrast reduction and mask-
ing with an abstract reassembling of letter parts. In addition to the
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results described in Section 3.4, the visual cortex (fusiform gyrus)
also exhibited an effect of letter–sound congruency, which was
remarkable for two reasons: (1) visual information was irrelevant
for the task (speech sound discrimination) and (2) a congruency ef-
fect was not found in the visual cortex using undegraded letter and
speech sound stimuli (e.g., van Atteveldt et al., 2004). The first rea-
son emphasizes how automatic the integration of letters and
speech sound occurs in literate adults, since the letters were irrel-
evant for performing the task. The second reason suggests that the
quality of the input can influence the direction of feedback modu-
lation. Apparently, when stimuli are sub-optimal, the visual cortex
is also involved in the neural mechanism for letter–speech sound
integration, possibly also by feedback from STS. The visual region
affected by letter–sound congruency was located on the fusiform
gyrus and corresponds to regions specialized for letter and word
processing described by others (Cohen and Dehaene, 2004; Flowers
et al., 2004; Polk et al., 2002).

3.6. Evidence from electrophysiology: when

Due to the limited temporal resolution of fMRI, it can normally not
provide information on when multisensory effects occur except for
the case when it refers to processing stage rather than time. Therefore,
precise temporal information using electrophysiology is indispensi-
ble. Raij et al. (2000) investigated the time-course of letter–sound
integration using magneto-encephalography (MEG), and demon-
strated the time-course of a cascade of neural events that fits our fMRI
findings surprisingly well. They found convergence (i.e., overlap) of
activation to visual and auditory letter and control stimuli starting
from 225 ms in lateral temporal cortex. Next, they compared audiovi-
sual and unimodal responses to determine multisensory interaction.
Different interaction strength for matching and nonmatching audio-
visual letters, both stronger than control stimuli, was found later in
time (380–540 ms). This latter effect is compatible with the congru-
ency effect we observed in auditory cortex, and the late onset with
our feedback interpretation.

Based on the insight from our fMRI studies that letter–sound
congruency has a strong effect on auditory processing of speech
sounds, we conducted event-related potential (ERP) studies using
the mismatch negativity (MMN) to speech sound deviants com-
bined with letters or not. An MMN is typically evoked when an
infrequently presented sound (the deviant) deviates in certain as-
pects from a frequently presented sound (the standard), and is gen-
erally thought to reflect a pre-attentive auditory change detection
mechanism (for reviews, see Picton et al., 2000; Schröger, 1998).
We compared the MMN to deviant speech sounds when the stan-
dard speech sounds were presented alone versus when they were
combined with matching letters. Moreover, we examined this rel-
ative MMN amplitude at different SOAs between the letters and
speech sounds, in adults (Froyen et al., 2008) and in children of dif-
ferent reading levels (Froyen et al., 2009).

The results of the adult study support our fMRI finding that audi-
tory processing is influenced by letter–sound congruency: the MMN
to a deviant speech sound (peaks between 170 and 190 ms) was en-
hanced when the standard speech sounds were combined with
matching letters, in other words, the deviant not only deviated from
the speech sound, but also violated the letter–sound congruency.
Interestingly, the MMN enhancement was strongest when letters
and speech sounds were presented simultaneously and significantly
weaker at 100 and 200 ms SOA, which is also consistent with our
fMRI results. Furthermore, the enhanced MMN was not observed
in beginner readers, only a later effect in the difference wave (around
650 ms). Advanced readers did exhibit an enhanced effect within the
MMN time window, however, only at 200 ms SOA. These results sug-
gest a protracted developmental course towards automated (i.e.,
adult-like) letter–sound associations.
In sum, the MMN results support our findings from fMRI that
auditory processing of speech sounds can be influenced by let-
ter–sound congruency and temporal asynchrony, and further sup-
port that the effects are automatic or pre-attentive. Moreover, they
extend our previous findings with timing and developmental data,
showing that the effects can occur as early as 180 ms after auditory
stimulus onset (literate adults) but also that this early effect only
occurs after a long period of reading acquisition. The latency of
the MMN enhancement (180 ms) suggests a direct interaction be-
tween visual and auditory cortices, which is also supported by the
increased power (2–10 Hz) within the first 250 ms after congruent
grapheme–phoneme pairs in left auditory cortex reported by Herd-
man et al. (2006). However, it should be noted that the MMN does
not simply reflect auditory processing but a change detection
mechanism (Picton et al., 2000), and that in our studies, only the
auditory stimulus deviated. The cross-modal context during the
audiovisual standards might also be created by feedback from
STS, as supported by the timing data from Raij et al. (2000). Further
ERP (or MEG) investigations are needed that provide more decisive
results on feedforward versus feedback influences of letters on
speech sound processing. In addition, investigating effective con-
nectivity between uni- and multisensory brain areas might shed
light on the issue, as will be described next.
4. Effective connectivity during multisensory integration

4.1. Effective connectivity analysis of fMRI data: different approaches

Before discussing various recent fMRI-based connectivity inves-
tigations into multisensory integration, it is important to get some
insight into the different methodological approaches that have
been used. Rather than providing an extensive overview of all
methods and their relative strengths and weaknesses, which is be-
yond the scope of this review, we focus on a few distinguishing
characteristics of fMRI connectivity approaches that form useful
contrasts in their relative benefits. First, there is the important dis-
tinction between functional connectivity, which amounts to inves-
tigating the correlation between measured time-courses of
different brain areas (Friston et al., 1993b), and effective connectiv-
ity, defined as the influence one neuronal system exerts over an-
other (Friston, 1994; Friston et al., 1993a). Popular fMRI
functional connectivity approaches include principle component
analysis (Friston et al., 1993b) and independent component analy-
sis or ICA (McKeown et al., 1998). Whereas functional connectivity
is ambiguous with respect to underlying directed interactions that
generated the observed correlations, effective connectivity ap-
proaches attempt to resolve this ambiguity by defining explicit sta-
tistical models of directed neuronal interactions. Recently,
functional connectivity approaches, particularly ICA, have been
increasingly used to study brain networks during rest (Greicius
et al., 2003; van de Ven et al., 2004), whereas effective connectivity
approaches are almost exclusively used during task performance.
Generally, an effective connectivity model consists of a structural
or neuro-anatomical model, specifying which brain areas are
thought to interact, and a mathematical model specifying how
interactions between areas are expressed in measured signals
(Buchel and Friston, 2000). The second important distinguishing
dimension pertains to the employed structural model and lays
out a continuum from approaches with a very strict model, con-
taining few (i.e., 3–8) pre-selected regions and directed connec-
tions between them in a small directed graph model, via
approaches with less restrictive structural models, allowing for
many interacting regions, to even mapping interacting regions over
the whole brain. Methods on the restrictive end of the continuum
include covariance structural equation modeling (CSEM, Buchel
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and Friston, 1997; McIntosh and Gonzalez-Lima, 1994) and dy-
namic causal modeling (DCM, Friston et al., 2003). It should be
stressed that pre-specified structural models are highly useful in
specifying and testing specific hypotheses concerning interactions
within well-known systems of brain areas. However, an implicit
problem in this type of approach is that misspecification of the
models (e.g., by omission of an area that mediates or initiates inter-
actions) can lead to erroneous conclusions. The approaches with
more liberal structural models include that of Deshpande et al.
(2008) which computes connectivity between a large set of 25
brain areas, and Granger causality mapping (GCM, Roebroeck
et al., 2005) that maps all areas in the brain interacting with a pres-
elected reference area. The method of psycho-physiological inter-
actions (PPI, Friston et al., 1997) can also be used to map areas in
the brain that play a driving or modulatory role within a partly
specified structural model.

The third important distinguishing aspect of effective connec-
tivity approaches pertains to their mathematical model, namely
whether it is static or dynamic. A static mathematical model de-
rives connectivity estimates only from statistical relations (e.g.,
covariation) of signals at the same timesample. Therefore, static
effective connectivity methods, like CSEM and PPI derive the direc-
tion of influence exclusively from the prespecified structural mod-
el. Dynamic effective connectivity models, on the other hand, are
able to use the dynamic interrelation of signals over time as the ba-
sis of their connectivity estimates and, to some degree, are able to
use the arrow of time in deriving directions of interaction. Within
the dynamic models a distinction can be made between determin-
istic and stochastic models. Deterministic signal models, such as
DCM (Friston et al., 2003), have noise terms only at the observation
level such that any dynamic signal variation is strictly determined
by the input to the model. Therefore, the prespecified model input
(often specified ‘predictor’ functions that form the design matrix
for a General Linear Model or GLM analysis) fully determines the
signal variations and effective connectivity that can be estimated.
In contrast, stochastic models, such as multivariate autoregressive
models (e.g., Roebroeck et al., 2005) model signal variations as
modulation of input noise. This leaves the possibility to capture
unforeseen signal variation. All models of fMRI data share a depen-
dency on the hemodynamic response that intervenes between the
observed signals and the actual variations in neuronal population
activity (see Section 6.2 for further discussion).

A final distinction is less fundamental to the different ap-
proaches and pertains to how they are used in practice. Effective
connectivity analysis is often performed as an endpoint of analysis,
giving an idea of the interactions between relevant areas over all
experimental conditions within a task. However, just as for regio-
nal activity levels, it is often in the modulation of connectivity by
experimental factors that the findings most relevant and interest-
ing can be found. Moreover, because of the dependency on the
hemodynamic response, comparing experimental conditions pro-
vides a first measure of control for potential regional differences
in hemodynamic response characteristics.

4.2. Effective connectivity analyses in multisensory hemodynamic
studies

The endeavor to understand how different uni- and multisen-
sory brain areas cooperate to perform integration has commenced
this decade. As yet, most studies used PPI (Ethofer et al., 2006;
Macaluso et al., 2000; Noesselt et al., 2007; von Kriegstein et al.,
2005). Some studies examined interactions between brain areas
during unimodal stimulation only (von Kriegstein et al., 2005;
Deshpande et al., 2008a), and are therefore not strictly addressing
integration. A few studies used direction-sensitive effective connec-
tivity methods (Deshpande et al., 2008a; Noesselt et al., 2007; Nop-
peney et al., 2008). In the following, these studies will be described
and grouped as to which senses they examined.

4.2.1. Visual-tactile and spatial perception
Using PPI, Macaluso and colleagues (2000) found that the func-

tional coupling between visual cortex (lingual gyrus) and the right
inferior parietal lobe and left somatosensory cortex was increased
for spatially congruent visuo-tactile stimulation compared to vi-
sual-only stimulation. Their interpretation is that tactile input to
the somatosensory cortex modulates visual cortex activity through
feedback from multisensory areas in the inferior parietal cortex.
Sathian and colleagues aimed their connectivity work at under-
standing the origin of visual cortex activation during tactile per-
ception. In a recent study, they computed directed connectivity
simultaneously between 25 regions-of-interest (ROIs) (Deshpande
et al., 2008a), using a method based on Granger causality (Desh-
pande et al., 2008b). The ROIs were selected by haptic shape versus
haptic texture perception conditions, and included the visual and
somatosensory cortices, prefrontal and posterior parietal cortex.
They found evidence for both bottom–up (somatosensory) and
top–down (parietal) inputs to visual areas during haptic percep-
tion. However, since they used the entire ROI time-courses concat-
enated over runs and subjects they did not examine modulation of
effective connectivity by condition (e.g., shape vs. texture, or haptic
vs. visual).

4.2.2. Audiovisual perception
In a recent functional connectivity study, Eckert and colleagues

examined functional coupling between auditory and visual cortex
during rest (eyes closed) and during visual stimulation (flashing
checkerboard) (Eckert et al., 2008). Interestingly, A1 and peripheral
V1 were coupled during rest as well as during visual perception.
This supports a functional role for connections between auditory
cortex and peripheral visual representations, as is also indicated
by anatomical connectivity studies (Falchier et al., 2002; Rockland
and Ojima, 2003).

Several fMRI studies used PPI to investigate brain circuitry during
audiovisual perception of social signals, with somewhat contradict-
ing results. Ethofer and colleagues (2006) studied emotional percep-
tion of face–voice pairs, and found no direct coupling between voice
and face areas, but only via top–down control from the (supramodal)
amygdala. In contrast, Von Kriegstein and colleagues (2005)
reported a direct coupling between voice and face areas without
involvement of supramodal cortical areas, however, their subjects
were engaged in person identification rather that emotional pro-
cessing. Therefore, involvement of supramodal structures might de-
pend on information type and task goal.

To study how the brain distinguishes temporally synchronous
from asynchronous audiovisual information, Noesselt and col-
leagues (2007) used both PPI analysis and a measure for directed
information transfer. Their results revealed that during synchro-
nously presented meaningless patterns, the influence from STS to
A1 and V1 was stronger than vice versa, and not significant be-
tween A1 and V1 directly. This suggests that STS modulates A1
and V1 when auditory and visual inputs are in synchrony. In a vi-
sual–auditory priming study, Noppeney and colleagues (2007)
used DCM to investigate the neural mechanism of visuo-auditory
incongruency effects for objects and speech. Specifically, they com-
pared two models, one explaining incongruency effects via forward
connections (consistent with predictive coding), the other by feed-
back from cognitive control regions (prefrontal cortex) to lower
sensory regions. Bayesian model comparison provided evidence
for the feedforward model, supporting the mechanism of predic-
tive coding during speech and object processing.

In sum, the functional and effective connectivity studies
described here draw different conclusions about how uni- and



N. van Atteveldt et al. / Hearing Research 258 (2009) 152–164 159
multisensory brain regions cooperate during cross-modal process-
ing or integration, especially with regard to the role of multisen-
sory (also termed supramodal) regions. In the next section, we
directly examine the role of STS in the integration of letters and
speech sounds, by mapping directed interactions to and from STS
over the brain.

4.3. Granger causality mapping of letter–speech sound integration

Using the passive event-related data from Van Atteveldt et al.
(2007b), effective connectivity was assessed using Granger causal-
ity mapping (GCM, Roebroeck et al., 2005), which identifies voxels
that are sources/targets of directed influences to/from a selected
region-of-interest (ROI). Specifically, we tested the hypothesis that
the modulation of speech sound processing in the auditory cortex
by letters reflects the result of feedback from the STS/STG, as for-
mulated in Sections 3.2 and 3.3. Conform to this hypothesis, we
predicted that directed influence from STS to PT is stronger for con-
gruent than for incongruent letter–sound pairs. To test this predic-
tion, we selected ROIs in STS/STG in 10 individual subjects using
the conjunction of [auditory > baseline] \ [visual > baseline],
which identifies heteromodally responsive voxels. This conjunc-
tion map was thresholded using the False Discovery Rate (FDR,
Genovese et al., 2002) at q < 0.05. Average Talairach coordinates
of the ROI in left STS were �54 ± 1 (x), �40 ± 2 (y), 6 ± 1 (z) and
the average size was 213 (±37) mm3. Using this left STS ROI as ref-
erence region (‘‘ref”), single-subject Granger causality maps
(GCMs) were calculated for the congruent and incongruent condi-
tions. Next, random-effects group GCMs were created to test mod-
ulation of effective connectivity by experimental condition
(congruency).

Fig. 2A shows the significant differences between GCMs (GCM
modulation map: congruent–incongruent) mapped over the brain
with the left STS as reference region (‘‘ref”), showing clusters of
modulated connectivity in left and right PT, and right occipital cor-
tex. The GCM modulation map shows significant experimental
modulation of directed connectivity with left STS but not the direc-
tion of the influence and the condition in which it is stronger.
Hence, we plotted the GCM modulation map together with the
GCM for congruent and incongruent separately (Fig. 2B). Fig. 2B
shows that the GCM modulation map (orange) overlaps with the
positive GCM congruent map (dark blue) in auditory cortex mark-
ing influence from the left STS to auditory cortex, and not with the
GCM incongruent map (no significant voxels). Therefore, the GCM
modulation map in Fig. 2A indicates an influence from the left STS
to auditory cortex bilaterally and right occipital cortex stronger
during congruent letter–sound pairs than incongruent pairs.

In Fig. 2B, the congruency contrast from the activation level
analysis (GLM) is also plotted (light blue), which reveals that the
auditory cortex regions targeted by STS are the same regions as
those in which the congruency effect has been observed in our pre-
vious studies using more conventional GLM analyses. Fig. 2C shows
the fMRI signal time-courses from the regions revealed with the
GCM modulation map, which, interestingly, show the same re-
sponse pattern as the auditory cortex regions from the earlier fMRI
studies (e.g., see Fig. 1). Another interesting result from the GCM
analysis is that the region of auditory association cortex targeted
by the left STS references region seems to consist of a posterior
and an anterior part that can be distinguished in terms of their re-
sponse pattern (Fig. 2C): the posterior PT region (PTp) shows a
stronger visual response (relative to the auditory) than the more
anterior PT region (PTa). In the right PTp, the visual and auditory
responses are even equally strong. This unexpected difference
demonstrates that the data-driven GCM analysis can reveal addi-
tional details that are overlooked by analysis focused on specific
contrasts. This is also the case for the occipital region that is tar-
geted by STS and shows a differential response to congruent and
incongruent stimulus pairs, but was not revealed using GLM anal-
ysis. The location of this occipital target region might correspond
to V3/V3A (Tootell et al., 1997).

To conclude, the results from the GCM analyses support our
feedback hypothesis: the congruency effect in PT is likely to be
caused by differential feedback from STS. Moreover, the GCM re-
sults extended the feedback model by revealing that STS might
project modulatory feedback to both auditory and visual process-
ing regions. Mapping directed influences to and from the targeted
low-level sensory regions is currently in progress to extend the
present results. For instance, it may provide additional insights in
whether direct visual to auditory influences can also occur, as
was suggested by the MMN results (Section 3.6). Furthermore, it
might reveal additional sources of influence to the auditory cortex
during letter–sound integration.
5. What have we learned?

5.1. Summary and proposed mechanism

The empirical studies reviewed in the previous sections
unequivocally demonstrate that the arbitrarily related, but over-
learned, pairs of letters and speech sounds can lead to very early
visual influences in the auditory cortex, both in processing stage
(second level, HS/PT or belt) and in time (around 180 ms after on-
set speech sound). These influences were expressed as effects of
congruency: the response to speech sounds was enhanced when
congruent letters were co-presented, and suppressed in the case
of incongruent letters. Further notable observations are that these
visual influences occurred in absence of a significant response to
visual letters in isolation (i.e., not paired with speech sounds), were
sensitive to temporal synchrony of the letters and speech sounds,
were overruled during an explicit matching task, but not during
an auditory task in which integration was implicit. The role of pla-
num temporale in integration of speech and script is also sup-
ported by other studies (Buchsbaum et al., 2005; Nakada et al.,
2001).

In addition to the auditory cortex, the heteromodal STS/STG was
found to play an important role in the integration of letters and
speech sounds. It shows convergence of visual and auditory inputs
and enhanced responses to bimodal stimulation relative to the uni-
modal inputs (Fig. 1, right top graph). Furthermore, these enhanced
bimodal responses in the heteromodal STS/STG were shown to be
more robust over different temporal offsets (Fig. 1, right bottom
graph). Although direct influences from visual to auditory process-
ing regions remain an (additional) option, we advocate the inter-
pretation that STS/STG integrates letters and speech sounds,
since the unimodal responses converge in this regions whereas
the modulated PT/HS regions does not respond to letters alone.
Based on the congruency and temporal (a)synchrony, the STS will
enhance or suppress speech sound processing in secondary audi-
tory cortex. Our mapping of directed influences using Granger cau-
sality provides direct evidence for feedback projections from STS to
auditory cortex based on the congruency of the letter–sound pairs
(Fig. 2). More indirect support is provided by the finding of stron-
ger directed influence from STS to auditory (and visual) cortex dur-
ing synchronous versus asynchronous audiovisual patterns
(Noesselt et al., 2007). More basic monkey electrophysiology sup-
ports the mechanism of visual influences on auditory processing
by feedback from superior temporal cortex as well (Ghazanfar
et al., 2008; Maier et al., 2008; Schroeder and Foxe, 2002).

In contrast to auditory and heteromodal superior temporal re-
gions, the role of the visual cortex seems to be less robust, but depends
more strongly on stimulus quality and sensitivity of the used analysis



Fig. 2. Results of the Granger causality mapping analysis. (A) Random-effects (n = 10) group GCM difference map (congruent–incongruent). (B) Overlap of GCM modulation
map (orange), GCM congruent map (dark blue), and GLM congruency contrast map (light blue) in planum temporale. The GCM incongruent map (green) does not show any
significant voxels. (C) Averaged BOLD response time-courses in auditory and visual target regions of STS, selected from the GCM modulation map in A. PTa, anterior planum
temporale; PTp, posterior planum temporale; Occ, occipital cortex.
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technique. A ventral visual area was found to be involved using
degraded inputs (Blau et al., 2008a), whereas a more dorsal visual area
was revealed using GCM (Fig. 2). A possible explanation for these dif-
ferent visual areas is given in Section 5.3. Based on the schematic func-
tional neuro-anatomical mechanism proposed in van Atteveldt et al.
(2004), we can now extend this schematic to provide a more complete
overview of how letter–sound integration might be performed in the
literate adult brain, and to gain better insight on which questions re-
main unanswered (Fig. 3).

5.2. A framework to study reading acquisition and dyslexia

As elucidated in Section 2 and empirically supported by Froyen
et al. (2009), literacy learning and automating letter–sound corre-
spondences during acquisition requires a long period of instruc-
tion. Interestingly, letter–sound correspondences appear
especially hard to learn and automate in developmental dyslexia
(Fox, 1994; Snowling, 1980). Although many different causes have
been hypothesized, the core deficit in developmental dyslexia is
now generally believed to be a phonological processing deficit
(Ramus, 2003; Shaywitz and Shaywitz, 2005; Vellutino et al.,
2004). A crucial question is how a phonological processing deficit
leads to a reading impairment. An interesting, but not yet empiri-
cally validated hypothesis is that the phonological deficit impairs
the ability to segment spoken words into phonemes, and therefore
to associate letters to the corresponding phonemes (see e.g., Shay-
witz and Shaywitz, 2005; Vellutino et al., 2004). In other words, a
phonological deficit may result in a reading impairment because
letter–sound correspondences are not efficiently learned and/or
automated.

The proposed mechanism for normally developed letter–sound
integration in healthy adults (Fig. 3) provides a basis to investigate
this ‘‘missing link” between phonology and reading. Work in pro-
gress in our lab indicates that both dyslexic adults (Blau et al.,
2009) and children (Blau et al., 2008b) show deviant integration
of letters and speech sounds in the auditory cortex and STS/STG.
This points to impaired letter–sound integration as fundamental
deficit in developmental dyslexia that is present already at the
beginning of reading acquisition, and, in spite of years of reading
experience, cannot be overcome automatically.
5.3. The role of auditory and visual cortices in speech – script
integration

The effects of congruency and temporal asynchrony observed in
the auditory association cortex were not observed in the visual
association cortex (Van Atteveldt et al., 2004, 2007a). Only when



Fig. 3. Proposed functional neuro-anatomical mechanism for integration of letters and speech sounds in the ‘‘literate” adult brain. Solid lines received converging empirical
support; dashed lines are tentative and should be confirmed in future studies. Green lines indicate feedforward projections, orange lines feedback.
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using suboptimal visual and auditory stimuli (Blau et al., 2008a), or
a different analysis technique (Fig. 2), the visual cortex was also
found to be influenced by letter–sound congruency. Following
our feedback interpretation, this implies that the outcome of the
process of integrating letters and speech sounds is primarily pro-
jected back to low-level auditory processing, and less robustly to
low-level visual processing areas. Considering the different neural
timing profiles within visual and auditory systems, the direction of
the modulatory effects between letters and speech sounds may de-
pend on the temporal synchrony of the stimuli. This prediction was
however not supported by van Atteveldt et al. (2007a), where we
demonstrated that cross-modal modulation of letter processing
in the visual association cortex was also absent when letter–sound
pairs were presented at different temporal offsets (in both
directions).

The observed asymmetrical influence more likely reflects the
parasitic nature of written language (see Section 2). Since written
language parasites on spoken language and not the other way
around, it seems plausible that visual information can access the
speech processing system and not vice versa. This also makes sense
from a developmental perspective. During reading acquisition,
phoneme processing and literacy skills are reciprocally related.
Learning the letters of the alphabet and letter–sound mappings
strongly influences the processing and representation of single
phonemes (Morais and Kolinsky, 2005). This may explain the influ-
ence of letters on the processing of isolated speech sounds as ob-
served by the robust congruency effect in the auditory cortex in
the reviewed studies.

Interestingly, although the mechanism might not be symmetri-
cal but biased towards auditory processing, this asymmetry seems
flexible and might adapt to circumstances such as input quality. In
the case of undegraded stimuli, letters are discrete characters with
a high signal-to-noise ratio, whereas speech sounds are continuous
in time and more variable, and therefore more difficult to recog-
nize (Liberman, 1992). This preserves the asymmetry because it
is more efficient that the unambiguous visual input ‘‘helps” audi-
tory processing than vice versa. When visual stimuli are of less
quality, which is the case in Blau et al. (2008a), visual processing
also seems to benefit from the combined input.

The analysis of Granger causality during letter–sound integra-
tion revealed a different region of visual cortex to be involved:
more dorsal occipital cortex, possibly corresponding to area
V3/V3a. The two different locations within the visual system indi-
cate that they might be involved in different processes. Campbell
described an interesting distinction of processing modes for audio-
visual speech with different neural mechanisms (Campbell, 2008):
a complementary mode, in which visual information complements
sub-optimal speech components; and a correlated mode, when vi-
sion and audition are redundant and provide highly correlated
time-varying signals. The putative complementary system was
suggested to rely on ventral visual processing areas, the correlated
system more on the dorsal stream. Our findings might be explained
in light of a similar distinction for the effect of written language on
speech processing. When speech is degraded, visual letters provide
complementary information, which is consistent with the involve-
ment of the fusiform gyrus (Blau et al., 2008a). The dorsal visual
areas revealed by GCM analysis of the data acquired using unde-
graded speech, hints at the correlated mode. That this activation
is less robust (i.e., was not revealed by direct contrasts within
the General Linear Model) makes sense because spectro-temporal
correlations like in audiovisual speech are much weaker, or even
largely absent, in speech–script associations (Amedi et al., 2005;
Van Atteveldt et al., 2007a).
6. Future directions of multisensory fMRI

While the presented fMRI research has greatly contributed to
our knowledge about multisensory processing and integration in
the human brain, our knowledge about putative neuronal mecha-
nisms is still rather coarse. For a deeper understanding at the neu-
ronal level, more detailed knowledge about neuronal
representations in relevant brain areas would be necessary as well
as knowledge on how neurons in the involved areas interact with
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each other. There are several potential routes to follow to gain
more detailed spatio-temporal information about multisensory
processing. Here we discuss mainly the possibilities offered by ad-
vanced human fMRI studies, but we will also briefly point out ap-
proaches relying on other imaging modalities.

6.1. Neuronal coding

6.1.1. Increased spatial resolution
Increasing spatial resolution is an obvious approach to obtain

more detailed fMRI data, which might help to shed some light on
the fine-grained functional organization of small brain areas.
High-resolution functional imaging benefits from higher MRI field
strength since small (millimeter or even sub-millimeter) voxels
still possess a reasonable signal-to-noise ratio. As an example, a
7 T fMRI study showed tonotopic, mirror-symmetric maps within
early human auditory cortex (Formisano et al., 2003; see also
3.2). A spatial resolution of 0.5–1 mm might be just enough to re-
solve cortical columns, which seem to form the basic building
blocks (‘‘alphabet”) of complex distributed representations (Fujita
et al., 1992; Mountcastle, 1997). Different entities (e.g., letters or
vowels) within a specific area could be coded by a specific distrib-
uted activity pattern across cortical columns. If this reasoning is
correct, an important research strategy would aim to unravel the
specific alphabet in various parts of the cortex, including auditory
cortex and heteromodal areas in the STS/STG. Recently it became
indeed possible to reliably measure orientation columns in the hu-
man primary visual cortex using high-field (7 T) fMRI (Yacoub
et al., 2008).

6.1.2. Multi-voxel pattern analysis (MVPA)
While standard analyses using the General Linear Model (GLM)

process the time-course of each voxel independently, and data-dri-
ven methods, such as Independent Component Analysis (ICA)
search for functional networks in the whole four-dimensional data
set, several new analysis approaches focus on discriminating more
local, distributed patterns using multi-voxel pattern analysis
(MVPA) techniques (e.g., (De Martino et al., 2008; Haxby et al.,
2001; Haynes and Rees, 2005; Kamitani and Tong, 2005;
Kriegeskorte et al., 2006). In these approaches, data from voxels
within a region are jointly analyzed; distributed activity patterns
corresponding to different conditions are statistically compared
using multivariate approaches (e.g., MANOVA) or machine learning
tools (e.g., Support Vector Machines, SVMs). SVMs are trained to
classify evoked responses from a subset of the data while leaving
some data (or entirely new data) aside for testing generalization
performance of the trained classifier. By properly weighting the
contribution of individual voxels in a region, (local) multivariate
pattern analysis opens the possibility to separate spatially distrib-
uted patterns, which would be potentially too weak to be discov-
ered by single-voxel analysis. Recently, it has been shown
(Formisano et al., 2008) that distributed patterns extending from
early auditory cortex into STS/STG contain enough information to
reliably separate distributed responses evoked by individual vow-
els spoken by different speakers from each other; new exemplars
of vowels were classified correctly even if they were spoken by a
novel speaker. Importantly, this discriminative power could not
be observed when analyzing responses from single-voxels. In the
context of multisensory processing it would be interesting to teach
classifiers to discriminate responses from bimodal letter–sound
stimuli in order to obtain more information about how specific
stimulus combinations are represented in auditory cortex (e.g.,
PT) and STS/STG; different training signals (classification labels)
could be used for the same fMRI data to either train to discriminate
letter–sound pairs or to extract only the letter or sound of a pair.
These different training tasks should reveal which parts in the cor-
tical network would more prominently code for letters, sounds or
the combination of both; Furthermore, if learning and generaliza-
tion would be successful, the identified representations would al-
low to predict from a single trial response which specific letter–
sound combination was presented to the subject. Such knowledge
would be highly relevant to build computational models of multi-
sensory processing (see Section 6.3).

6.1.3. The power of fMRI designs
Besides pushing the limits of fMRI spatial and temporal resolu-

tion and using sensitive multivariate analysis tools, the invention
of ingenious fMRI designs might also help to reveal details of neu-
ronal coding at more standard field strengths (e.g., 3 T). The fMRI
adaptation paradigm (Grill-Spector and Malach, 2001), for exam-
ple, may be used to gain insights into sub-voxel neuronal represen-
tations even when standard-resolution imaging is used. fMR
adaption (fMR-A) exploits the repetition suppression effect, i.e.,
the observation that the response to repeated presentations of a
stimulus evokes a weaker response than the first presentation. In
the fMR-A paradigm, responses to sequences of two or more stim-
uli are compared, which are identical in the control condition, but
vary in certain stimulus properties in the main condition(s). The
obtained response amplitudes in the different conditions can be
used to assess to what extent the same neurons are responding
to the ‘‘repeated” stimulus presentation (suppressed response)
within a voxel. fMR-A could be used to distinguish uni- and multi-
sensory neuronal populations within voxels, and to further investi-
gate the functional properties of multisensory subpopulations (van
Atteveldt et al., 2008).

Furthermore, the results of the SOA experiment (Section 3.3)
demonstrate that effects of time can be revealed using fMRI despite
the sluggishness of the measured hemodynamic response. For
example, fMRI response strength to a whole range of SOAs can
be used to verify the phase resetting hypothesis from monkey elec-
trophysiology (Lakatos et al., 2007). However, it should be noted
that pure phase resetting results in pre- to poststimulus phase syn-
chronization without an accompanying power increase, indicating
that whereas patterns of better and worst SOAs corresponding to
certain oscillatory frequencies can be confirmed in humans using
fMRI, the underlying phase resetting mechanism can not directly
be verified.

6.2. Dynamic processes and neuronal interactions

Rapid changes in neuronal activity cannot be detected with
fMRI since successive temporal events lead to an integrated BOLD
response. This poses a severe obstacle for the interpretation of a
major finding of our studies: Is the congruency effect observed
within PT calculated directly there (i.e., bottom–up) or is the ob-
served effect the result of top–down influences from higher het-
ero-modal areas? As has been discussed above (Section 4),
Granger causality mapping (GCM) is an interesting approach to
solve such questions using fMRI data. By exploiting temporal pre-
cedence, this effective connectivity tool has the potential to esti-
mate the direction of influences between brain areas directly
from voxel’s time-course data. The performed GCM analysis fa-
vored indeed the interpretation that the congruency effect in audi-
tory cortex results from top–down stimulation from STS/STG
cortex. While encouraging, the results of the fMRI-based GCM is
not conclusive as it might still miss the dynamic interactions be-
yond the fMRI temporal resolution (see Sections 3.2 and 4.3).
Therefore, it would be beneficial to support this interpretation with
additional data from other imaging modalities with a high tempo-
ral resolution such as EEG or MEG. Unfortunately, it remains a dif-
ficult problem to reliably separate closely spaced electrical sources
from each other, e.g., PT and STS/STG, despite progress in fMRI con-
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straint source modeling (e.g., Goebel and Esposito, 2009; Lin et al.,
2006). Direct intra-cranial electrical recordings from the human
brain might, thus, be necessary to finally resolve the issue whether
the congruency effect in early auditory cortex is the result of
intrinsic processing or whether it is the result of top–down signals
from heteromodal cortex in the STS/STG.

6.3. Towards computational modeling of multisensory processing

The presented data from a series of fMRI experiments as well as
the effective connectivity results emerging from Granger causality
mapping have been interpreted in a summary model (5.1, Fig. 3)
identifying the likely role of brain areas involved in letter–speech
sound integration as well as the information flow between these
areas. As has been highlighted in the previous sections, data might
soon be available providing further constraints at the representa-
tional level of individual letters, sounds and letter–sound combina-
tions. In light of the richness of the present and potential future
data, it seems to become feasible to build computational models
to further specify hypotheses of neuronal coding and neuronal
interactions. We have selected the framework of large-scale recur-
rent neural networks (Goebel and De Weerd, 2009) to more pre-
cisely model our ideas in the future. We have selected neural
network models because they allow to clearly specifying assump-
tions about neuronal representations as well as structural connec-
tivity within and between simulated brain areas. Since such
models are formulated at a (simplified) neuronal level, they are
also able to incorporate results from electrophysiological animal
studies. Furthermore, these network models allow predicting the
spatio-temporal implications of the implemented representational
and structural assumptions by feeding the networks with relevant
unimodal and bimodal auditory and visual stimuli. Running simu-
lations of implemented models may help to understand more pre-
cisely how the congruency effect in PT ‘‘emerges” from synaptic
influences from modeled multisensory neurons in cortical columns
of interconnected heteromodal brain areas.
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