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By sight I have the ideas of light and colours, with their several degrees and variations. By 
touch I perceive hard and soft, heat and cold, motion and resistance, and of all these more 
and less either as to quantity or degree. Smelling furnishes me with odours; the palate with 
tastes; and hearing conveys sounds to the mind in all their variety of tone and composition. 
And as several of these are observed to accompany each other, they come to be marked by 
one name, and so to be reputed as one thing. 

George Berkeley (1710) 
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Chapter 1

The general idea

If people are asked to describe their immediate environment, it is very likely that they 
use words referring to visually perceived attributes of objects. For instance, they might 
start their description by providing names of these objects such as “car”, “house” or 
“street” and how these are generally arranged in a given setting. Maybe they will then 
go on to tell you more about specific features of some of these objects like their re-
spective colors and shapes, if they are static or in motion and so on. However, it would 
be very surprising if someone replied to this rather open question by giving a descrip-
tion of which sounds are particularly dominant in a given scene – at least when this 
person’s sensory systems work in an undisturbed and healthy manner – and then pro-
ceeds to give a fine-grained analysis of their respective features such as the pitch or 
the perceived loudness. For most of us it seems to be more natural to rely especially 
on visual input to solve tasks of this kind. This is also reflected in the architecture of 
the human cortex in which at least twenty percent of its regions are sensitive to visual 
stimulation (Wandell et al., 2007). 

Possibly, this visual dominance most of us experience every day is one explanation 
for the fact that research on perception and its neuronal underpinnings has similarly 
focused mainly on the visual system. However, even for processes related to object 
recognition the visual modality is not the exclusive source of information for a subject. 
More precisely, under conditions in which vision is deteriorated by darkness or dense 
fog one might still be able to perceive and even to recognize environmental objects, 
for instance by means of the sounds they emit. Furthermore, due to its impressing 
capabilities in the temporal domain the auditory system serves subjects very well for 
tasks in which objects have to be located in space (Scott, 2005; Thompson et al., 2006). 
In this dissertation, the focus will be particularly on the first of these aspects, namely 
those processes which are related to object recognition. The first two original studies 
collected in this dissertation (chapters 2 and 3) focused exclusively on the perception 
of environmental sounds and the respective cortical structures in the human brain 
involved in this task. I will elaborate more on this work in the next section of this intro-
duction. 

While it is an important and ambitious research project to obtain a complete pic-
ture of sensory perception and its cortical correlates for each sensory system in isola-
tion, the overall aim of understanding how we actually experience our environment 
could possibly not be fully answered by such an approach. More precisely, in most 
cases our interactions with an object are based on unified experiences of a sensory 
“whole” which is constructed in the brain from different perceptual “streams” or sen-
sory modalities. Thus, the default mode of perception in natural settings seems to be 
characterized by integration across our senses. 

Back to the thought experiment concerning the description of an environment, it 
is quite intuitive that sensory modalities can either refer to the same aspect or can pro-
vide complementary information. An example of the former has already been given 
with regard to object recognition (an image and sound referring to the same object), 
and a second one might be based on features related to spatial coordinates, for in-
stance motion processing which is possible both in vision and audition. In contrast, 
color and pitch are two distinct features of objects which could be regarded as com-
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plementary, since these can only be derived from processing in the visual and the au-
ditory sensory modality, respectively. If what is conveyed by different “channels” could, 
in principle, provide mutually supportive information, it is very likely that our brains 
were evolutionary adapted to exploit this fact for the construction of richer represen-
tations of the environment and objects embedded into it. A cortical representation of 
an object, like a dog or a hammer, is then built from multiple instances of contact with 
its sight and sound. 

In the third section of this introduction I will provide more background information 
about two original empirical studies (chapters 4 and 5) which focused particularly on 
the question how processes of integration across the auditory and visual sensory mo-
dality are influenced by the respective semantic content of simultaneously presented 
sounds and pictures. Results from these two studies will then be synthesized into a first 
theoretical framework presented in the final chapter of this thesis. A brief outlook on 
this framework will be given at the end of this introduction. 

The overall aim of this brief introductory chapter is to familiarize the reader with the 
overall aims of the present thesis and to provide a first conceptual framework. There-
fore, to avoid unnecessary repetitions, more specialized information about the studies, 
for instance pertaining to methods and results as well as possible interpretations will 
be provided in the respective chapters. Generally, the four different empirical studies 
and the paper presenting the theoretical framework were all concerned with the ques-
tion how the semantic content influences cortical processing of auditory (chapters 2 
and 3) and audio-visual (chapters 4-6)  object stimuli. In the following, “object stimuli” 
will be regarded as those sensory stimuli which originate from an environmental ob-
ject. Furthermore, “meaningful object stimuli” can be operationally defined as those 
for which a (cortical) representation exists within a possibly widespread network of 
knowledge pertaining to the respective object (see e.g. Martin, 2007). We will later re-
turn to this notion.  

Processing of auditory object stimuli 

Our work reported in chapter 2 investigated cortical correlates of the processing of 
animal vocalizations. Stimuli of this kind have several interesting features which en-
able the generation of an attractive stimulus set. For instance, they are typically very 
familiar to most of us, they could exert some behavioral relevance which increases 
aspects of ecological validity and they have a sufficient degree of complexity to tap 
into processes related to higher-level auditory processing. From the perspective of 
the present thesis particularly this last aspect is highly relevant. Incoming sounds are 
processed along a hierarchy starting on the level of subcortical nuclei and the brain-
stem and then involving various fields of the primary, secondary and higher-order au-
ditory cortices (see e.g. Kaas and Hackett, 2000; Petkov et al., 2006). Similar to other 
sensory cortices, neurons at the earliest cortical processing stages are particularly 
tuned to relatively simple features. This is reflected in a corresponding topographi-
cal structure of these regions (“tonotopy”) which is also present in human subjects as 
revealed both by invasive (e.g. Howard et al., 1996) and non-invasive (e.g. Formisano et 
al., 2003) neuroimaging techniques. Moving “up” within the auditory “what” processing 
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stream demonstrates nicely that neurons show increasingly broader tuning proper-
ties with optimal responses, for instance, to broad-band noise stimuli (Rauschecker, 
1998; Wessinger et al., 2001). These tuning profiles of neurons in higher-order cortices 
could be conceptualized as a kind of integration within the auditory sensory modality 
since representations of more complex stimulus features are generated from neuronal 
patterns related to simple stimulus properties. Finally, in the course of auditory object 
recognition or speech perception response patterns in higher-order sensory cortices 
are matched with “templates” or learned representations. It is this high level of process-
ing, in which aspects of meaning for auditory object stimuli ultimately come into play. 
However, stimulus processing should not be regarded as a simple “feedforward sweep” 
along the subcortical and cortical hierarchy, but as a highly dynamic procedure involv-
ing a multitude of feedback loops and parallel processing. Thus, again, these dynamic 
interactions within the processing hierarchy could only be fully examined by using 
complex and, if possible, meaningful stimuli. 

All these different aspects contribute to the more general notion that animal vo-
calizations form a category of stimuli which can be characterized by complex physical 
features and rich semantic content as derived from each subject’s learning history. In 
our first study, we aimed at examining if cortical regions particularly of higher-order 
auditory cortex selectively code for animal vocalizations by using an extension of the 
functional magnetic resonance imaging (fMRI) technique called fMRI adaptation (Grill-
Spector et al., 2006). An experiment of this type investigates the impact of the first 
stimulus presentation on the processing of subsequently presented stimuli. Selectivity 
can be determined in an fMRI-adaptation paradigm by comparing if the measured 
signal in a cortical region differentiates between experimental conditions involving 
either stimulus repetitions or changes. A stronger signal for the latter compared to 
former conditions can be regarded as an index of sensitivity for those features of a 
stimulus which were varied. In our study reported in chapter 2 we asked which cor-
tical regions exhibited fMRI-adaptation effects as determined by signal differences 
between repeated and different animal vocalizations. Importantly, in sensory cortices 
adaptation could also be induced by the repetition of features common to many audi-
tory stimuli. This underscores the need to construct appropriate control conditions to 
strengthen accounts claiming stimulus-selective representations in a cortical region. 
An approach to do so is described in more detail in chapter 2. However, it should be 
further noted that findings and even more so null effects in fMRI-adaptation experi-
ments are in many respects heavily dependent on the experimental design. Thus, de-
pending on the neuronal tuning properties in a particular region of interest the choice 
of the appropriate type of paradigm could critically determine the successful search 
for fMRI-adaptation effects (for a review on these issues see Weigelt et al., 2008).

In a second auditory study (chapter 3) we went on to examine if those cortical re-
gions found to be sensitive to animal vocalizations in terms of an fMRI-adaptation ef-
fect were modulated differently by the presentation of sounds referring to inanimate 
objects (tools). More precisely, if those cortical regions which showed an adaptation 
effect to animal vocalizations in the first experiment did not adapt to repeated tool 
sounds, this would further enhance the notion of selectivity to this particular stimu-
lus category. The general rationale for this study design is derived from the finding 
that some higher-order cortical regions involved in sensory processing show particu-
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larly strong responses to certain stimulus categories. The so-called fusiform face area 
(Kanwisher et al., 1997) is probably the most well-known cortical region of this kind. 
However, not only visual stimuli, but also different auditory categories such as animal 
and tool sounds have been associated with distinct cortical foci, in this case located 
in the lateral temporal lobe (Lewis et al., 2004; 2005). Although it might be less likely 
that these auditory foci form special “modules” dedicated solely to the processing of 
one particular sound category, this category-related functional differentiation is still a 
highly interesting research area. Accordingly, besides the aim of further investigating 
the question of selectivity of some cortical regions for animal vocalizations, we were 
generally able to examine if animal and tool sounds produced corresponding adapta-
tion effects in those cortical regions identified with conventional fMRI experiments. 

The two fMRI-adaptation studies reported in this dissertation have to be regarded 
as part of a bigger research project aiming at a better grasp of auditory object recogni-
tion. Although both involved semantically “loaded” stimuli and in the second study 
additionally stimuli from two different categories, they necessarily can only provide 
small pieces of information with respect to this research project. Moreover, since they 
operated on an “intermediate” level at the intersection of perception and cognition, 
further studies will have to shed more light both onto the contribution of lower-level 
stimulus features and of higher-order conceptual processes to the cortical response 
patterns detected in our studies. 

Audio-visual object processing

Classical experimental work on questions related to the integration across sensory 
modalities (crossmodal integration) focused on so-called multisensory neurons, which 
are generally responsive to unimodal auditory and visual as well as to bimodal audio-
visual stimuli (Stein and Meredith, 1993; Stein and Stanford, 2008). These early studies 
demonstrated the influence of spatial and temporal factors during integrative process-
ing of multisensory neurons as measured by increases in their spiking rate for bimodal 
stimulation matching in time and space compared to each response and even the sum 
of responses to unimodal stimulation. Effects of this kind can be explained very well 
by the receptive field properties of multisensory neurons. More precisely, temporally 
coinciding and spatially corresponding audio-visual stimuli induce stronger spiking 
activity in these neurons than stimuli which are spatially misaligned. The latter situ-
ation could even suppress the activity patterns of these neurons below the level of 
responses to unimodal stimulation due to inhibitory mechanisms (Stein and Stanford, 
2008). 

Results like that were particularly obtained by research utilizing animal models 
such as the cat. Highly interesting data were additionally generated by shifting the 
perspective from a fully developed organism to the situation of neonatal subjects. For 
instance, rearing cats without any visual experience had no consequences for the spik-
ing activity of multisensory neurons when unimodal visual or auditory stimuli were 
presented. However, the situation was dramatically altered in the case of bimodal 
stimuli: the multisensory neurons of these cats did not show the typical increase in 
spiking activity which would have indicated sensory integration (Wallace et al., 2004). 
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Thus, although the neonatal brain seems to be equipped with potentially integrative 
multisensory neurons, the respective processing critically depends on an interaction 
with a typical sensory environment. 

In human subjects, developmental work suggests that matching temporal and spa-
tial information conveyed by both the auditory and the visual sensory modalities could 
guide the learning even of arbitrary associations between the sight and the sound of 
particular objects. For instance, Gogate and Bahrick (1998) demonstrated that infants 
at the age of 7 months were capable of learning associations between objects and 
speech sounds when both were presented in temporal synchrony, but not for static 
objects or those moving asynchronously to the vowels. Furthermore, changes of the 
temporal synchrony, from an initial study phase to an experimental phase could al-
ready be detected by infants at 3.5 months (Bahrick, 1992) or possibly even by new-
borns (Morrongiello et al., 1998). In contrast, changes in arbitrary relations between the 
color or form of an object and high- or low-pitched sounds seemed to be perceived 
only by about 7 month-olds (Bahrick, 1994). Together, these findings suggest that at 
a very early developmental level human subjects are already able to use spatial and 
temporal cues for audio-visual integration. However, only after at least half a year of 
experience with the respective sensory environment infants can successfully start to 
exploit information related to the content of stimuli for crossmodal integrative pro-
cessing. 

Very often and most likely in the course of a child’s development, information 
about sensory features of objects is further enhanced by many other pieces of infor-
mation, for instance pertaining to the proper use (for tools) or to cognitive operations 
such as categorization (“dog” vs. “fox”). All these different aspects generate potentially 
large networks of explicit and implicit “knowledge” with their respective cortical cor-
relates (Martin, 2007; Patterson et al., 2007). While different sensory modalities provide 
important means for generating these cortical representations (“bottom-up”), there is 
also some influence of the latter on perceptual processing (“top-down”). For instance, if 
one considers again a situation of poor viewing conditions in which an object is barely 
visible, a (simultaneous) matching sound could greatly improve object recognition. 
Similar results such as a behavioral gain in terms of reaction times for “semantically” 
congruent audio-visual stimuli were revealed also under optimal perceptual condi-
tions (e.g. Laurienti et al., 2004).

With this general framework in mind, it is now possible to outline the second part 
of the present dissertation. In this part I will report work from two empirical studies 
we conducted to investigate audio-visual processing of environmental stimuli. Impor-
tantly, the aim of these studies was to contribute to a better understanding of how the 
formation and later on the presence of cortical object representations can exert influ-
ences on the processing of subsequently presented audio-visual stimuli. The first au-
dio-visual fMRI study (chapter 4) had the general aim to simulate the situation which is 
very common for many children and even for adults whenever the sight and sound of 
a previously unknown object is experienced for the first time and then more often dur-
ing subsequent encounters. Subjects were scanned twice, before and after the training 
of associations between previously unrelated artificial auditory and visual stimuli. We 
were interested in examining which cortical regions showed plastic changes related 
to the generation of novel audio-visual associations. Apart from this learning-induced 
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manipulation we additionally varied the degree of congruency between the image 
and the sound both for familiar natural (animal) as well as for artificial stimuli. For 
animal stimuli, cortical responses to semantically congruent and incongruent audio-
visual stimulation could be compared in both fMRI sessions of that study. In contrast, 
only after introducing at least a basic degree of congruency by associative learning 
we could examine similar issues for the artificial stimuli. Accordingly, we asked if the 
cortical response patterns for these two radically different types of stimuli converged 
to some extent after learning. 

Our first study showed that factors such as familiarity and meaning of stimuli are 
important for object-related audio-visual processing (see also Hein et al., 2007). The 
data presented in chapter 4 added to the existing evidence (e.g. Ernst and Bülthoff, 
2004) that the brain is “tuned” to exploit statistical regularities to solve binding prob-
lems even across sensory modalities. Effects measured during that study were induced 
after an explicit instruction to learn associations between the sight and the sound of 
a novel artificial object. Other types of processing may operate on a short-term level 
and even unintentionally (see Shams and Seitz, 2008 for a recent review on crossmodal 
learning). Results from the first audio-visual study suggested that particularly devia-
tions from previously learned bimodal associations (i.e. long-term memory represen-
tations) induced a response pattern in cortical regions commonly reported for conflict 
processing.

In a next experimental step (chapter 5) we were interested to learn which cortical 
regions are sensitive to short-term changes between two successive audio-visual stim-
uli. To this end, we again employed an fMRI-adaptation paradigm presenting succes-
sive audio-visual object stimuli varying either the auditory, the visual, both or none of 
the components from the first to the second presentation. In contrast to the previous 
experiment, we did not incorporate an additional variation of semantic congruency al-
though we again used a stimulus set consisting of images and sounds of animals. Thus, 
changes did not involve the additional occurrence of incongruency, neither within the 
second stimulus nor across the two audio-visual stimuli. 

This study forms the basis for future work which will again introduce manipulations 
of semantic congruency for object stimuli, but then in the course of fMRI adaptation 
paradigms. Only a few previous studies have employed the fMRI adaptation technique 
in the crossmodal domain, and we feel that its potential to reveal complementary re-
sults compared to conventional designs has not been fully exploited yet. Indeed, the 
study reported in chapter 5 is to our knowledge the first to examine repetition-related 
effects for audio-visual object stimuli in the course of an fMRI-adaptation paradigm.  

Although in the last couple of years some groups have started to work on issues 
related to the question of the exact role of semantics for crossmodal integration, meth-
odological advances such as the use of fMRI adaptation will certainly further refine 
and possibly also redefine existing theoretical accounts. The final chapter of this thesis 
(chapter 6) offers a first conceptual framework for the systematization of the current 
state of research on the impact of semantics on audio-visual integration. Based on a 
review of studies which involved variations of the semantic content in the course of 
crossmodal experiments, we suggest that processing of semantically congruent and 
incongruent audio-visual stimuli is accomplished by two distinct networks of cortical 
regions. As mentioned above, semantic incongruency most likely taps into processes of 
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conflict processing. The latter is associated with activation of fronto-parietal regions. In 
contrast, semantically matching audio-visual stimulation seems to generate responses 
which could be found predominantly in more posterior and more ventral parts of the 
brain, very often in close proximity to sensory cortices. 

We hold that this theoretical framework could provide a first guide for the gen-
eration of hypotheses for future experiments. However, it is necessarily far from be-
ing complete. Research both in the unimodal and the crossmodal domains face novel 
challenges which have to be answered by an extended set of neuroimaging methods. 
Particularly crossmodal studies will have to provide answers to the question which 
indices convincingly underscore that sensory integration is indeed taking place in a 
given cortical region. Due to technical limitations we presently cannot search non-
invasively for multisensory neurons in the human cortex to strengthen accounts de-
rived from neuroimaging experiments. Approaches which compared fMRI responses 
induced by unimodal and bimodal stimulation have generated a large body of litera-
ture, but also a discussion about the appropriateness of certain methodologies for the 
definition of cortical integration regions (see e.g. Calvert, 2001 and Beauchamp, 2005 
for two possible standpoints). It will be exciting to see how novel experimental and 
analytical methods can shed further light onto these issues. 

Finally, research has only recently started to delve into a question which is deeply 
connected to the previous issue: Novel techniques can only provide answers when 
researchers are able to ask precise questions. Thus, using advanced experimental para-
digms will not transform our present knowledge of the multisensory brain when this 
development is not accompanied by the generation of novel theoretical frameworks 
and innovative research questions. In the last couple of years the existing view of corti-
cal organization with a strict division into unisensory, multisensory (associative) and 
non-sensory regions (e.g. Mesulam, 1998) has been called into question by findings 
suggesting at least interactions between sensory modalities on the earliest cortical 
processing levels (Schroeder and Foxe, 2005; Kayser and Logothetis, 2007). Some re-
searchers (Ghazanfar and Schroeder, 2006) have even suggested the bold hypothesis 
that the complete neocortex is “essentially multisensory”. Our work in the audio-visual 
domain at least supports the view that processing in different sensory modalities is 
more tightly coupled than previously regarded. However, to what extent multisensory 
processing is indeed taking place at different processing levels in the human brain will 
certainly be an important line of future research in which intriguing new experimen-
tal techniques will be paired with profound conceptual advances (see also Driver and 
Noesselt, 2008). 

Summary and concluding remarks

The overall aim of the present thesis is to shed more light on the impact of semantics 
on integration-related processing within the auditory sensory modality and across the 
auditory and visual processing streams. Since the influence of stimulus content is par-
ticularly pronounced in the course of object recognition, the studies collected in the 
present thesis consequently found cortical regions in the temporal and frontal lobes 
implicated in the so-called “what-streams”. However, it is well-known that “semantics” is 
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likely to involve further aspects as could be manipulated in the course of the present 
thesis (Martin, 2007). For instance, it has been repeatedly shown that for stimuli associ-
ated with particular actions (such as tools) cortical regions related to the respective 
object use become co-activated with those involved in recognition (Lewis, 2006). This 
demonstrates that we have only begun to understand how the brain is able to extract 
meaning from stimuli and how this, in turn, influences subsequent stimulus process-
ing. 

Ultimately the following chapters are inspired by the major question of how the 
dynamics of neuronal activity found for the processing of complex stimuli becomes 
integrated in what we experience as a “perceptual whole” (Engel et al., 1999; Singer, 
1999). An answer to this intriguing question will require joint forces by multimethod 
approaches for the generation of new data and novel theoretical frameworks for their 
interpretation. 





2 Selectivity for animal 
vocalizations in the human 
auditory cortex
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We aimed at testing the cortical representation of complex natural sounds within auditory cortex 
using human functional magnetic resonance imaging (fMRI). To this end, we employed two dif-
ferent paradigms in the same subjects: a block-design experiment was to provide a localization 
of areas involved in the processing of animal vocalizations, while an event-related fMRI adapta-
tion experiment was to characterize the representation of animal vocalizations in the auditory 
cortex. During the first experiment, we presented subjects with recognizable and degraded ani-
mal vocalizations. We observed significantly stronger fMRI responses for animal vocalizations 
compared to the degraded stimuli along the bilateral superior temporal gyrus. In the second 
experiment, we employed an event-related fMRI-adaptation paradigm in which pairs of audi-
tory stimuli were presented in four different conditions: a) two identical animal vocalizations, b) 
two different animal vocalizations, c) an animal vocalization and its degraded control and d) 
an animal vocalization and a degraded control of a different sound. We observed significant 
fMRI adaptation effects within the left STG. Our data thus suggest that complex sounds such as 
animal vocalizations are represented in putatively non-primary auditory cortex in the left STG. 
Their representation is probably based on their spectro-temporal dynamics rather than simple 
spectral features.

Altmann, C. F., Doehrmann, O., and Kaiser, J. (2007). Selectivity for animal vocalizations in the 
human auditory cortex. Cerebral Cortex, 17, 2601-2608.
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The ability to quickly identify complex sounds enables us to interact adequately with 
our environment when visual information is scarce. Neuropsychological studies have 
described brain lesions that lead to impaired processing of complex auditory sounds 
(Engelien et al., 1995; Clarke et al., 2000, 2002). This deficit - auditory agnosia - has been 
associated with left, right or bilateral lesions of temporal or temporo-parietal cortex, 
suggesting specialized cortical networks for complex sound processing. However, the 
coarse localization of lesions has prevented the identification of the exact anatomical 
correlates of higher-order auditory processing. Neurophysiological studies in non-hu-
man primates provided evidence for hierarchical processing in macaque primary and 
non-primary auditory cortex (Rauschecker et al., 1995; Kaas et al., 1999; Rauschecker 
and Tian, 2000; Tian et al., 2001). More specifically, histological studies described a sub-
parcellation of macaque auditory cortex into core and adjacent belt regions (Morel 
et al., 1993; Jones et al., 1995; Hackett et al., 1998). Functionally, neurons in the core 
areas have been shown to respond well to pure tones (Rauschecker et al., 1997), while 
belt areas show a preference for more complex stimuli such as band-passed noise 
(Rauschecker et al., 1995). Moreover, neural populations in lateral belt areas appear to 
be selective for both the rate and the direction of frequency-modulation (Rauschecker, 
1997, 1998a, 1998b) and for monkey vocalizations (Rauschecker and Tian, 2000). For 
human subjects, a similar hierarchy of auditory processing has been reported, but the 
actual homologies are still under debate. In particular, anatomical and histochemical 
studies have described a subdivision into core, belt and parabelt auditory cortex in 
the superior temporal lobe, homologous to the macaque anatomy (Sweet et al., 2005). 
Recent fMRI studies have revealed the existence of at least 2 tonotopically organized 
areas on the superior temporal plane, putatively corresponding to macaque A1 and R 
(Formisano et al., 2003). Furthermore, a central core area showing tonotopic organiza-
tion is surrounded by belt areas that exhibited stronger fMRI responses to band-pass 
noise compared to pure tones (Wessinger et al., 2001; Seifritz et al., 2006). For non-pri-
mary auditory cortex lateral and posterior to Heschl’s gyrus, recent fMRI studies have 
observed stronger responses to amplitude and frequency-modulated tones compared 
to unmodulated tones (Hall et al., 2002; Hart et al., 2003). Interestingly, the areas that 
exhibit the two types of modulation are largely overlapping, suggesting common neu-
ral correlates. Both amplitude and frequency modulation are properties of complex 
environmental sounds that might serve as basic features to process these sounds. A 
series of fMRI studies presented subjects with complex natural sounds (animal voices, 
tools, dropped objects and liquids) and compared the fMRI responses for recogniz-
able sounds with unrecognizable reversed sounds (Lewis et al., 2004). The findings of 
these studies suggested that a predominantly left-hemispheric semantic network is 
involved in the processing of recognizable complex sounds, in addition to bilateral foci 
in the posterior portions of the middle temporal gyrus. When different categories of 
natural sounds were compared, stronger fMRI activity was found in a predominantly 
left-lateralized cortical network including the left and right posterior portions of the 
middle temporal gyrus for tools versus animal sounds (Lewis et al., 2005). In contrast, 
the bilateral middle portion of the superior temporal gyrus (STG) exhibited a prefer-
ence for animal compared to tool sounds.
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Another important function of the human auditory system is the processing of speech 
sounds. For example, stronger fMRI responses to speech compared to frequency-mod-
ulated tones have been demonstrated in the STS (Binder et al., 2000). However, in the 
same study, similar fMRI responses were obtained for reversed speech and pseudo-
words, suggesting that these areas are responsive to the acoustic properties of speech 
rather than language per se. Interestingly, results from an fMRI study that compared 
cortical responses to consonant-vowel syllables to pure tones and noise have sug-
gested an implication of bilateral STS and the planum temporale in language-specific 
processes (Jäncke et al., 2002). In line with this evidence, by employing sine-wave-
speech stimuli, a recent fMRI study has shown involvement of the left posterior STS in 
speech recognition (Möttönen et al., 2006).

The comparison of different categories is able to reveal brain regions with differ-
ential preferences for one category over the other. However, this approach may not be 
appropriate to identify areas that are involved in the processing of more than one cat-
egory. In particular, an area that has spatially overlapping or close neural populations 
encoding different stimulus categories would not show differential fMRI responses due 
to the limited spatial resolution of fMRI and would thus be regarded as not involved 
in the encoding of the respective categories. To overcome this problem, the present 
study employed an fMRI adaptation paradigm, which takes advantage of the observa-
tion that fMRI responses decrease with repeated presentation of the same stimuli. This 
technique has been widely applied in the investigation of the human visual system 
(for a review: Grill-Spector et al., 2006). For example, a recent fMRI adaptation study 
(Altmann et al., 2004) has tested the effect of visual context on shape processing in 
higher visual areas. For the auditory domain, the evidence for fMRI adaptation effects 
is rare. For instance, adaptation effects for speaker’s voice have been demonstrated in 
the anterior part of the right superior temporal sulcus (Belin and Zatorre, 2003). Fur-
thermore, a recent study has described correlations between behavioral effects of rep-
etition priming and repetition-associated reduction of fMRI responses to environmen-
tal sounds in the right superior temporal gyrus, the bilateral superior temporal sulci 
and right inferior frontal gyrus (Bergerbest et al., 2004). Previous studies that tested for 
repetition priming effects in the auditory domain were not able to reveal significant 
reductions in the fMRI signal (Buckner et al., 2000; Wheeler et al., 2000; Badgaiyan et al., 
1999, 2001). Bergerbest et al. (2004) argued that this lack of repetition-related reduc-
tions could possibly be explained by the fact that these studies have used auditory 
word-priming tasks that rely more on phonological rather than acoustic representa-
tions. For this reason, it might be more adequate to employ environmental sounds 
rather than spoken words to test for repetition effects in the auditory cortex. 

As the processing of different categories of auditory objects differs in its spatial 
(Lewis et al., 2005) and temporal (Murray et al., 2006) properties, we decided to test 
fMRI-adaptation effects for a single category of complex sounds only, i.e. animal vocal-
izations. This class of environmental sounds is usually experienced and learned early 
in child development and refers to tangible and perceptually rich objects in our envi-
ronment. Thus, the present study used human fMRI to investigate the neural mecha-
nisms that underlie the representation of animal vocalizations as a specific category of 
complex natural sounds. To this end, we employed two different techniques: first, we 
conducted a block-design experiment for a coarse localization of cortical areas that are 
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involved in the processing of animal vocalizations. Second, we employed an fMRI ad-
aptation paradigm to test for the form of representation of animal vocalizations within 
the auditory cortex. In the block-design experiment, we presented subjects with ani-
mal vocalizations and control sounds with similar spectral features but distorted tem-
poral structure. We manipulated the degree to which the animal vocalizations were 
degraded and tested for a correlation between the degree of scrambling with BOLD 
responses in the human auditory cortex. In the fMRI adaptation paradigm we tested 
for selective representation of animal vocalizations. To this end, we presented pairs 
of sounds that were a) two identical animal vocalizations, b) two different animal vo-
calizations, c) an animal vocalization and its degraded control and d) an animal vo-
calization and a degraded control of a different animal vocalization. Brain areas that 
selectively represent animal vocalizations should exhibit stronger fMRI responses for 
different compared to same animal vocalizations. In contrast, areas that mainly rep-
resent simple spectral features should exhibit cross-adaptation when an animal vo-
calization and its degraded control is presented and a rebound from adaptation in 
response to the combination of an animal vocalization and a degraded control of a 
different animal vocalization.

Materials and Methods

Subjects 
Thirteen healthy, right-handed volunteers (age range 19-38, 8 male) participated in the 
two experiments. Handedness was evaluated by self-report. All subjects had normal 
hearing abilities and gave their informed consent to participate in the study. The ex-
periments were performed in accordance with the ethical standards laid down in the 
1964 declaration of Helsinki.

Stimuli
Ten different animal vocalizations (cat, chicken, cow, dog, donkey, duck, frog, horse, owl, 
sheep) were taken from a database specifically designed for auditory psychophysics 
(Marcell et al., 2000). Sounds were digitized with a sampling rate of 44,100 Hz. Sound 
duration was on average 990 msec (standard deviation 180 msec, range: 650-1250 
msec), sound intensity was individually adjusted to a comfortable level resulting in an 
average sound pressure level of 86 dB. The sounds were equalized as regards their root 
mean square energy and presented with MR-compatible head phones (Resonance 
Technology, Northridge, USA). The frequency response of the head phones ensured re-
liable presentation of the employed stimuli. More specifically, the frequency response 
was maximal at about 1.5 kHz (99 dBC), remaining at about 82-88 dBC for lower fre-
quencies (0.25-1 kHz), and at about 83-88 dBC for higher frequencies (2-8 kHz).

We verified the recognizability of the animal vocalizations in a separate session, in-
structing 6 naive subjects to spontaneously name each animal. We employed the same 
auditory stimulus system as used in our fMRI experiments. The naming performance 
showed that the animals were reliably recognized (cat: 6/6; chicken: 6/6; cow: 6/6; dog: 
6/6; donkey: 6/6; duck: 3/6; frog: 6/6; horse: 6/6; owl: 6/6; sheep: 6/6). 
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Figure 1. Sample Stimulus (“duck vocalization”). Amplitude waveform (upper panel) of the origi-
nal stimulus (left), 50% degraded (middle) and 100% degraded (right). Spectrograms (lower 
panel) of the original stimulus (left), 50% degraded (middle) and 100% degraded (right).

As shown in Figure 1, control stimuli consisted of degraded versions of the animal 
vocalizations that were generated in the following way: we performed a short-term 
Fourier transform on each stimulus (windows of 64 time points), and increasingly de-
graded the animal vocalizations by permuting the values of the amplitude and phase 
components across time (0%, 25%, 50%, 75% and 100% degradation). Then, we per-
formed the inverse discrete Fourier transform on that signal to recover the amplitude 
waveform (Fig. 1). The resulting stimuli preserved the average output frequency and 
similar overall spectral composition. The temporal structure however, that is the ampli-
tude envelope and periodicity was disrupted. Previous fMRI studies employed a simi-
lar approach, either permuting the amplitude and phase values across frequencies, 
preserving the overall temporal structure (Belin et al., 2002) or generating spectrally 
matched noise (Thierry et al., 2003) with disrupted temporal structure.

Procedure
All subjects were administered two runs of the block-design experiment, four runs 
of the event-related fMRI-adaptation experiment and a high-resolution T1-weighted 
MPRAGE sequence as an anatomical reference. The block-design experiment consisted 
of 15 blocks which lasted 30 seconds each with a 15 second stimulation period and 15 
second scanner noise only period without additional auditory stimulation (baseline). 
Within each stimulation block, 10 sounds were presented with an inter-stimulus-inter-
val of 1.5 seconds. Five different conditions, that is five different degrees of degrada-
tion (0%, 25%, 50%, 75% and 100% degraded) were presented block-wise. During the 
full run that lasted 7 minutes and 40 seconds, subjects were instructed to keep their 
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eyes open and fixate a white cross on a black background, back-projected by a LCD-
projector through a mirror fixed to the head coil. Within each block, one single stimu-
lus was repeated in sequence. Subjects were instructed to respond to this repetition 
with a button press to ensure attentive processing of the stimuli. 

For the event-related fMRI experiment, an experimental run was comprised of 80 
pairs of auditory stimuli. Each experimental run had a duration of 8 min 30 sec and 
contained four different conditions: a) two identical animal vocalizations, b) two dif-
ferent animal vocalizations, c) an animal vocalization and its degraded control (100% 
degraded) and d) an animal vocalization and a degraded control (100% degraded) of 
a different animal vocalization. Within a single run, 20 trials per condition were pre-
sented, intermixed with 20 trials without auditory stimulation (baseline). Similar to pre-
vious studies (Altmann et al., 2004), the order of presentation was counterbalanced so 
that trials from each condition were preceded (1 trial back) equally often by trials from 
each of the other conditions. The inter-trial-interval was 5 seconds, the delay between 
first and second stimulus was 510 msec on average. To ensure efficient parameter es-
timation of the hemodynamic response function, the onset of the first stimulus was 
jittered by ± 500 msec (Dale et al., 1999). During the whole experiment, subjects were 
instructed to keep their eyes open and look at a fixation cross. Subjects were required 
to press a button with one hand when a stimulus pair contained a degraded control 
stimulus and a different button with the other hand when a stimulus pair contained 
two animal vocalizations. Subject showed above 98 per cent correct responses in all 
conditions at this task.

Imaging and Data Analysis
Imaging was conducted on a 3T Siemens ALLEGRA scanner at the Brain Imaging Cen-
ter Frankfurt, Germany. An echo planar imaging sequence with gradient echo sampling 
(TR = 2 sec, TE = 35 msec) was used to acquire the functional imaging data. Thirty-four 
axial slices (3 mm thickness with 3.00 x 3.00 mm in-plane resolution, inter-slice gap: 0.3 
mm), covering the whole brain, were collected with a head coil. The field of view was 
19.2 cm x 19.2 cm with an in-plane resolution of 64x64 pixels. As anatomical reference, 
we acquired 3D volume scans by using a magnetization-prepared rapid-acquisition 
gradient echo sequence (160 slices; TR: 2300 ms).

fMRI data were pre-processed and analyzed using the Brainvoyager QX (Brain In-
novation, Maastricht, Netherlands) software package. Preprocessing of functional data 
included slice scan time correction, head movement correction and linear detrend-
ing. The 2D functional images were co-registered with the 3D anatomical data, and 
both 2D and 3D data were spatially normalized into the Talairach and Tournoux ste-
reotactic coordinate system (Talairach and Tournoux, 1988). Functional 2D data were 
spatially filtered employing a Gaussian filter with 4 mm FWHM for the group analysis 
only. The experimental effects in the different conditions were compared employing 
a random-effects general linear model. To display statistically significant differences, 
we employed a criterion of p<0.001, uncorrected for multiple comparisons. This cri-
terion was chosen to be equal to the constant criterion used in the single subject ROI 
selection for experiment 2. To achieve anatomical correspondence and to reduce the 
inter-subject variability of cortical gyrification, we applied cortex-based inter-subject 
alignment (Fischl et al., 1999). 
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For the event-related fMRI adaptation experiment, we selected three regions of inter-
est (ROI) for each individual subject. An area within the STG was selected functionally 
on the basis of Experiment 1. More specifically, for each individual subject, we selected 
all voxels within the bilateral STG that showed a significant decrease of the fMRI re-
sponses (p<0.001 uncorrected) with the degradation of the animal vocalizations but 
significantly stronger responses for all sounds compared to the baseline stimulation in 
Experiment 1. Heschl’s gyrus (HG) and the planum temporale (PT) were determined in 
a first step anatomically, employing the anatomical landmarks of the cortical surface 
of each individual subject (Brechmann et al., 2002). Within the anatomically defined 
areas, we selected functionally those areas that showed significantly stronger fMRI 
responses for all auditory stimuli of Experiment 1 compared to the baseline. This pro-
cedure aimed at avoiding averaging across neural populations that are tuned to fre-
quencies beyond the range of the employed stimuli. Finally, our ROI analysis in HG and 
PT was restricted to those voxels that fell within the 90% boundaries of the probability 
map for HG (Rademacher et al., 2001) and the 95% boundaries for PT (Westbury et al., 
1999), respectively. All ROIs were selected not to overlap with each other in order to 
avoid dependencies between them. For all ROIs, we conducted a general linear model 
to estimate the beta weights that model the hemodynamic responses as a combina-
tion of two gamma functions within these areas (Friston et al., 1995; 1998).

The beta weights were related to the overall signal level to express them as percent 
signal change values. In Figure 3, the standard error bars of the fMRI responses where 
corrected for inter-subject effects similar to previous studies (Altmann et al., 2004). In 
particular, the fMRI responses were calculated individually for each subject by sub-
tracting the mean percent signal change for all the conditions within this subject from 
the mean percent signal change for each condition and adding the mean percent sig-
nal change for all the conditions across subjects. We then compared the percent signal 
change values of all subjects across conditions by a one-way ANOVA with repeated 
measurements. The degrees of freedom were corrected with the Greenhouse-Geisser 
method when appropriate. In case of a significant ANOVA result, we conducted further 
linear contrast analysis to compare fMRI responses to same and different animal vocal-
izations and to compare pairs with control stimuli generated from same or different 
animal vocalizations. This analysis aimed at characterizing the adaptation effects for 
animal vocalizations and to test for cross-adaptation from an animal vocalization to 
its control.

Results

In Experiment 1, we tested the neural correlates of complex sound processing by in-
vestigating the relationship between the parametrically manipulated degradation of 
animal vocalizations and the acquired fMRI responses. We employed a random-effects 
general linear model to characterize common fMRI responses to animals versus de-
graded control stimuli across the subjects (n=13). As shown in Figure 2a, linear contrast 
analysis revealed bilateral areas in the superior temporal gyrus (STG) that exhibited 
a significant (p<0.001 uncorrected) decrease of fMRI responses with degradation of 
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animal vocalizations. As depicted on Figure 2b, these effects were robustly observed 
within individual subjects.

Figure 2. (A) Group data (n=13) of the cortex-based general linear model analysis of Experi-
ment 1 shown on an inflated 3D reconstruction of the cortical surface of a single subject which 
served as the target for cortex-based inter-subject alignment. Gyri are shown in light gray, sulci 
in dark gray. The activation map shows voxels that exhibited significantly (p<0.001, uncor-
rected) stronger fMRI responses for intact versus degraded stimuli as determined by linear con-
trast analysis (contrast weights: 0% degraded: +2; 25% degraded: +1; 50% degraded: 0; 75% 
degraded: -1; 100% degraded: -2). (B) Data for a representative subject for Experiment 1. This 
subject also served as target for the cortex-based alignment procedure employed in the group 
analysis. Voxels that exhibited significantly (p<0.001, uncorrected) stronger fMRI responses for 
intact versus degraded stimuli are depicted in red. HG: Heschl gyrus; PT: planum temporale; 
STG: superior temporal gyrus; STS: superior temporal sulcus.

To assess the selective representation of animal vocalizations versus control stimuli 
with similar spectral features, we conducted an event-related fMRI-adaptation experi-
ment. We employed ROI analysis to characterize the fMRI response profile within the 
auditory cortex for this experiment. The ROIs were based on Experiment 1, ROI sizes 
and locations are shown in Table 1. Left and right HG did not differ significantly in size 
(paired two-tailed t-test: t[12] = 1.92; p = 0.08), similar to left and right STG (t[12]= 1.38; 
p= 0.19). However, the left PT ROI was significantly larger than right PT (t[12] = 3.78; 
p<0.01). 
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As shown in Figure 3, within the areas in the STG that exhibited significantly stronger 
fMRI responses for animal vocalizations versus degraded sounds, we observed sig-
nificant differences across experimental conditions for the adaptation experiment. In 
particular, a repeated mesasurements ANOVA on the percent signal change levels as 
shown in Figure 3b) with the factor Condition (Same Animal Vocalizations, Different 
Animal Vocalizations, Animal – Same Control, Animal – Different Control) revealed sig-
nificantly different fMRI responses across conditions in the left STG (F[3,36] = 12.89; p< 
0.001), but not for the right STG (F[3,36] = 2.59; p= 0.07). A linear contrast analysis in the 
left STG showed significantly stronger fMRI responses for different versus same animal 
vocalizations (F[1,12] = 9.70; p< 0.01), indicating a significant rebound from adapta-
tion. The interaction between the factors Hemisphere (left/right STG) and Repetition 
(same/different animal vocalization) was significant (F[1,12] = 12.39; p < 0.05), suggest-
ing differential processing across the two hemispheres. 

We furthermore compared conditions with animal vocalizations only and pairs of 
animal vocalizations and control stimuli. A repeated measurements ANOVA revealed 
significantly lower fMRI responses for the pairs that contained control stimuli within 
bilateral STG (left STG: F[1,12] = 20.05; p < 0.001; right STG: F[1,12] = 6.90; p < 0.05). 
Since the ROIs were selected on the basis of the previous block-design experiment as 
areas with stronger responses for animal vocalizations versus control stimuli, it was ex-
pected that they would also show this effect in the fMRI adaptation experiment. How-
ever, if these ROIs were selective for simple spectral features rather than the temporal 
structure of stimuli, we should also expect fMRI adaptation effects for the conditions 
when the animal vocalizations are paired with their degraded versions compared with 
different control stimuli. We did not observe significant differences between same or 
different control stimuli in the STG (left hemisphere: F[1,12] < 1; p = 0.56; right hemi-
sphere: F[1,12] < 1; p = 0.66). Apart from this functionally defined ROI, we also analyzed 
the fMRI responses of the medial portion of Heschl’s gyrus (HG) and the planum tem-

Table 1. Regions of interest

Talairach

x y z ROI-size (voxels)

ROI

HG-right 45 +/- 4 -15 +/- 6 8 +/- 4 53

HG-left -44 +/- 3 -20 +/- 4 8 +/- 2 62

PT-right 52 +/-  4 -28 +/- 5 14 +/- 4 34

PT-left -50 +/- 3 -34 +/- 5 14 +/- 4 49

STG-right 57 +/- 3 -15 +/- 7 4 +/- 4 63

STG-left -57 +/- 3 -20 +/- 5 5 +/-3 50

Talairach coordinates in mm +/-  standard deviation averaged across subjects for the selected 
Regions of Interest (ROIs) that had significantly stronger fMRI responses in Experiment 1 for audi-
tory stimuli versus baseline (HG, PT) or for animal vocalizations compared to degraded control 
stimuli (STG). 
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Figure 3. (A) Event-related time-courses of fMRI responses in the left and right superior tempo-
ral gyrus (STG) for Experiment 2 averaged across 13 subjects. (B) fMRI response amplitudes 
in Heschl’s gyrus (HG), the planum temporale (PT) and the superior temporal gyrus (STG) for 
Experiment 2 averaged across 13 subjects. The error bars represent mean standard errors of 
the fMRI responses.
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porale (PT). We observed significant differences between experimental conditions, in 
the right PT only (F[3,36] = 5.38; p < 0.01). More specifically, pairs with control stimuli 
showed a significantly stronger response compared to pairs of animal vocalizations 
only as determined by a two-way repeated measurements ANOVA (F[1,12] = 9.87; 
p<0.01). Within the right PT, no adaptation effects were revealed for different versus 
same animal vocalizations (F[1,12] < 1; p = 0.45) or pairs of animal vocalizations and 
same versus different control (F[1,12] < 1; p = 0.98). As the fMRI responses for control 
stimuli were not larger compared to the animal vocalizations in Experiment 1 (paired 
t-test: t[12]=0.94; p = 0.37), the differences in Experiment 2 are possibly based on the 
stimulus change, rather than the acoustic properties of single stimuli. We did not ob-
serve any significant experimental effects in HG or left PT (left HG: F[3,36] = 1.24; p = 
0.30; right HG: F[3,36] = 1.53; p = 0.22; left PT: F[3,36] = 1.88; p = 0.15). There was no sig-
nificant interaction between the factors Hemisphere (left/right PT) and Stimulus Type 
(animal vocalizations only/ animal vocalization and control) as tested with a two-way 
repeated measurements ANOVA (F[1,12] = 2.92; p = 0.11). 

Discussion

Employing two different paradigms, our study provides evidence for processing of ani-
mal vocalizations in the bilateral superior temporal gyrus (STG). Firstly, regions along 
bilateral STG showed a linear decrease of fMRI response strength with the degree of 
degradation of animal vocalizations. Secondly, within the left STG, fMRI adaptation ef-
fects were observed for same versus different animal vocalizations, suggesting a selec-
tive representation of these stimuli. 

The bilateral pattern of fMRI responses to animal vocalizations is in line with stud-
ies that observed preferential fMRI responses to animal sounds versus tool sounds 
(Lewis et al., 2005) within the middle portions of the superior temporal gyrus (mSTG). 
Accordingly, areas within bilateral mSTG and the superior temporal sulcus (STS) have 
been implicated in the processing of human voices and vocalizations (Belin et al., 2000; 
Fecteau et al., 2004, 2005; Lewis et al., 2004). Furthermore, amongst other areas, the 
STG has been shown to respond more strongly to environmental sounds compared 
to white noise stimuli (Giraud and Price, 2001; Maeder et al., 2001). In a recent study, 
fMRI responses in the mSTG exhibited an increase for both recognized and unrecog-
nized environmental sounds (Lewis et al., 2005). Thus, it has been proposed that the 
bilateral mSTG might represent an “intermediate” stage of auditory processing. That 
is, these areas are possibly involved in the encoding of acoustic structural attributes 
such as harmonic or phase-coupling content rather than higher level semantic infor-
mation. In line with this assumption, areas in the superior temporal lobe have been 
associated with processing of temporal and spectral aspects of auditory stimuli. For ex-
ample, recent fMRI studies have revealed overlapping areas within the lateral Heschl’s 
gyrus and the planum temporale that are sensitive to both amplitude and frequency-
modulated tones (Giraud et al., 2000; Hart et al., 2003). Intracranial recordings in hu-
man patients have demonstrated encoding of amplitude-modulation in the auditory 
cortex (Liegeois-Chauvel et al., 2004). Moreover, previous electrophysiological studies 
have suggested directional selectivity of neurons for frequency-modulated sweeps in 
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posterior non-primary auditory fields of the cat (Tian and Rauschecker, 1998). Possi-
bly, the selective representation of the spectro-temporal dynamics of auditory stimuli 
constitutes the basis for the decoding of complex natural sounds such as animal vo-
calizations. Thus, similar adaptation effects within the STG might be expected for other 
stimulus classes with complex spectro-temporal dynamics such as human verbal and 
non-verbal vocalizations or other environmental sounds.

In this study, the bilateral STG exhibited stronger fMRI responses for animal vo-
calizations compared to temporally unstructured control stimuli. Adaptation effects, 
however, occurred within the left STG only. A possible explanation for the lateralization 
of adaptation effects might be the differential preference for timing parameters within 
left and right auditory cortex which has been reported in several neuroimaging stud-
ies. More specifically, the right superior temporal sulcus has been shown to respond 
preferentially to slowly modulated signals, while the left superior temporal sulcus 
showed preferences for faster spectro-temporal changes (Belin et al., 1998; Boemio 
et al., 2005). Similarly, within the human antero-lateral auditory belt, temporal audi-
tory processing has been associated with the left-hemisphere and spectral processing 
with the right hemisphere (Zatorre and Belin, 2001; Schönwiesner et al., 2005). Thus, 
the observation of mainly left-hemispheric adaptation effects might be accounted for 
by the specific spectro-temporal dynamics of the employed animal vocalizations. That 
is, the spectro-temporal changes that distinguish between these stimuli possibly lie 
within a time range that is preferentially processed by the left STG. A previous study 
on fMRI repetition priming showed bilateral repetition-related reductions in the STS 
but right-lateralized reductions within the STG (Bergerbest et al., 2004). In contrast to 
the present experiments, this study employed general environmental sounds (animals 
and sounds produced by man-made objects) which might explain the obvious differ-
ent hemispheric lateralization of repetition effects. Interestingly, a previous magneto-
encephalographic (MEG) study has shown a bilateral distribution of evoked magnetic 
fields in response to mismatch of complex sounds (syllables, animal vocalizations and 
noise), but a left-hemispheric increase in gamma-band activity above 60Hz (Kaiser et 
al., 2002; Kaiser and Lutzenberger, 2005). Induced gamma-band activity has been as-
sociated with repetition-priming effects in EEG studies (Gruber and Müller, 2002; 2005) 
and has been suggested to play a complementary role compared to evoked poten-
tials. Thus, the previously reported left-lateralized increase in gamma-band activity in 
response to pattern changes of complex sounds may be related to the left-lateralized 
adaptation effects observed in this study.

A different theory of auditory hemispheric lateralization holds that the left superior 
temporal lobe is preferentially involved in speech perception, while the right supe-
rior temporal lobe is more involved in environmental sound processing (Thierry et al., 
2003). However, a recent review argued that processing of speech and environmental 
sounds often implicates overlapping areas, concluding that there are no speech-spe-
cific cortical regions, but that common correlates might mediate both processes (Price 
et al., 2005). Thus, the areas in the bilateral STG may be part of a multi-purpose process-
ing stage for complex sounds of which the left STG selectively encodes the stimulus 
features that optimally distinguish between the different animal vocalizations used in 
the present study. 
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Interestingly, we observed significantly stronger fMRI responses in right PT for changes 
from animal vocalizations to degraded control stimuli compared to pairs of animal 
vocalizations only. In Experiment 1, we did not observe significant differences between 
stimuli, suggesting that the effects within right PT are due to the stimulus change rather 
than the properties of single stimuli. Possibly, in line with the hypothesis that lateral-
ization of auditory processing is based on preferential tuning to temporal properties, 
right PT may be involved in the representation of spectro-temporal stimulus features 
with a long time constant. More specifically, a change from an animal vocalization to 
the control stimulus is a transition from a temporally structured stimulus to a sustained 
presentation of a broad-band stimulus. Such a transition might possibly be encoded in 
areas that preferentially respond to slower modulations of auditory stimuli. Neverthe-
less, future research is required to test systematically for effects of timing parameters 
of complex auditory stimuli on auditory fMRI adaptation within different auditory ar-
eas, employing a wide range of stimulus categories.

The use of an fMRI adaptation paradigm has been suggested to be able to pro-
vide additional information about the representation of information in the brain 
(Grill-Spector et al., 2006), complementing the results obtained by classical fMRI ex-
periments that contrast responses to different stimulus categories. The latter approach 
relies on spatially separable representations of different stimulus categories. However, 
it cannot always be assumed that the spatial separation between neural populations 
encoding different categories is in the range of the resolution of fMRI, in particular in 
higher-order sensory areas. fMRI-adaptation experiments are able to overcome these 
restrictions and allow to systematically test selectivity or invariance to various forms 
of transformations such as the effects of visual viewpoint changes in the ventral visual 
stream (James et al., 2002) or effects of size and position changes in object-related vi-
sual areas (Grill-Spector et al., 1999). Within the visual domain, fMRI-adaptation effects 
have been replicated reliably in higher visual areas, whereas fMRI-adaptation effects in 
early visual cortex are currently under debate. More specifically, while some research-
ers have reported orientation-specific fMRI adaptation in V1 (Tootell et al., 1998) and 
motion direction-specific fMRI-adaptation in both lateral temporal–occipital and peri-
calcarine areas (Huettel and McCarthy, 2004), other groups failed to identify orienta-
tion-specific fMRI adaptation in V1 (Boynton et al., 2003; Murray et al., 2006). Thus, it 
has been suggested that not only adaptation effects, but also vascular mechanisms 
may contribute to the fMRI adaptation phenomenon. Recent studies (Sawamura et al., 
2006) have employed an adaptation paradigm while acquiring single-cell recordings 
from macaque infero-temporal cortex for which fMRI adaptation has been observed 
previously (Sawamura et al., 2005). Although adaptation effects of single neurons were 
observed, (Sawamura et al., 2006) the tuning properties inferred from adaptation were 
sharper than the actual tuning of single neurons, suggesting that the link between ad-
aptation and single cell tuning curves is not straightforward. For the auditory domain, 
neural adaptation effects have been obtained for pure tones in cat primary auditory 
cortex (Ulanovsky et al., 2003), and combined human fMRI and MEG studies have pro-
vided evidence for stimulus-specific adaptation effects both for pure tones and noise 
(Jääskeläinen et al., 2004) and vowels (Ahveninen et al., 2006) in non-primary auditory 
areas. Thus, employing adaptation paradigms might be a fruitful approach to inves-
tigate the representation of auditory information in the human brain. However, fur-
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ther research is needed to establish the link between different methodologies, such as 
single cell recordings, human electrophysiology and brain imaging.      

Conclusions

In summary, our study provides evidence for the involvement of the bilateral STG in 
the processing of animal vocalizations. Moreover, our data suggest selective represen-
tation of animal vocalizations within the left STG as determined by an event-related 
fMRI adaptation paradigm. Adaptation effects were predominantly observed for puta-
tively non-primary auditory fields within the lateral STG rather than primary auditory 
cortex. The representation of animal vocalizations within this area is possibly mediated 
by the complex spectro-temporal dynamics of this stimulus class. These findings dem-
onstrate that event-related fMRI adaptation is an appropriate method to test the se-
lective representation of information in non-primary auditory fields. The investigation 
of cross-adaptation effects for different types of auditory features may lead to further 
insights into the organization principles of processing within auditory cortex.
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Suppl. Figure 1. Frequency response of the employed head phones (Commander XG, Reso-
nance Technologies) as determined by measuring the sound pressure levels at 0.25 – 8 kHz. 
The frequency axis is logarithmic.
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Suppl. Figure 2. Group data (n=13) of the cortex-based general linear model analysis of Experi-
ment 1 shown on an inflated 3D reconstruction of the cortical surface of a single subject which 
served as the target for cortex-based inter-subject alignment. Gyri are shown in light gray, sulci 
in dark gray. The activation map shows voxels that exhibited significantly (pFDR<0.05, corrected 
for multiple comparisons using the False Discovery Rate approach described by Benjamini and 
Hochberg, 1995) stronger fMRI responses for intact versus degraded stimuli as determined by 
linear contrast analysis.

Suppl. Figure 3. Event-related time-courses of fMRI responses in the left and right HG and PT 
in Experiment 2 averaged across 13 subjects. The error bars represent mean standard errors of 
the fMRI responses.
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Earlier studies reported evidence suggesting distinct category-related auditory representations 
for environmental sounds such as animal vocalizations and tool sounds in superior and middle 
temporal regions of the temporal lobe. However, the degree of selectivity of these representa-
tions remains to be determined. The present study combined functional magnetic resonance im-
aging (fMRI) adaptation with a silent acquisition protocol to further investigate category-related 
auditory processing of environmental sounds. To this end, we consecutively presented pairs of 
sounds taken from the categories ‘tool sounds’ or ‘animal vocalizations’ with either the same 
or different identity/category. We examined the degree of selectivity as evidenced by adaptation 
effects to both or only one sound category in the course of whole-brain as well as functionally 
and anatomically constrained region of interest analyses.While most regions predominately in 
the temporal cortex showed an adaptation to both sound categories, particularly the left superior 
temporal gyrus (STG) and the left posterior middle temporal gyrus (pMTG) selectively adapted 
to animal vocalizations and tool sounds, respectively. However, the activation profiles of these 
regions differed with respect to the general responsiveness to sounds. While tool sounds still 
produced fMRI signals significantly different from fixation baseline in the STG, this was not the 
case for animal vocalizations in pMTG.
Consistent with the interpretation of STG as an intermediate auditory processing stage, this re-
gion might differentiate auditory stimuli into categories based on variations of physical stimulus 
properties. However, processing in left pMTG seems to be even more restricted to action-related 
sounds of man-made objects.

Doehrmann, O., Naumer, M. J., Volz, S., Kaiser, J., and Altmann, C. F. (2008). Probing category 
selectivity for environmental sounds in the human auditory brain. Neuropsychologia, 46, 2776-
2786.
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Introduction

Sound identity processing has been found to involve temporal and frontal cortical 
regions in non-human primates (Romanski et al., 1999; Rauschecker and Tian, 2000; 
Romanski and Goldman-Rakic, 2002) and humans (Clarke et al., 2000; Alain et al., 
2001; Kaiser et al., 2003; Arnott et al., 2004). The proposed functional specialization of 
temporo-frontal areas for auditory recognition has been refined by functional mag-
netic resonance imaging (fMRI) studies using auditory stimuli with different degrees 
of complexity like frequency- and amplitude-modulated sounds (Hall et al., 2002), 
speech (Belin et al., 2000; Binder et al., 2000; Christoffels et al., 2007), music (Patterson 
et al., 2002), or broad sets of object-related environmental sounds (Lewis et al., 2004; 
Zatorre et al., 2004). Environmental sounds can be further differentiated into catego-
ries, e.g. a distinction can be made between sounds from an animate versus inanimate 
source. Previous neuroimaging studies have found category-specific activation pat-
terns in temporal cortex distinguishing between animate (animal vocalizations) and 
inanimate (tool sounds) categories (Lewis et al., 2005; Engelien et al., 2006; Murray et al., 
2006). More specifically, Lewis et al. (2005) have reported activations in middle portions 
of bilateral superior temporal cortex (STG) for animal vocalizations compared to tool 
sounds, whereas the reverse contrast revealed a widespread activation of left-hemi-
spheric regions including the posterior middle temporal gyrus (pMTG) and additional 
parietal and frontal areas. These reports of differential category-related responses are 
to some extent in line with neuropsychological findings of distinct lesion foci for con-
ceptual knowledge pertaining to animals and tools (see e.g. Tranel et al., 1997).  More 
specifically, regions in the proximity of the left pMTG have repeatedly been associated 
in lesion and neuroimaging studies (e.g. Whatmough et al., 2002; Tranel et al., 2003b) 
with tool and action processing both on a perceptual and on a recognition-related 
level. Further evidence suggests that additional regions of the left inferotemporal (IT) 
cortex might then be engaged in the context of naming tasks (Damasio et al., 2001; 
Tranel et al., 2003a). Animal and tool stimuli presented both in the auditory and visual 
sensory modality seem to activate these left IT regions to a similar degree, but again 
with differential sites with anterior-ventral and posterior-lateral foci for animal and 
tool stimuli, respectively (Tranel et al., 2005).  

The present study aimed at further elucidating cortical preferences during earlier 
perceptual and recognition-related processing stages for animate versus inanimate 
sounds by applying an fMRI-adaptation approach (Grill-Spector and Malach, 2001; Grill-
Spector et al., 2006). It has been used successfully in the visual domain to elucidate the 
neural correlates of visual shape processing (Kourtzi et al., 2003; Altmann et al., 2004) 
and object recognition (e.g. Vuilleumier et al., 2002). In contrast to the visual domain, 
relatively few studies have employed this method to assess differential sensitivities of 
cortical regions to auditory stimulus properties (Belin and Zatorre, 2003; Bergerbest et 
al., 2004; Dehaene-Lambertz et al., 2006). For instance, we found adaptation effects to 
repeated animal vocalizations in left STG that were absent for the successive presenta-
tion of an animal vocalization and a temporally degraded version of the same sound, 
demonstrating that the effect was not attributable to a mere adaptation to stimuli 
with similar spectral features (Altmann et al., 2007). 
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An important advantage of fMRI adaptation is its capability to extend findings which 
are based on the simple subtraction of fMRI responses to different stimuli. In the pres-
ent context of auditory category selectivity, fMRI adaptation allowed us to determine 
in which cortical regions putative category-related preferences translate into actual 
corresponding tool- or animal-selective adaptation effects. In contrast, if these regions 
showed an adaptation to the repetition of auditory stimuli irrespective of their cat-
egory, possibly because of adaptation to features like complex spectro-temporal dy-
namics (see e.g. Nelken, 2004) common to both categories, they might be regarded as 
nonselective. To address this question we compared fMRI responses to presentations 
of pairs of 1) identical animal vocalizations, 2) different animal vocalizations, 3) identi-
cal sounds of man-made tools, 4) different tool sounds, and 5) an animal vocalization 
and a tool sound. 

The central research question of the present study can be stated as the question of 
which cortical regions do actually exhibit category-related selectivity as determined 
by fMRI adaptation. More explicitly, we expected adaptation effects selective to animal 
vocalizations in the left STG (Altmann et al., 2007). However, given its role as an “inter-
mediate” auditory processing stage we also expected to find a general responsiveness 
(fMRI signal different from baseline) to sounds from the other category, but no corres-
ponding adaptation effects for the tool sounds. On the other hand, previous studies 
have suggested a preference for tool sounds (compared to animal vocalizations) in 
several regions of the temporal, parietal and frontal cortices (Lewis et al., 2005). Within 
this network, we intended to identify regions which show an additional selective adap-
tation effect for tool sounds. Given its prominent role for semantic processing (see e.g. 
Noppeney et al., 2005) even beyond the auditory domain (see e.g. Beauchamp et al., 
2004), we expected to find tool-selective adaptation effects particularly in pMTG.  

The finding of category-selective fMRI-adaptation effects in these or possibly other 
cortical regions would therefore provide complementary evidence for their impor-
tance in the processing of these stimulus categories. 

Materials and Methods

Subjects
Fifteen healthy, right-handed volunteers participated in the study. Handedness was 
evaluated by self-report. All subjects had normal hearing abilities and gave their in-
formed consent to participate in the study. The experiments were performed in accor-
dance with the ethical standards laid down in the 1964 declaration of Helsinki. One 
subject had to be excluded from the analysis because of excessive head motion. The 
mean age of the remaining 14 participants was 27.1 years (range 21-34; 9 males).

Stimuli
To investigate auditory category selectivity, we employed two different categories of 
environmental sounds, namely animal vocalizations and tool sounds (Fig. 1A). Fifteen 
stimuli per category (Table 1) were taken from a collection of professionally recorded 
sounds (Sound Ideas, Richmond Hill, Ontario, Canada). The sound stimuli were digi-
tized with a sampling rate of 22050 Hz. The sound duration did not differ between cate-



36

Chapter 3

Table 1. List of stimuli

Stimulus 
(type)

Recognized  (number 
of subjects)

Confidence (Score 1-7; 
7 maximum)

Prototypicality (Score 
1-7; 7  maximum)

Animal vocalizations

Cat 6/6 7.0 6.7

Chicken 6/6 6.8 6.7

Chimp 4/6 6.5 5.7

Cow 6/6 7.0 6.2

Crow 6/6 6.2 5.5

Dog 6/6 7.0 6.8

Donkey 6/6 6.8 6.8

Duck 6/6 6.0 5.5

Elephant 6/6 7.0 6.5

Frog 6/6 7.0 6.8

Horse 6/6 7.0 6.8

Owl 6/6 6.5 6.2

Seal 3/6 4.3 4.3

Sheep 6/6 7.0 6.8

Tiger 4/6 4.7 4.5

Mean +/- SEM 5.5 +/-0.75 6.5 +/-0.62 6.1 +/-0.68

Tool sounds

Bikebell 6/6 7.0 7.0

Camera 5/6 6.8 6.0

Chainsaw 5/6 6.7 6.8

Chisel (hammered) 6/6 6.0 5.7

Drill 6/6 5.3 4.7

File 6/6 5.5 5.8

Hammer (hitting nail) 6/6 5.7 5.3

Hammer (hitting wood) 6/6 6.5 6.5

Jackhammer 6/6 7.0 6.8

Ratchet 5/6 6.2 5.8

Sanding 5/6 4.3 4.2

Saw 6/6 6.3 6.2

Scissor (cutting paper) 3/6 3.5 2.2

Stapler 5/6 5.7 5.5

Typewriter 5/6 5.2 4.0

Mean +/- SEM 5.27 +/- 0.68 5.8 +/- 0.77 5.5 +/- 0.96
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gories (t[14]=-.562; p>0.1, paired t-test). It was on average 1048 ms for animal stimuli 
(standard deviation 156 ms, range: 734-1386 ms) and 1085 for tool stimuli (standard 
deviation 143 ms, range: 771-1342 ms).

Six additional subjects who did not participate in the fMRI experiments were in-
structed to recognize the stimuli of the two categories and to provide a confidence rat-
ing for their decisions on a Likert scale ranging from 1 (“not confident”) to 7 (“perfectly 
confident”). Furthermore, each stimulus was rated with respect to its “prototypicality”, 
i.e. how well the given sound exemplar represented the object, again on a Likert scale 
ranging from 1 (“not prototypical”) to 7 (“perfectly prototypical”). The scores for both 
stimulus categories were very similar (Table 1) and on a comparable level with ratings 
reported in earlier studies (Murray et al., 2006; Altmann et al., 2007). Thus, differential 
experimental effects for the two stimulus categories were unlikely to be attributable 
to these parameters. 

All sounds were equalized with regard to their root mean square sound intensity. 
Stimuli were presented with MR-compatible head phones (Resonance Technology, 
Northridge, USA) using wave guide tubes for sound transmission. The headphones of 
the MRI audio system contained fluid- and vinyl-sealed cushions to attenuate ambi-
ent noise up to 30 dB. For each subject the applied output volume for the stimulus 
presentation was adjusted individually to a comfortable level resulting in an average 
sound pressure level of 82 dB(C) (animals: 82.9 dB(C), tools: 81.5 dB(C)). The frequency 
response of the head phones ensured reliable presentation of the employed stimuli as 
described in a previous study (Altmann et al., 2007). 

The averaged power spectrum for stimuli of the categories used in the present 
study (Fig. 1A) revealed that animal vocalizations typically contained a greater relative 
power in the range between ~ 1000 to 6000 Hz. In contrast, tool sounds had a relatively 
uniform power distribution over the complete spectrum with local maxima at ~ 2000, 
6000 and 10000 Hz. The mean harmonic-to-noise ratio of our animal stimuli as deter-
mined by the software package Praat (http://www.fon.hum.uva.nl/praat/) was 6.18 dB 
as compared to 0.36 dB for the tool sounds. These values are in a similar range to previ-
ously reported work on auditory object recognition (Lewis et al., 2005). 

Procedure
Subjects were administered four runs of an event-related fMRI-adaptation experiment 
and one run of a high-resolution T1-weighted MP-RAGE sequence as an anatomical 
reference. 

Essentially, the rationale for an fMRI-adaptation paradigm is its capability to iden-
tify subpopulations of neurons sensitive to certain stimulus features even when these 
are embedded in a larger cortical network. For instance, in a conventional fMRI ex-
periment a cortical region R might react quite uniformly to the presentation of audi-

<<< 
Recognition scores with confidence ratings obtained from six subjects, who did not participate in 
the fMRI sessions, for the auditory stimuli of the two categories. Subjects were also instructed to 
rate the prototypicality of the stimuli, i.e. how well the chosen exemplar represented the “typical” 
sound of the respective object.    
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Figure 1. Stimulation and experimental design. (A) Amplitude waveforms and spectrograms for 
an animal vocalization (upper panel) and a tool sound (lower panel). (B) Schematic representa-
tion of three different trial types employed in the experiment. The upper panel is an example of a 
“same”-condition for animal vocalizations, the middle panel is an example of a “different”-con-
dition using tool sounds and the lower panel is an example of an “animal and tool”-condition 
using stimuli taken from both categories. Each trial started with one of four possible jitter dura-
tions, followed by the presentation of a pair of auditory stimuli. Stimulus durations represent the 
mean of the respective category. (C) Schematic representation of auditory stimulation in relation 
to the image acquisition. Stimulus pairs were presented during silent periods of eight seconds. 
To maximize the sampling of the BOLD response stimulation onset was jittered by one to four 
seconds. See Methods section for details.   
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tory stimuli differing from each other along a certain variable of interest, for example, 
amplitude-modulation (AM) rate. Based on negative results from simple subtraction 
of responses to stimuli with different AM rates, R might be regarded as insensitive to 
variations in this property. In contrast, an fMRI-adaptation paradigm utilizes the well-
established observation of a decreased fMRI signal (Grill-Spector and Malach, 2001) 
for blocks (Belin and Zatorre, 2003; Bergerbest et al., 2004) or successively-presented 
pairs of repeated sounds (Altmann et al, 2007). For the latter type of experimental pro-
tocol, these fMRI-responses to “same” conditions are compared to responses to pairs 
of stimuli varying the respective property of interest (“different” conditions). Thus, a 
stronger fMRI signal in region R evoked by stimulus pairs with different AM rates when 
compared to the repetition of the same stimuli indicates sensitivity to AM rates. Note, 
however, that these signal differences are solely induced by the immediate effect the 
first stimulus exerts on the second one. 

Following this general reasoning the event-related fMRI experiment contained 
five different experimental conditions (Fig. 1B): 1) two identical animal vocalizations 
(“animal-same”), 2) two different animal vocalizations (“animal-different”), 3) two iden-
tical tool sounds (“tool-same”) 4) two different tool sounds (“tool-different”) and 5) an 
animal vocalization or tool sound paired with a stimulus of the other category (“animal 
and tool”). Each trial lasted for 12 seconds and started with a variable non-stimulus 
delay of 1, 2, 3 or 4 seconds. This delay served as a jitter to maximize the sampling 
of different subsections of the blood oxygen level-dependent (BOLD) signal and to 
ensure efficient parameter estimation of the hemodynamic response function (Dale 
et al., 1999). Next, either an animal or tool sound was presented with a mean duration 
of 1048 ms or 1085 ms, respectively. After a short interstimulus interval of 510 ms on 
average, this adapting stimulus S1 was either followed by the same sound (producing 
the two “same” conditions) or a different sound S2 either taken from the same (pro-
ducing the within-category “different” conditions) or the other category (producing 
the across-category “different”-condition). Due to our randomization procedure each 
stimulus was equally likely to be presented as S1 and S2. 

Each experimental run of the fMRI experiment lasted 10 min and 12 s and was com-
prised of 42 pairs of auditory stimuli. Within a single run, 7 trials per condition were 
presented, intermixed with 7 trials without auditory stimulation (baseline). For each 
subject, four experimental runs were conducted, resulting in 28 trials per experimental 
conditions. Similar to previous studies (Altmann et al., 2004), the order of presentation 
was counterbalanced so that trials from each condition were preceded (1 trial back) 
equally often by trials from each of the other conditions.

Throughout the experiment, subjects were instructed to keep their eyes open 
and fixate a white cross on a black background back-projected by an LCD-projector 
through a mirror fixed to the head coil. Subjects were instructed to press a button 
whenever a specific target sound was presented. This target sound, for instance the cat 
vocalization, was individually assigned to each participant prior to the first experimen-
tal run. The category of the target (animal vocalization or tool sound) was balanced 
across subjects. To avoid the contamination with task-related motor activity, the re-
spective target trials were discarded from further analysis of the imaging data. Target 
stimuli were presented 7 times per experimental run resulting in no substantial loss 
of experimental trials. This task provided an efficient attentional control compared to 
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passive listening (Engelien et al., 2006). Because of technical problems behavioral data 
were not recorded for one subject. For the remainder of the sample the rate of correct 
responses was 98.6 percent. For the whole experiment, subjects were instructed to use 
only one hand for responding. The assignment of the left or the right hand was coun-
terbalanced across subjects.  

Imaging and Data Analysis
Imaging was conducted using a 3T ALLEGRA (Siemens, Erlangen, Germany) scanner 
at the Brain Imaging Center, Frankfurt am Main. Several recent studies (e.g. Gaab et 
al., 2007a,b; Schmidt et al., 2008) have demonstrated an influence of ambient scanner 
noise during continuous scanning procedures on cortical responses particularly in re-
gions of the superior temporal plane. Such an acoustical stimulation due to gradient 
switching might cause a contamination of hemodynamic responses induced by stimu-
lus presentation (see e.g. Hall et al., 1999) and possibly reduces the ability of subjects 
to correctly identify stimuli. We therefore employed an interleaved silent steady state 
echo planar imaging (EPI) sequence, similar to recent auditory fMRI studies (Schwarz-
bauer et al., 2006), to reduce these influences of scanner noise. During the silent period 
of the sequence, the EPI readout was omitted while slice selection was continued with 
same repetition time (TR), excitation pulses and gradients as compared to the acqui-
sition period in order to keep the longitudinal magnetization in a steady state. For 
slice selection, silent gradients with long ramp times (whisper mode) were employed 
generally, with only minor influence on imaging time. Each acquisition block lasted 
12 seconds and consisted of a silent period of 8 seconds during which the acoustic 
stimulus was presented and a data acquisition period of 4 seconds. The following EPI 
parameters were used: TR = 2 s, TE = 30 ms. Thirty-three axial slices (3 mm thickness 
with 3.00 x 3.00 mm2 in-plane resolution, inter-slice gap: 0.6 mm) were collected with 
a bird-cage head coil. The field of view was 19.2 cm x 19.2 cm with an in-plane resolu-
tion of 64x64 pixels. As an anatomical reference we acquired 3D volume scans by using 
a magnetization-prepared rapid-acquisition gradient echo sequence (MP-RAGE; 160 
slices; TR: 2300 ms).

The presentation of stimulus pairs was jittered in one-second steps between one 
and four seconds within this silent period (Fig. 1C). Accordingly, the hemodynamic re-
sponse was shifted differently with respect to the image-acquisition period resulting 
in a sampling of several subsections of the BOLD signal. This was used for more effi-
cient parameter estimation of the hemodynamic response function. 

Functional data were pre-processed and analyzed using the Brainvoyager QX 
(Brain Innovation, Maastricht, Netherlands) software package. Pre-processing included 
head movement correction and linear de-trending. The 2D functional images were 
co-registered with the 3D anatomical data, and both 2D and 3D data were spatially 
normalized into the Talairach and Tournoux stereotactic coordinate system (Talairach 
and Tournoux, 1988). Functional 2D data were spatially filtered employing a Gaussian 
kernel of 8 mm (full width at half maximum; FWHM). 

We computed a general linear model (GLM) to estimate the beta weights that model 
the hemodynamic responses as a combination of two gamma functions (Friston et 
al., 1995; Friston et al., 1998). A whole-brain random-effects (RFX) GLM was calculated 
which included the following nine predictors: 1) five predictors for the experimental 
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conditions involving auditory stimulation, 2) one predictor for the fixation condition, 
3) one predictor for the target condition involving task-related motor activation 4) 
one predictor for the auditory stimulation resulting from the scanner noise and 5) one 
predictor for residual T1-related signal decay. The GLM was masked with respect to 
those voxels which generally showed a stronger activation to all auditory conditions 
compared to fixation using a threshold of p<0.05 (uncorrected). This liberal threshold 
was chosen to include as many auditorily responsive voxels as possible and to avoid 
missing significant effects in further analysis steps in regions which could not be cov-
ered by more restricted masks. Beta weights obtained from this RFX GLM were entered 
into a two-way whole-brain analysis of variance (ANOVA) with the factors “category” 
(animals/tools) and “repetition” (same/different).  

In a first analysis step we used this ANOVA to search for significant main effects of 
“category” pooling across the “same” and “different” conditions to identify those voxels 
which were preferentially activated for one of the categories. The results of this con-
trast (Fig. 2) were projected onto axial slices of one subject of our sample. In a region 
of interest (ROI) analysis we evaluated if any of these functional clusters showed ad-
ditional adaptation effects separately (selectively) for the two auditory categories by 
contrasting each “different” condition to the respective “same” condition. For instance, 
“animal-different” > “animal-same” identified those cortical regions which were par-
ticularly sensitive to differences between animal vocalizations.  

In a second analysis step we then evaluated whole-brain adaptation effects to iden-
tify additional regions which were not revealed by the previous contrast. To this end, 
we contrasted each “same“- and “different” condition separately for each category on a 
whole-brain level. Functional clusters which were revealed by these contrasts served as 
ROIs to further assess their responses to other experimental conditions. More precisely, 
we were interested if regions that showed significant adaptation to the repetition of 
stimuli of one category also significantly adapted to repeated stimuli of the other cate-
gory (“non-selective adaptation”). Additionally, we searched within these ROIs for main 
effects of the respective stimulus category and for significant differences between the 
“animal and tool” condition compared to the mean of the two “different” conditions. 
The rationale for the latter approach was that the “animal and tool” condition involved 
not only spectro-temporally different stimuli but also a change of stimulus category. 
Thus, it could serve as a control condition which enabled the evaluation of responses 
both to spectro-temporal and category-related changes. The response profiles of the 
ROIs in Figure 3 are reported after the subtraction of the fixation condition. Addition-
ally, for these profiles as well as for the results of the contrasts, the standard-error bars 
of the beta weights were corrected for inter-subject effects similar to previous studies 
(Altmann et al., 2004). In particular, the fMRI responses were calculated individually for 
each subject by subtracting the mean percent signal change for all conditions within 
this subject from the mean percent signal change for each condition and adding the 
mean percent signal change for all the conditions across subjects. 

Finally, to further relate our results to the underlying anatomy of the human audi-
tory brain, we conducted a second analysis using anatomical constraints derived from 
single-subject data. The aim of this analysis was to minimize potential confounds due 
to a profound inter-subject variability of the exact anatomical locations of certain au-
ditory regions which might have caused a lack of overlap of activation on a group level. 
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To this end, we first created a three-dimensional reconstruction of both cortical hemi-
spheres of each subject. Based on these reconstructions we then individually identi-
fied five anatomical structures commonly reported in studies on auditory perception 
in humans (Fig. 4). Heschl’s gyrus (HG) was identified based on its posterior-medial to 
anterior-lateral progression within the lateral fissure. If two or three gyri were pres-
ent, all of them together with the sulcus intermedialis were included in this ROI. The 
planum temporale (PT) was defined as a region from posterior to HG to the end of the 
Sylvian fissure marked by the ascending and descending ramus (see Hall, 2005). Ante-
rior to HG we identified the planum polare (PP) covering the anterior portion of the 
superior temporal plane. PT and PP were both medially bordered by the insular cortex. 
Finally, ROIs were defined on the superior temporal gyrus (STG) with a common border 
on the level of HG. The projected anterior and posterior borders of PP and PT, respec-
tively, also served as the borders for the ROI covering the anterior (aSTG) and posterior 
STG (pSTG). Besides these anatomical criteria we also restricted the voxels included in 
the analysis on the basis of functional criteria. For each subject we computed a GLM 
with the same predictors as mentioned before for the group data. We then contrasted 
all auditory conditions with fixation and applied a threshold of p < 0.001. These activa-
tion maps were used as masks to include only those voxels in the ROI analysis which 
showed significant responses to auditory stimulation. This aimed at avoiding averag-
ing across neural populations with a frequency tuning beyond the range of the em-
ployed stimuli (Altmann et al., 2007). Finally, ROI analysis was further restricted in HG 
and PT to those voxels that fell within the 90% boundaries of the probability map for 
HG (Rademacher et al., 2001) and the 95% boundaries for PT (Westbury et al., 1999).

Based on these individually identified voxels we then compared the percent sig-
nal change values of all subjects across conditions by using a two-way ANOVA for re-
peated measurements with the factors “sound category” (animal/tool) and “repetition” 
(same/different). The degrees of freedom were corrected with the Greenhouse-Geisser 
method whenever appropriate. Furthermore, we also computed t-tests between the 
“same” and “different” conditions of each category to evaluate if the respective regions 
show an adaptation only for one or both sound categories. 

Results

Whole-brain main effects for animal vocalizations and tool sounds 
To localize cortical areas that were involved preferentially in the processing of animal 
vocalizations and tool sounds, respectively, we computed a random-effects general 
linear model (GLM) to characterize fMRI responses common to all subjects (n=14). In a 
first analysis step those regions were identified that showed a main effect of stimulus 
category, pooling over the respective “same” and “different” conditions. This linear con-
trast analysis (Fig. 2) revealed bilateral areas of the superior temporal gyrus (STG), the 
left inferior frontal gyrus, the right superior parietal lobule, and the right anterior insula 
that exhibited significantly (q(FDR)<0.05) stronger fMRI responses to animal vocaliza-
tions as compared to tool sounds. For the reverse contrast, i.e. tool sounds compared 
to animal vocalizations, we observed significantly stronger fMRI responses involving 
the bilateral posterior middle temporal gyrus (pMTG) and adjacent regions of the su-
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perior temporal sulcus (STS) and STG in the right hemisphere, the left postcentral gyrus 
/insula, middle frontal gyrus and bilateral regions on anterior portions of the supe-
rior temporal plane, corresponding to the planum polare (PP). Table 2 summarizes the 
activation extent and exact location (Talairach coordinates) of the observed cortical 
regions. 

Figure 2. Main effects based on a whole-brain group analysis. (A) Group data (n=14) derived 
from the general linear model analysis of the experiment are shown on two sagittal and (B) six 
different axial slices of the anatomical dataset of one representative subject. The activation maps 
display voxels that exhibited significantly (q(FDR)<0.05) stronger fMRI responses for animal 
vocalizations (red) than tool sounds and for the opposite contrast (blue). 
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Table 2.  Coordinates and number of significant voxels in regions showing a main effect of cat-
egory

Region of interest x y z
Number 
of voxels

Animals > Tools

Left STG -57 -15 5 5925

Left inferior frontal gyrus -36 28 5 51

Right STG 55 -8 4 7004

Right anterior insula 33 15 10 129

Right superior parietal 32 -57 42 77

Tools > Animals

Left PP -38 -18 1 556

Left STG /Insula -33 0 -10 42

Left pMTG -57 -55 5 924

Left postcentral gyrus / Insula -48 -29 18 1384

Left middle frontal gyrus -53 10 40 52

Right anterior PP 37 -7 -9 531

Right PP 37 -23 3 147

Right STG / pMTG 52 -35 13 3675

Regions with a main effect of category as revealed by an ANOVA based on a RFX GLM. Ta-
lairach coordinates in millimeter for the group-based whole-brain analysis of adaptation effects. 
The number of voxels is based on the resolution of the anatomical data set, i.e. 1x1x1 mm. 
Abbreviations: HG = Heschl’s gyrus, pMTG= Posterior middle temporal gyrus, PP = Planum 
polare, PT = Planum temporale STG = Superior temporal gyrus.   

ROI analysis based on regions showing main effects for sound category
For a first analysis of adaptation effects, regions with a significant main effect were 
used as functionally defined ROIs. Random-effects GLMs were computed in these ROIs 
to determine possible adaptation effects by comparing the “different” and “same” con-
ditions separately for each category. Two regions which were determined by a main 
effect for animal vocalizations showed significant adaptation, that is significant ef-
fects between the respective “same”- and “different”- conditions: the left STG for ani-
mal vocalizations (t(13)=2.690; p<0.05) and the right anterior insula for tool sounds 
(t(13)=3.332, p<0.05). In contrast, two regions as determined by a main effect for tool 
sounds showed significant adaptation to tool sounds only: the left pMTG (t(13)=2.437; 
p<0.05) and the left PP (t(13)=2.791; p<0.05).  

Whole-brain adaptation effects for animal vocalizations and tool sounds  
To identify additional regions with adaptation effects, we calculated contrasts on a 
whole-brain level (separately for each category) between the respective “same”- and 
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“different”- conditions. Significant effects (t(13)=3.38; p<0.005, uncorrected) for the 
contrast “animal-different” > “animal-same” (Fig.3 A) were found bilaterally in Heschl’s 
gyrus (HG; extending into the STG in the right hemisphere), in a region located anterior 
laterally to HG on the STG, in posterior STG, and in regions located in the left ante-
rior insula and the right PP. The contrast “tool-different” > “tool-same” identified - apart 
from a small cluster on the right HG - a strongly left-lateralized network comprising the 
left anterior insula, two subregions of the PP, the left HG / PT and two separate clusters 
in pMTG (see Table 3 for information concerning the exact spatial extent and the Ta-
lairach coordinates of these functional clusters.) 

ROI analysis in regions with significant adaptation effects for one category
For an analysis of the response profiles of these previously identified regions we again 
conducted random effect ROI-GLMs and extracted the estimated beta weights for the 
different conditions. Moreover, t-tests were calculated to determine adaptation for the 
respective other sound category and to search for additional effects in these regions. 
These computations (Fig. 3B) revealed that most of the regions identified before as 
adapting to one stimulus category, also showed adaptation to the other category. This 
was in accordance with our definition of non-selective adaptation. In the ROIs based 
on animal adaptation effects, the left anterior STG was the sole exception. In this region 
the repetition of tool sounds (“tool-same”) did not produce a significantly reduced 
response when compared to the presentation of different tool sounds (t(13)=1.108, 
p=0.28). However, this region was still responsive to tool sounds compared to silent 
intervals since the beta weights for these conditions were still significantly different 
from baseline. In line with the results from the first analysis step, a significant main 
effect for animal vocalizations compared to tool sounds was also found only in this re-
gion (t(13)=2.432, p<0.05). Finally, voxels in this ROI were significantly responsive to the 
animal and tool”-condition when compared to the mean of the two “same” conditions 
(t(13)=2.174, p<0.05), but not to the mean of the “different” conditions (t(13)=-0.390, 
p=0.7). 

ROIs determined by the whole-brain adaptation effect for tool sounds in most 
cases also adapted to the animal vocalizations, with three exceptions: the left PP (ani-
mal adaptation effect: t(13)=1.738, p=0.11), the left HG/ STG (t(13)=0.050, p=0.96) and 
the left pMTG (t(13)=0.347, p=0.73). Furthermore, the left pMTG is the only ROI with 
additional significant effects, that is, a main effect of tool sounds compared to animal 
vocalizations (t(13)=2.75, p<0.05). Note, however, that the responses to the presenta-
tion of animal vocalizations were not significantly different from silent baseline.

Anatomically constrained analysis of main- and adaptation effects
A final analysis step focused on the anatomical organization of the superior temporal 
plane in human cortex. By defining 10 regions of interest (HG, PP, PT, anterior and pos-
terior STG in both hemispheres; see Fig. 4A) for each subject in our sample, we intended 
to relate adaptation effects more precisely to anatomical substrates (see Petkov et al., 
2004 for a similar approach) and to reduce possible confounds for the group-based 
analysis caused by a substantial degree of anatomical intersubject variability even on 
very early cortical levels such as HG. This anatomically constrained analysis revealed for 
each ROI a significant main effect of repetition suggesting a general responsiveness 
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Table 3.  Coordinates of regions and number of significant voxels showing a whole-brain adapta-
tion effect

Region of interest x y z
Number 
of voxels

Animal-different > Animal-same

Left HG -44 -19 8 258

Left anterior STG -61 -7 -1 395

Left posterior STG -49 -45 18 84

Left anterior Insula -33 23 6 121

Right HG /STG 47 -17 1 544

Right PP 39 -14 6 20

Tool-different > Tool-same

Left HG /PT -52 -25 13 26

Left PP -36 -15 4 365

Left anterior PP -41 4 3 163

Left anterior Insula -34 21 4 104

Left pMTG -59 -58 6 80

Left STS/pMTG -47 -47 12 20

Right HG 45 -12 -2 29

Regions with a main effect of category as revealed by an ANOVA based on a RFX GLM. Con-
trasts of “different” and “same“ conditions were calculated separately for each category. The 
same conventions apply as in Table 2. 

<<<
Figure 3. Adaptation effects based on a whole-brain group analysis. (A) Eight axial slices of 
the same representative subject as in Figure 2 showing voxels with significant (p<0.005, un-
corrected) adaptation effects as determined by the group-based contrast “animal-different” > 
“animal-same” (shown in red) and “tool-different > tool-same” (shown in blue). (B) Response 
profiles (beta weights) of those cortical regions shown in A. Regions with significant adaptation 
effects for animal vocalizations (left panel) and tool sounds (right panel) were evaluated with 
regard to adaptation effects (p<0.05 as denoted by asterisks) for the respective other category 
as well as for main effects of stimulus category. Colors code for the respective experimental 
conditions: orange, repetition of the same animal vocalization (animal-same); red, presentation 
of two different animal vocalizations (animal-different); light blue, repetition of the same tool 
sound (tool-same); dark blue, presentation of two different tool sounds (tool-different); violet, 
presentation of an animal vocalization and a tool sound (animal and tool). The responses are 
reported after subtraction of the beta weights corresponding to the fixation condition on a sin-
gle-subject basis and error bars represent mean standard errors of the fMRI responses corrected 
for inter-subject effects. See Methods section for details. Cortical regions with the most relevant 
experimental effects were denoted with a white number on a black ground. 
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Figure 4. Identification and analysis of anatomical regions of interest. (A) Partially inflated 3D 
cortex representation of the left hemisphere of one subject. Borders of the anatomical regions of 
interest on the superior-temporal plane and the superior temporal gyrus as determined by mac-
roscopic criteria are shown in orange. (B) Schematic drawings of the same left (upper panel) and 
right (lower panel) hemispheric regions. Colors code for significant adaptation effects (p<0.05) 
for animal vocalizations only (red), tool sounds only (blue) or both sound categories (violet).  
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to the presentation of pairs of different stimuli compared to pairs of the same stimu-
lus. However, only the anterior STG ROI showed an additional main effect of category 
(F[1,12]=6.752, p<0.05 [left aSTG]; F[1,13]=14.302, p<0.05 [right aSTG]). 

These results for aSTG were further supported by adaptation effects for animal vo-
calizations but not for tool sounds (“selective adaptation”). This is particularly interest-
ing for the left aSTG since all other ROIs in the left hemisphere showed the reverse 
pattern with significant adaptation effects for tool sounds only (Fig. 4B). In the right 
hemisphere, both ROIs located on the STG show adaptation effects restricted to animal 
vocalizations, although the pSTG showed a trend to adaptation to tool sounds as well 
(t(13)=2.076, p<0.058). In all other right-hemispheric ROIs this adaptation effect to ani-
mal vocalizations was always accompanied by a corresponding effect for tool sounds.

Discussion

In the present study, we employed an fMRI-adaptation paradigm to assess category-
related preferences and selectivity for animal vocalizations and tool sounds in regions 
of the human temporal cortex. Extending previously described preferences for animal 
vocalizations and tool sounds, we were able to show that these effects do translate 
into corresponding selective adaptation only in STG and left pMTG, respectively. More 
precisely, a region located anterior to left HG on the STG was found to adapt to animal 
vocalizations, but not to tool sounds, while the pMTG showed the reverse adaptation 
profile. However, these regions were not completely complementary with respect to 
their response patterns: the STG region was still responsive to tool sounds in the sense 
of a significantly stronger fMRI signal for these sounds than for fixation only, while in 
the left pMTG animal vocalizations did not produce activation different from baseline. 
Finally, our anatomically constrained analysis further supports a central role of the an-
terior STG for the processing of animal vocalizations as it was the only region under 
investigation with a selective adaptation to this sound category. Interestingly, all other 
ROIs in the left hemisphere selectively adapted to tool sounds, while all ROIs, except 
the ones on the STG, in the right hemisphere showed a non-selective adaptation pro-
file.  

Preference for and selective adaptation to animal vocalizations 
By contrasting fMRI responses to animal vocalizations with those to tool sounds (main 
effect “category”), effects were detected along the STG anterior-laterally to HG. Simi-
lar results concerning the preference for animal vocalizations in these regions have 
been reported previously, for instance by Lewis and coworkers (2005). Interestingly, in 
our earlier study (Altmann et al., 2007) we also found significant responses in bilateral 
STG by contrasting intact animal vocalizations to degraded control stimuli, which pre-
served the overall spectral complexity but lost the temporal and the spectro-temporal 
properties of the original sounds (see similarly Engelien et al., 2006). These findings are 
in line with a general interpretation of STG as forming part of the non-primary audi-
tory cortex (Kaas and Hackett, 2000) and an intermediate processing stage for complex 
sounds (Nelken, 2004; Lewis et al., 2005). This notion is furthermore consistent with re-
sults showing that auditory cortex beyond the primary core regions is particularly sen-
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sitive to complex stimuli such as band-pass filtered sounds in contrast to pure tones 
(Wessinger et al., 2001) and to amplitude- and frequency-modulated sounds (Hall et 
al., 2002; Hart et al., 2003).

 However, the major aim of the present study was to further our understanding 
of differential processing for distinct sound categories by using fMRI adaptation. Im-
portantly, selective adaptation effects for animal vocalizations were found in superior 
temporal regions similarly localized as the ones reported by Lewis et al. (2005) and our 
previous study (Altmann et al., 2007). Furthermore, these results were confirmed in the 
context of our anatomically constrained analysis in which regions of the anterior por-
tions of the STG exclusively showed a main effect of category as well as an adaptation 
effect restricted to animal vocalizations.  

Several pieces of evidence from our study support an interpretation of these find-
ings according to the “intermediate processing stage”-hypothesis for the anterior STG 
mentioned before. First, although STG seems to be particularly sensitive to stimulus 
properties present in animal vocalizations, it still shows significant responses above 
baseline for tool sounds also. Thus, on a very general level it is responsive to properties 
common in both types of sounds, for example a rich spectral content and high modu-
lation rates (Hall et al., 2002). 

Second, in left STG the response to the “animal and tool“-condition was found to 
be significantly stronger when compared to the mean of both “same” conditions, but 
weaker when compared to the mean of both “different” conditions. The “animal and 
tool”-condition was introduced to control for transitions from one spectrally complex 
sound to a second one as well as a change of category. However, the latter aspect 
did not seem to enhance (or suppress) the response to this control condition beyond 
the signal for the “different” conditions. Thus, STG seems to track variations in physical 
stimulus properties rather than changes across category boundaries.

Third, similar to the stimulus analysis by Lewis et al. (2005), we found differences 
between animal vocalizations and tool sounds with respect to the relative distribu-
tion and peak localization of the spectral content (averaged power spectra in Fig. 1) 
and harmonic-to-noise ratio. Thus, these two sound categories have distinct physical 
properties, for instance in the spectral and the spectro-temporal domain, which seem 
to be represented differently in the STG (Zatorre and Belin, 2001; Jamison et al., 2006) 
as evidenced by the animal-selective adaptation effects. 

Finally, a recent event-related potential study (Murray et al., 2006) that similarly in-
vestigated processing of animal vocalizations and sounds of man-made objects has 
demonstrated differential processing already 70 ms after stimulus onset. The calcu-
lated source model identified regions of the superior temporal cortex as likely sites 
for these effects (see also Brugge et al., 2003; Inui et al., 2006). Our finding of the most 
pronounced repetition-induced adaptation effects in the left STG (for animal vocaliza-
tions) suggests a possible role of this cortical region in these differentiation processes 
probably based on a tight coupling to the physical properties of these sounds. This 
might then provide an input to higher-order regions implicated in active categoriza-
tion of acoustic stimuli such as the anterior insula (Binder et al., 2004) or the inferior 
frontal cortex (Adams and Janata, 2002).  

However, further studies utilizing various neuroimaging techniques are certainly 
needed to further shed light on which sound properties are actually represented diffe-
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rentially in superior temporal regions (Griffiths et al., 2004). In our earlier study (Alt-
mann et al., 2007) we have not found adaptation in the STG to the presentation of 
animal vocalizations or spectrally matched control sounds, suggesting that acoustic 
features different from the spectral domain might be represented in this cortical re-
gion. Alternatively, complex spectro-temporal features particularly drive responses in 
the STG (see e.g. Boemio et al., 2005). The technique of fMRI-adaptation and especially 
the use of cross-adaptation, i.e. the change in the fMRI signal caused by the variation 
of one feature of a complex stimulus, such as the temporal envelope without a cor-
responding change in sound category, should enable a more fine-grained mapping of 
auditory cortex and its responsiveness to environmental sounds. 

Preference for and selective adaptation to tool sounds 
Several cortical regions showed a preference for tool sounds when compared to ani-
mal vocalizations. Most clusters were found anterior to HG extending into the PP and 
further into insular cortex as well as ventral frontal regions. Posterior to HG, voxels with 
significant responses to tool sounds were detected in the left pMTG and the right STG 
spreading into the MTG. 

However, by examining the activation profiles of these and additional regions with 
regard to the selectivity of adaptation effects, only regions in the left hemisphere 
showed selective responses to tool sounds, namely, left PP, left HG/PT and left pMTG. 
These results were confirmed in our anatomically constrained analysis: all left-lateral-
ized ROIs (except aSTG) selectively adapted to tool sounds only, while all ROIs in the 
right hemisphere with an adaptation effect to tool sounds (HG, PT, PP) showed a cor-
responding effect for animal vocalizations as well (i.e. non-selective adaptation).   

Importantly, only the left PP and the left pMTG had a response pattern for tool 
sounds which was comparable to the one found in STG for animal vocalizations. More 
precisely, these regions were preferentially activated for tool sounds as compared to 
animal vocalizations and additionally showed a tool-selective adaptation effect. No 
corresponding effects were found in similar regions of the right hemisphere. 

Posterior MTG has been implicated in auditory recognition processes (Maeder et 
al., 2001; Lewis et al., 2004) which seem to be particularly pronounced for tool sounds 
(Whatmough et al., 2002; Lewis et al., 2005). Interestingly, several studies have found 
pMTG to be responsive to tool-related stimuli which could be presented as sounds 
(Beauchamp et al., 2004; Lewis et al., 2005; 2006), in a linguistic format such as spoken 
or written words (Noppeney et al., 2005; Noppeney et al., 2006) or as pictures or videos 
(Martin et al., 1996; Beauchamp et al., 2002). This suggests a multisensory and possibly 
action-related representation of tools in pMTG (Beauchamp et al., 2004).  

Our findings support the notion that pMTG possibly operates on a higher process-
ing level than STG. While the latter is generally responsive to stimuli taken from both 
auditory categories as evidenced by an fMRI signal stronger than fixation baseline, 
pMTG is only significantly activated for tool stimuli. Thus, while STG might still be in-
volved in the process of differentiation between the two sound categories, activation 
of pMTG seems to be more restricted to the category of tool sounds. 

Concerning the question why the present study revealed such a striking lateraliza-
tion to the left hemisphere for tool-related cortical processing, several possible expla-
nations have to be considered. First, both animal vocalizations and tool sounds evoked 
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stronger responses in the left than in the right hemisphere. This is consistent with find-
ings demonstrating left-lateralized activations for meaningful compared to meaning-
less (degraded) sounds (Engelien et al., 2006, Altmann et al., 2007). Second, and more 
specifically, a recent study has found stronger fMRI responses to tool sounds in pMTG 
of the hemisphere contralateral to the dominant hand (Lewis et al., 2006). Since all 
subjects in our sample were right-handed, predominantly left-lateralized effects for 
tool sounds are certainly in line with these results. More generally, it has been sug-
gested (Lewis, 2006; Martin, 2007) that tool-related sensory processing partly overlaps 
with those regions that are associated with the planning and actual execution of the 
respective associated body movements (see e.g. Johnson-Frey et al., 2005; Lewis et al., 
2005). Thus, overlearned associations between auditory stimulus properties and cor-
responding motor-related information might have similarly activated our network of 
temporal regions. 

Finally, in the present study tool-selective adaptation was already found in early 
auditory regions such as HG, PT and PP. The temporal resolution of fMRI is not sufficient 
to resolve the question if these effects reflect processing of physical stimulus proper-
ties pertaining exclusively to tool sounds or rather feedback projections from higher 
cortical levels. However, the absence of corresponding selective adaptation effects 
in the same ROIs of the right hemisphere suggests the latter interpretation. Possibly, 
feedback from regions such as left pMTG might bias processing of tool sounds only in 
auditory regions of the same hemisphere, while the same region on the right simply 
adapts to common physical properties for both sound categories. However, this has to 
be determined by future studies using neuroimaging methods with higher temporal 
resolution. 

The impact of conceptual and semantic features of common sounds
The auditory stimuli used in the present experiment cannot only be characterized on 
the level of physical properties, but also based on an individual learning history as-
sociating physical features with conceptual knowledge related to the objects. In this 
domain of semantic memory it has been suggested (see e.g. Martin, 2007) that those 
cortical regions which are particularly involved during the processing of sensory in-
put are also active whenever conceptual representations are retrieved in the course of 
cognitive tasks and action preparation. The results of the present study are consistent 
with this proposal since our stimulus set was drawn from the general class of common 
sounds and was additionally structured by category membership. Accordingly, the as-
pect that each stimulus was recognizable and meaningful might have contributed to 
the response pattern reported here. Particularly for pMTG a large number of findings 
suggest an involvement in semantic-related processing especially of tool sounds. For 
instance, pMTG has been found to be activated for moving (Beauchamp et al., 2002) 
and static (Chao, et al., 1999) visual tool stimuli, for both perceived and executed body 
movements (Johnson-Frey et al., 2005), for visually and auditorily presented stimuli 
(Beauchamp et al., 2004), and for recognizable sounds of common objects (Lewis et 
al., 2004) as well as word stimuli (Noppeney et al., 2005). The present finding of a tool-
selective adaptation effect together with the lack of an fMRI response significantly dif-
fering from silent baseline further strengthens the interpretation of pMTG as an impor-
tant component within the semantic system, particularly with regard to tool stimuli.      
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Conclusion 
The present study used an fMRI-adaptation paradigm to investigate category-related 
cortical responses to two auditory stimulus categories. Preferential responses as well 
as selective adaptation effects were found particularly in the left STG for animal vocal-
izations and the left pMTG for tool sounds. However, these regions might not operate 
on exactly the same processing level since especially STG seems to be more sensitive 
to auditory stimuli per se, while processing in pMTG appears to be restricted to tool 
sounds. 

We therefore suggest that the cortical representation of environmental sounds in 
the STG indicates a general representation of complex stimulus features, such as their 
spectro-temporal content (Boemio et al., 2005). Differential processing of one stimulus 
category, as evidenced by selective adaptation effects to animal vocalizations, can al-
ready be found on a cortical level as early as left STG. Left pMTG, however, seems to be 
less affected by variations in physical stimulus features, suggesting a more specific cod-
ing for tool sounds without a corresponding sensitivity to stimuli of the other category. 
However, future studies using advanced imaging techniques such as fMRI adaptation 
will certainly deepen our understanding of category-related auditory processing. For 
instance, extending the results presented here, future experimental paradigms might 
proceed (rather in a bottom-up manner) to identify critical features of natural sounds 
likely to be represented in cortical regions such as the STG. This might then permit 
to match and further minimize the influence of these acoustical features of sounds 
from different categories. Therefore, the challenge for a complete understanding of 
how variations in physical stimulus properties give rise to different category-related 
cortical representations consists in a close matching of as many of these properties as 
possible while preserving the respective category membership (see Op de Beeck et al., 
2008, for a similar argument on visual categories). Using fMRI adaptation, the present 
study provides a first step towards this aim of identifying cortical representations of 
particular sound categories. 
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Several regions in human temporal and frontal cortex are known to integrate visual
and auditory object features. The processing of audio-visual (AV) associations in
these regions has been found to be modulated by object familiarity. The aim of the
present study was to explore training-induced plasticity in human cortical AV
integration. We used functional magnetic resonance imaging to analyze the neural
correlates of AV integration for unfamiliar artificial object sounds and images in naïve
subjects (PRE-training) and after a behavioral training session in which subjects
acquired associations between some of these sounds and images (POST-training).
In the PRE-training session, unfamiliar artificial object sounds and images were
mainly integrated in right inferior frontal cortex (IFC). The POST-training results
showed extended integration-related IFC activations bilaterally, and a recruitment of
additional regions in bilateral superior temporal gyrus/sulcus (STG/STS) and intraparietal
sulcus (IPS). Furthermore, training induced differential response patterns to
mismatching compared to matching (i.e. associated) artificial AV stimuli that were
most pronounced in left IFC. These effects were accompanied by complementary
training-induced congruency effects in right posterior middle temporal gyrus (pMTG)
and fusiform gyrus (FG). Together, these findings demonstrate that short-term
crossmodal association learning was sufficient to induce plastic changes of both AV
integration of object stimuli and mechanisms of AV congruency processing.

Naumer, M.J.*, Doehrmann, O.*, Müller, N.G., Muckli, L., Kaiser, J., and Hein, G.* (in press). 
Cortical plasticity of audio-visual object representations. Cerebral Cortex. 10.1093/cercor/
bhn200      * equal contribution 
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Introduction

In the last decade, audio-visual (AV) integration of object images and sounds has
been investigated in numerous studies. AV integration sites have been identified in
superior temporal sulcus (STS; Calvert et al., 2001; Beauchamp et al., 2004; Taylor et
al., 2006; Hein et al., 2007), inferior frontal cortex (IFC; Belardinelli et al., 2004; Taylor
et al., 2006; Hein et al., 2007), auditory (superior temporal gyrus, STG; Hein et 
al., 2007; Heschl’s gyrus, HG; van Atteveldt et al., 2004; 2007a) and visual cortex
(Belardinelli et al., 2004). There is increasing evidence that the identified regions have
different AV integration profiles. AV integration in auditory and visual regions has
been found mainly for familiar and congruent sounds and images, for example a dog
picture and a barking sound (Belardinelli et al., 2004; Hein et al., 2007). STS
preferably integrates familiar material, independent of congruency (Beauchamp et al., 
2004; Hein et al., 2007). AV integration regions in IFC were preferably involved in the
integration of familiar but incongruent material (e.g., dog picture and meowing sound;
Taylor et al., 2006; Hein et al., 2007) or unfamiliar stimuli (Hein et al., 2007). Taken
together, these findings indicate that the cortical activation patterns related to AV
integration are affected by both the familiarity and semantic congruency of the stimuli
in both modalities.

In everyday life there are many cases where the familiarity of an object’s
image and its sound changes, for example when we learn to associate a certain blip
or error signal to a new technical device. Based on previous findings showing an
impact of familiarity on neural AV integration it is plausible to assume that such
training-induced familiarity modifies cortical AV integration. However, the neural
plasticity of AV integration has not been investigated to a larger extent. In the present
study, we used fMRI to investigate modulation of cortical AV integration after training
of crossmodal associations between unfamiliar three-dimensional object images and
sounds. 

A few previous fMRI studies on crossmodal learning have assessed time-depen-
dent activation changes during AV learning (Gonzalo et al., 2000; Tanabe et al., 2005) 
or changes in functional connectivity between unimodal cortices (von Kriegstein and 
Giraud, 2006). Cortical regions exhibiting plasticity correlating with AV learning have 
been found in the posterior hippocampus, parietal and dorsolateral prefrontal regions 
(Gonzalo et al., 2000) and the STS (Tanabe et al., 2005). These latter studies employed 
low-level AV stimulus sets including musical chords or white noise for auditory and 
Chinese characters or two-dimensional abstract patters for visual stimulation. In con-
trast to the two-dimensional AV stimuli used by Gonzalo et al. and Tanabe et al., the 
unfamiliar object images used in our study had a three-dimensional shape together 
with shadings etc., resembling everyday life cases (e.g. images of unknown technical 
devices). Moreover, three-dimensionality of our unfamiliar objects makes them also 
more comparable to familiar AV pairings, which in most cases are also comprised of 
a three-dimensional object paired with a complex sound. So far, training-induced 
changes in AV integration for such object-like, initially non-meaningful stimuli have 
not been investigated yet.

There is interesting evidence for training-induced neural changes in object-related
sound processing (Amedi et al., 2007) as well as processing of threedimensional,
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initially unfamiliar, object images (James and Gauthier, 2003; Weisberg
et al., 2007). Amedi et al. compared neural activations in blind and sighted subjects
after they had learnt to recognize everyday objects based on complex artificial sound
patterns. Training-induced changes of activation elicited by these sounds were found
in intraparietal sulcus (IPS) and prefrontal cortex, mainly along the pre-central sulcus.
After training, blind subjects revealed sound-induced activations in the lateraloccipital
tactile-visual area (LOtv), providing striking evidence for a crossmodal
representation of 3D shape in this region (Amedi et al., 2007).

In one previous visual study subjects learnt linguistic labels (“names”) for
pictures of complex artificial stimuli (so-called “greebles”), with these labels referring
either to movements or sounds (James and Gauthier, 2003). After learning, the
purely visual presentation of these artificial stimuli led to activations of the respective
motion- and sound-processing cortical regions. In another study subjects were
presented with artificial “tool-like” objects and trained on how to use these novel tools
(Weisberg et al., 2007). Before training, the presentation of photographs of these
objects only led to ventral visual activations, whereas the neural responses after
training resembled those previously found for photographs of highly familiar common
tools.

It is an open question whether there is similar neural plasticity in AV
integration of crossmodally trained objects. To investigate this question, our
participants were presented with artificial 3D object images (so-called “fribbles”) and
sounds (Fig. 1A) in a pre-training fMRI experiment (PRE), a crossmodal training
session, and a subsequent second fMRI experiment (POST). In the training session,
subjects learnt novel associations between the sounds and images, thus increasing
their familiarity with these artificial stimuli. In a control condition, we presented
images and sounds of highly familiar animals. The results of the PRE training session
have been reported elsewhere (Hein et al., 2007).

Our first prediction was that the cortical integration pattern for artificial AV
pairings would change with training. We were recently able to demonstrate that
familiar AV pairings are integrated in temporal regions such as the STG and STS,
whereas integration of unfamiliar artificial object sounds and images mainly activated
right IFC (Hein et al., 2007). Based on these findings, we expected that a training-induced
increase of familiarity should correlate with an increase of integration-related
AV activation in frontal and additional temporal regions. Our second prediction was 
that the establishment of associations between artificial sounds and images should
also be reflected by effects of congruency on cortical activation patterns. We
expected activation differences between conditions with artificial AV pairings for
which an association was acquired and those comprised of randomly paired artificial
sounds and images. There are two different sets of regions, which have been found
to show an AV activation profile sensitive to the semantic congruency between object
images and sounds. One set of regions comprises higher-order auditory or visual
regions, which are known to be involved in the integration of congruent sounds and
images (Belardinelli et al., 2004; Hein et al., 2007). Accordingly, training-induced
congruency effects should be found in such temporal regions. The other region is the
IFC, which was found to integrate unfamiliar artificial AV pairings (Hein et al., 2007),
and, moreover, showed stronger AV activations for incongruent as compared to
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congruent familiar AV combinations (Taylor et al., 2006; Hein et al., 2007). Based on
the latter, we also expected IFC activation in the POST training session in response
to artificial AV combinations which, after training, were considered as mismatching.

Figure 1. Audio-visual (AV) stimuli and behavioral data. (A) Audio-vi-
sual (AV) stimuli consisted of combinations of gray-scale photographs (left
column) and complex sounds of both natural (i.e. animals) and artificial material (i.e.
so-called ‘fribbles’). AV combinations could be either congruent, i.e. corresponding to
the learnt associations between the artificial visual and auditory stimuli (upper row in
A) or incongruent (lower row in A). Middle and right columns provide the amplitude
waveforms and spectrograms for typical exemplars of artificial sounds. (B) Behavioral
training data of 17 subjects and inter-individual differences in AV learning speed. The
dashed horizontal line indicates the criterion of 15 (out of a maximum of 16) correct
responses which had to be reached in four successive training blocks in order to
terminate the recording session. AU, arbitrary units.
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Materials and Methods

Overall structure of the study
The study consisted of three major parts. All subjects underwent a first fMRI session
(hereafter referred to as PRE), which served as a baseline for the remaining
experiment. Subsequently the same subjects participated in a behavioral training
session, which aimed at establishing an association between artificial auditory 
and visual stimuli. On the day following the training session, the second fMRI scan
(POST) was performed with the same experimental setup as in the PRE session
forming the third and final part of the study. Prior to the POST scan, subjects
underwent behavioral testing to ensure that the learning criterion (15 out of 16
correctly identified AV combinations; see below) was still fulfilled. The delay between
the PRE and the POST sessions varied between 74 and 123 days (mean: 94.9
days).

Participants
Eighteen adults (seven female, mean age = 29.8 years, range 23-41 years, one lefthanded),
with normal or corrected-to-normal vision and hearing participated in the
study. They received information on MRI and a questionnaire to check for potential
health risks and contraindications. Subjects gave their written informed consent in
accordance with the declaration of Helsinki.

Stimuli 
During the fMRI sessions, gray-scale 3D images were presented in the center of a
black screen with a mean stimulus size of 14.6 degrees visual angle. A fixation cross
was constantly present. Artificial images were chosen from the “fribble” database
(Fig. 1A; http://titan.cog.brown.edu:8080/TarrLab/stimuli). Sounds were
presented via headphones simultaneously to both ears. They consisted either of
animal vocalizations or artificial sounds, created through distortion (played
backwards and filtered with an underwater effect) of the same animal vocalizations.
In a behavioral pre-test, distorted sounds were presented to eight subjects. None of
the distorted sounds was associated with any common object. Sounds and images
were presented in stimulation blocks at a rate of one per 2 s. Stimulation blocks con-
sisted of eight stimulus events.

Procedure for the fMRI experiments (PRE and POST)
The fMRI sessions were comprised of eight different experimental conditions:
unimodal conditions for animal vocalizations (A-NAT), artificial (i.e. distorted) sounds
(A-ART), animal images (V-NAT), and artificial fribble images (V-ART). Bimodal
conditions consisted of synchronously presented sounds and images with varying
degrees of semantic congruency (AV-NAT-CON: e.g., dog photograph – barking
sound; AV-NAT-INCON: e.g., dog photograph – meowing sound; AV-ART-CON, and
AV-ART-INCON). Note that in the first fMRI session (PRE), i.e., prior to the
establishment of learnt associations between the artificial sounds and images, no
differences between AV-ART-CON and AV-ART-INCON were expected. For the PRE
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session, the sole difference between these two experimental conditions was that the
AV stimuli were presented either in fixed or in randomized pairings. 

The eight conditions were presented within a block design with 16s of
stimulation (eight recording volumes) alternating with 16s of central fixation. A
complete experimental run consisted of two cycles of all experimental conditions with
additional eight volumes of fixation at the beginning of the run. We had five
experimental runs, with the order of blocks being pseudo-randomized in each run
and counterbalanced across runs. In the fMRI sessions, subjects were instructed to
fixate and attentively perceive the experimental stimuli.

A passive paradigm was chosen to minimize task-related activations of the
frontal cortex (see also Calvert et al., 2000; Belardinelli et al., 2004; van Atteveldt et al.,
2004; 2007a). Given the sluggishness of the BOLD fMRI signal, it might otherwise be
hard to disentangle a potential involvement of frontal regions in AV integration from
the task-related frontal activations.

Audio-visual association training
Prior to the experiments, eight AV associations – each consisting of one gray-scale
fribble image and one distorted sound – were declared as “correct”. Training
consisted of several runs, each containing four blocks with 16 trials that were
presented in randomized order to reduce predictability. Eight of these trials
comprised the “correct” associations; in the other eight trials the artificial visual and
auditory stimuli were paired randomly. Subjects had to categorize the AV pairings as
“correct” or “incorrect” via button press after each trial. Since they performed at a
self-paced speed, only accuracy data were analyzed. Immediately after pressing the
button, a visual feedback was given on the screen (“The answer was correct.” or
“The answer was incorrect.”). After each block the number of correct trials was
displayed as an additional feedback. Subjects were instructed to avoid learning
strategies based on verbalization, for example by using invented “names” for the
stimuli. The number of runs was not fixed since the aim was to ensure that each
subject received the necessary amount of training in order to successfully learn the
“correct” associations. The criterion was reached when in four successive blocks
within one run at least 93.75 % (i.e. 15/16) of the answers were correct. If a subject
did not meet this criterion, another run of four blocks started. At the beginning of this
new set of blocks as well as at the very beginning of the whole behavioral training
session the “correct” associations were presented to further facilitate the training
process. 

MRI data acquisition
Functional MRI was performed with a 3 Tesla Siemens Magnetom Allegra scanner
(Siemens, Erlangen, Germany). A gradient-recalled echo-planar-imaging (EPI) se-
quence was used with the following parameters: 34 slices; TR, 2000 ms; TE, 30
ms; FoV, 192 mm; in-plane resolution, 3 x 3 mm2; slice thickness, 3 mm; gap
thickness, 0.3 mm. For each subject, a magnetization-prepared rapid-acquisition
gradient-echo (MP-RAGE) sequence was used (TR = 2300 ms, TE = 3.49 ms, FA =
12°, matrix = 256 x 256, voxel size 1.0 x 1.0 x 1.0 mm3) for detailed anatomical
imaging. 
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Whole-brain data analysis
Data were analyzed using the BrainVoyager™ QX software package (version 1.8;
Brain Innovation, Maastricht, The Netherlands). The first four volumes of each
experimental run were discarded to preclude T1 saturation effects. Preprocessing of
the functional data included the following steps: (i) three-dimensional motion
correction, (ii) linear-trend removal and temporal high-pass filtering at 0.0054 Hz, (iii)
slice-scan-time correction with sinc interpolation, and (iv) spatial smoothing using a
Gaussian kernel of 8 mm full-width at half-maximum (FWHM). 

Volume-based statistical analyses were performed using random-effects
general linear models (RFX-GLM; df = 17). For every voxel the time course was
regressed on a set of dummy-coded predictors representing the experimental
conditions. To account for the shape and delay of the hemodynamic response
(Boynton et al., 1996), the predictor time courses (box-car functions) were convolved
with a gamma function. RFX-GLMs were computed both separately for each
experimental session and across sessions. The latter model permitted explicit testing
for effects across time.

Neural correlates of object-related AV integration were assessed for artificial
material in the PRE and POST fMRI sessions. We searched for regions that were a)
significantly activated during each of the unimodal conditions (A; V), and b) re-
sponded more strongly to bimodal AV stimulation than to each of its unimodal
components. Accordingly, the identification of brain regions involved in object-related
AV integration was based on significant activation in a 0<A<AV>V>0 conjunction
analysis, a statistical criterion well-established in previous studies (Beauchamp et al.,
2004; van Atteveldt et al., 2004; 2007a; Hein et al., 2007).

In addition, we directly tested for PRE-POST effects on the basis of the whole-brain 
random-effects general linear model (RFX GLM) across both data sets. The respective 
conjunction analysis required both significantly stronger responses to bimodal artifi-
cial AV conditions compared to both unimodal conditions (A-ART and V-ART) as well 
as stronger responses to bimodal artificial conditions during the POST versus the PRE 
session (AV-ART-POST > PRE).

In a second step of analysis we tested for effects of congruent and
incongruent AV stimulation. We reasoned that training might have induced such
effects for artificial AV material in cortical regions which are also sensitive to
congruency relations in natural AV stimuli. Accordingly, we searched for voxels
exhibiting stronger signals for the contrast AV-ART-CON > INCON (or vice versa) in
those regions which showed additionally significant results in the contrast AV-NAT-CON
> INCON (or vice versa). Statistically this corresponds to a main effect of
congruency for both types of stimuli. To explicitly test this effect, we entered the beta
values of the four AV conditions from the RFX-GLM of the POST fMRI-session into a
(whole-brain) two-factorial analysis of variance (ANOVA) as implemented in the
respective Brainvoyager QX tool. Factors (and levels) were stimulus type (NAT, ART)
and congruency (CON, INCON). The main effect of congruency was then specified in
this model by contrasting CON versus INCON pooling across the factor stimulus
type. Voxels identified by these contrasts were taken as regions-of-interest (ROIs)
and further analyzed with respect to the question which response patterns they 
exhibited in the first experimental session (see below). This aimed at further
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supporting potential training-induced effects for artificial AV stimulation in the POST
session.

In addition to these contrasts, we also searched in unimodally defined sensory
cortices for training-induced effects of both AV integration and congruency. To this
end, we contrasted responses to each of the natural unimodal conditions (A-NAT; VNAT)
separately with responses to the respective artificial counterpart (A-ART; VART).
We chose these contrasts to identify those unimodal regions which are likely to
be sensitive to semantic features of object stimuli, or, more precisely, regions
corresponding to higher-order auditory cortices and the ventral visual cortex. Voxels
determined by these contrasts were similar to the previously described regions
further analyzed in a ROI analysis.

Generally, statistical maps were corrected for multiple comparisons using
cluster-size thresholding (Forman et al., 1995; Goebel et al., 2006). In this method, for
each statistical map the uncorrected voxel-level threshold was set at t > 4 (p < 0.001,
uncorrected; unless otherwise indicated) and was then submitted to a whole-brain
correction criterion based on the estimate of the map’s spatial smoothness and on an
iterative procedure (Monte Carlo simulation) for estimating cluster-level false-positive
rates. After 1,000 iterations the minimum cluster-size that yielded a cluster-level
false-positive rate of 5% was used to threshold the statistical map.
When possible, group-averaged functional data were projected on inflated
representations of the left and right cerebral hemispheres of one subject. As a
morphed surface always possesses a link to the folded reference mesh, functional
data can be shown at the correct location of folded as well as inflated
representations. This link was also used to keep geometric distortions to a minimum
during inflation through inclusion of a morphing force that keeps the distances 
between vertices and the area of each triangle of the morphed surface as close as
possible to the respective values of the folded reference mesh.

ROI-based analysis
Regions identified in the previous whole-brain analyses were further investigated in 
the course of a ROI-based analysis with respect to the question of congruency effects 
induced by novel AV associations. In addition to the voxels identified by the main effect 
congruency in the data of the POST fMRI session we defined further ROIs based on the 
respective unimodal (i.e. auditory and visual) contrasts between natural and artificial 
conditions. We conducted RFX GLMs and computed t-tests in these ROIs comparing re-
sponses to congruent and incongruent AV stimulation for the natural and the artificial 
conditions in both sessions. We were mainly interested in regions exhibiting a stable 
effect for the comparison of congruent and incongruent natural stimuli in both experi-
mental sessions and, additionally, a novel, i.e. training-induced effect of congruency for 
artificial AV stimuli only in the POST session. Statistically, this would be most robustly 
reflected by a transition from a significant interaction of the factors material and con-
gruency in the PRE session (due to congruency or incongruency effects only for the 
natural material) to a main effect of congruency in the POST session. Additionally, two-
factorial ANOVAs with the factors time (PRE, POST) and congruency (CON, INCON) were 
computed separately for the natural and the artificial AV stimuli to verify that changes 
occurred only for the latter. Furthermore, we entered the ROI beta weights of the GLM 
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including data from both experimental sessions into a three-factorial ANOVA with the 
factors material (NAT, ART), congruency (CON, INCON), and time (PRE, POST). We thereby 
explicitly tested for any significant interactions of these three factors which should 
most likely reflect changes in the congruency relation of artificial stimuli across time.

In all figures containing bar plots of ROI-based beta estimates mean standard
errors are additionally reported. The latter were corrected for inter-subject effects
similar to previous studies (Altmann et al., 2007; Doehrmann et al., 2008). In
particular, the fMRI responses were calculated individually for each subject by
subtracting the mean percent signal change for all conditions within this subject from
the mean percent signal change for each condition and adding the mean percent
signal change for all the conditions across subjects.

Evaluation of repetition-related effects
In a final analysis step we aimed at determining to which extent effects for artificial
AV stimuli might be affected by unspecific repetition-related effects, for instance due
to adaptation. To this end, we computed in the across-session GLM the contrast AV-ART-
CON (POST) > AV-ART-INCON (PRE) and vice versa. The rationale for this
was that the stimuli of the experimental condition AV-ART-CON were repeated most
frequently since they were presented in this constellation in both fMRI sessions as
well as in the training session. Thus, any repetition-related effects were most likely
present in fMRI signals of this experimental condition. On the other hand, the
condition AV-ART-INCON (PRE) is least likely to contain any repetition-related
effects due to 1.) the randomization of the relation between artificial stimuli and 2.)
the fact that the data were recorded in the first experimental session. 

To further corroborate the robustness of our other results, we increased the
likelihood of finding any unspecific repetition-related effects by using uncorrected
thresholds of t(17) = 4 and t(17) = 3 for these contrast maps. These maps were then
projected to inflated representations of the cerebral cortex of one of our subjects. We
then also projected the main effect of incongruency onto these cortical surfaces to
evaluate the potential overlap of these effects with the former ones. Furthermore, we ad-
ditionally computed ROI-based paired t-tests for AV-ART-CON (POST) > AV-ART-INCON
(PRE) to exclude unspecific repetition effects for the trained material in the
regions exhibiting our most relevant experimental results. And finally, we also
contrasted AV-NAT-CON (POST) > AV-NAT-CON (PRE) in order to control for
stimulus-specific repetition effects regarding the untrained, but still repeated natural
material.

Results

Behavioral training results
In the training period, subjects were presented with combinations of artificial object
sounds and images until they reached a criterion of 15 out of 16 correct responses.
The mean number of training blocks necessary to reach this criterion was 12.7
(range: 8-28) which was approximately equivalent to three runs (consisting of four
blocks each) per subject. After the first run the mean number of correct responses
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was 11.63 (of 16 possible). At the end of the training session (i.e., after reaching the
criterion) the number of correct trials increased to 15.25 per block in the final run. The
general trend of increasingly successful associations between artificial AV stimuli
was well-established for all subjects (Fig. 1B). Since prior to each training run
(consisting of four blocks each) the correct AV associations were presented to the
subjects, the results for the first blocks were already well above chance level. The
same held true for the elevated performance after each run, which was probably due
to retrieval from short-term buffers, rather than an establishment of long-term
associations between the stimuli. Our criterion for a stable performance of 15/16
correct responses on average over four successive blocks was chosen to account for
this. 

On the day of the POST fMRI session, we checked if subjects still met the
criterion. For this purpose, the same procedure as in the training session was
repeated. Most of the subjects (i.e., 15/18) could immediately replicate their
performance from the day before. Only three of them needed another run of four
training blocks to reach the criterion again. The mean number of blocks needed for
refreshment was 4.89 with a mean performance of 15.41 correct responses per
block. This shows that for each subject the trained artificial AV associations were still
present at the time of the POST fMRI session.

fMRI results: Whole-brain data analysis
To investigate whether the training of crossmodal associations between formerly
unfamiliar artificial object images and sounds had an impact on AV integration-related
cortical activations, we analyzed the data of the PRE and POST fMRI
sessions separately. For this purpose, we employed the so-called MAX-criterion (i.e.
AV>max[A, V]).

PRE-training
The results of the PRE fMRI session have already been reported in detail in our
previous publication (see Hein et al. 2007). As can be seen there, unfamiliar artificial
images and sounds were mainly found to be integrated in right IFC, whereas familiar
natural AV objects were integrated in a bilateral fronto-temporal network of regions 
including IFC, STS, and STG. (Fig. 2A). Note that the results of the PRE session are
shown with a slightly higher initial statistical threshold (t(17) = 3.25) than in the
previous report of the data (Hein et al., 2007; t(17) = 3) before correction for multiple
comparisons. As expected, the respective unimodal contrasts A-ART > V-ART
(yellow) and the reverse contrast (light blue) revealed robust activations in visual and
auditory cortex.

POST-training
We tested for potential plasticity of cortical AV integration as defined by the max-criterion
(i.e. AV>max [A, V]) for artificial AV pairings (pooled across congruent and
incongruent conditions) in the POST fMRI session. The main results of this analysis
(t(17) = 3.25, p < 0.05, corrected, cluster size threshold = 189 mm3) are depicted in
Fig. 2B (dark blue-colored patches) while the respective Talairach coordinates and
cluster sizes of these regions are provided in Table 1A. The AV integration-related
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cortical network included bilateral IFC and STG/STS regions, in line with our first
prediction. Moreover, AV integration-related activity was found in bilateral anterior
insula and IPL, as well as precuneus and VOT in the left hemisphere. 

In addition, we directly tested for PRE-POST effects on the basis of a whole-brain

Figure 2.  Cortical regions involved in AV integration of artificial stimuli during the first (A) and
the second (B) experimental session were determined by a conjunction analysis
comparing the mean BOLD fMRI responses to both (congruent and incongruent)
artificial AV conditions to each unimodal condition (MAX-criterion: AV>max[A-ART,VART]).
Similar to our previous study (Hein et al., 2007) the additional criteria A-ART>
0 and V-ART>0 were added to this conjunction. Maps were then adjusted to an
initial t-value of 3.25 and then submitted to a volume-based cluster-threshold
algorithm yielding a new map thresholded at p<0.05 (corrected; cluster-size 189
voxels). These corrected maps were then projected onto three-dimensional
reconstructions of both cortical hemispheres of one subject from our sample. See
Table 1 A for Talairach coordinates and extents of cortical clusters depicted here.
Furthermore, unimodal activations as determined by the contrasts A-ART > V-
ART  (auditory; yellow) and V-ART > A-ART (visual; light blue) were computed and
corrected based on the false-discovery rate (FDR) yielding a significance value of
q(FDR)<0.05. LH and RH denote the left and right hemispheres, respectively. PRE
and POST refer to the first and second experimental session.
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Table 1. Talairach coordinates of regions showing significant effects (A)  for the max-contrast (POST) 
and (B) for the PRE-POST comparison.

Cortical region x y z Cluster size 
(voxels)

A. Max contrast

Left superior temporal gyrus (posterior) -46 -36 13 799

Left superior temporal gyrus (middle) -44 -22 7 329

Left superior temporal gyrus (anterior) -41 -10 -4 344

Left ventral occipito-temporal cortex -35 -60 -17 755

Left inferior frontal gyrus -46 5 26 464

Left inferior parietal lobule -31 -50 37 815

Left precuneus -23 -66 35 341

Left posterior cingulate 0 -28 23 487

Right posterior superior temporal gyrus 52 -31 9 2742

Right middle frontal gyrus (ventral) 44 14 21 2696

Right middle frontal gyrus (dorsal) 42 -2 48 523

Right inferior parietal lobule (anterior) 31 -52 39 372

Right precuneus 28 -62 34 198

Right posterior cingulate 1 -28 23 556

B. PRE-POST comparison

Left middle frontal gyrus (ventral) -41 21 22 522

Left inferior frontal gyrus -45 5 26 465

Left Insula -29 21 4 205

Left inferior parietal lobule -31 -50 38 399

Left posterior cingulate 0 -29 21 374

Right inferior frontal gyrus 47 15 21 1344

Right precentral gyrus 49 4 31 319

Right Insula 33 21 3 554

Right inferior parietal lobule 34 -52 38 355

Right presupplementary motor area 7 9 50 222

Right posterior cingulate 1 -28 22 410

Clusters were determined by comparing the mean of the two artificial AV conditions to the 
respective unimodal controls (volume-based cluster threshold of the map: 189 voxels; surface-
based threshold 25 mm2). Cluster sizes for the cortical regions reported in Fig. 2B (part A of the 
table) and in Fig. 3 (part B) are provided in a resolution of 1x1x1 mm3 voxels.

RFX GLM across both fMRI data sets. The respective conjunction analysis included
the following three criteria: 1) AV-ART-POST>A-ART-POST, 2) AV-ART-POST>V-ART-
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Figure 3. Results of a contrast investigating effects from the first (PRE) to the second (POST)
fMRI session on the basis of beta weights from a whole-brain random-effects general
linear model (RFX GLM) across both data sets. A conjunction analysis required both
significantly stronger responses to bimodal artificial AV conditions compared to both
unimodal conditions (A-ART and V-ART) as well as stronger responses to bimodal
artificial conditions during the POST versus the PRE session (AV-ART-POST >
PRE). Maps were adjusted to an initial t-value of 3.25 and a volume-based clustersize
threshold of 189 voxels (see Fig. 2), resulting in a new map thresholded at
p<0.05 (corrected). These corrected maps were then projected onto inflated
reconstructions of both cortical hemispheres of the same subject as in Fig. 2. See
Table 1B for Talairach coordinates and extents of cortical clusters depicted here.

In our second prediction we hypothesized that the training of crossmodal associations 
between formerly unrelated sounds and images might also induce effects of congru-
ency, i.e., activation differences in two possible directions: AV-ART-CON > INCON or 
AV-ART-INCON > CON. To test whether our training procedure had established con-
gruency effects for our artificial AV stimuli corresponding to those for familiar natural 
stimuli, we analyzed the POST session data by means of a whole-brain ANOVA with 
the factors material (NAT, ART) and congruency (CON, INCON). This analysis revealed a 
statistical main effect (t(17) = 4, p < 0.05, corrected) for incongruency in left anterior 
IFC (Fig. 4A; see Table 2 for Talairach coordinates). A further region of interest (ROI)-

POST, and 3) AV-ART-POST>AV-ART-PRE. The main results of this analysis
(t(17) = 3.25, p < 0.05, corrected, cluster size threshold = 189 mm3) are depicted in
Fig. 3 while the respective Talairach coordinates and cluster sizes of these regions
are provided in Table 1B. The results revealed activations in bilateral posterior
cingulate regions and fronto-parietal (IPL, IFC), but not temporal portions of the
aforementioned AV integration-related network.
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Figure 4. POST-training main effects of incongruency and congruency.
Beta weights from the whole-brain RFX GLM of the POST-training session were entered into a 
two-factorial analysis of variance (ANOVA) with the factors stimulus type (NAT, ART) and congru-
ency (CON, INCON). In this model we specified a contrast corresponding to the main effect 
of congruency since the latter optimally captured the assumed development of congruency and 
incongruency for artificial AV material in those cortical regions which were similarly sensitive to 
congruency in natural AV stimuli. (A) Results of the contrasts are shown in the upper panel in the 
direction of incongruency (INCON>CON) and in the lower for congruency (CON>INCON). 
Maps were adjusted to an initial t-value of 4 and then submitted to a volume-based cluster-
threshold algorithm yielding a new map thresholded at p<0.05 (corrected; cluster-size 115 
voxels). Maps were then projected on sagittal and transversal slices of an anatomical dataset 
of the same subject which provided the cortex reconstructions in Fig. 2. (B) Region-of-interest 
(ROI)-based analyses of cortical regions depicted in A). Significant clusters in the left anterior in-
ferior frontal cortex (IFC; upper panel) and right posterior middle temporal gyrus (pMTG; lower 
panel) were further analyzed with regard to the question of congruency or incongruency effects. 
For each ROI the respective contrasts (e.g. AV-NAT-INCON > AV-NAT-CON) were calculated 
in separate RFX GLMs for both types of stimulus material and for both sessions. Time course 
information and beta estimate plots are provided for these two regions. Error bars represent 
mean standard errors. Asterisks denote significant effects on a level of p < 0.05. Color coding 
is provided at the bottom of the figure. Additional statistical information can be found in Table 2.
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The reverse contrast to this examination of training-induced incongruency, i.e. a main 
effect of congruency, revealed a cluster in right posterior MTG. The same ROI analysis 
as for the left IFC demonstrated that a stronger response to congruent as compared 
to incongruent artificial AV conditions was only present in the POST fMRI session. This 
was again supported by a significant time x congruency interaction (F(1,17) = 9.764, p < 

Table 2. Summary of ROI analysis on congruency and incongruency effects.

Cortical region / Session Statistical test

AV-NAT-INCON > 
CON

AV-ART-INCON 
> CON

Material x Con-
gruency

Material x Time x 
Congruency

Left IFC (-38, 13, 29)

POST t(17)=3.063
p=0.007042

t(17)=3.244
p=0.004771

t(17)=0.098
p=0.923029

F(1,17)=11.310
p=0.004PRE t(17)=3.021

p=0.007710
t(17)=0.235
p=0.817001

t(17)=2.929
p=0.009363

AV-NAT-CON > 
INCON

AV-ART-CON > 
INCON

Material x Con-
gruency

Material x Time x 
Congruency

right pMTG (40, -78, 18)

POST t(17)=2.027
p=0.058627

t(17)=4.201
p=0.000601

t(17)=1.851
p=0.081568 F(1,17)=4.086

p=0.059
PRE t(17)=2.328

p=0.032499
t(17)=0.178
p=0.860894

t(17)=1.718
p=0.103925

right FG (35, -40, -16)

POST t(17)=-0.322
p=0.751495

t(17)=2.340
p=0.031751

t(17)=-1.622
p=0.123256 F(1,17)=0.101

p=0.754
PRE t(17)=-0.793

p=0.438727
t(17)=0.628
p=0.538534

t(17)=-0.849
p=0.407857

Clusters were determined by computing main effects of AV congruency and incongruency in 
the two-factorial ANOVA on the factors Material (NAT, ART) and Congruency (CON, INCON). 
Volume-based cluster threshold of the map was 115 voxels; surface-based threshold was 25 
mm2. Coordinates refer to Talairach space (Talairach and Tournoux, 1988). Abbreviations: IFC: 
inferior frontal cortex; pMTG: posterior middle temporal gyrus; FG: fusiform gyrus.

based analysis of the activation profiles (by means of BOLD-signal time courses and 
beta estimates; Fig. 4B) demonstrated that incongruency effects for familiar natural 
stimulus material were stable across the PRE and POST fMRI sessions. In contrast, simi-
lar incongruency effects for the artificial AV objects were only observable during the 
POST fMRI session, i.e. after successful crossmodal association training. This was also 
evident in a significant time x congruency interaction (F(1,17) = 5.042, p < 0.05) for the 
artificial material only. Additionally, these training-induced shifts in left IFC were also 
indicated by the transition from a significant statistical interaction of the factors ma-
terial and congruency in the PRE-session (driven by the response to incongruency in 
familiar natural AV stimuli) to a main effect of incongruency which was constitutive for 
this ROI. A summary of these analyses is given in Table 2.
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0.05). However, a corresponding congruency effect for familiar natural stimuli was only 
significant in the PRE fMRI session and just failed to reach significance in the POST ses-
sion (t(17)=2.027, p=0.059). Therefore, also the material x congruency interaction was 
not significant in this cluster (t(17)=1.851, p=0.082; see Table 2 for a complete sum-
mary).

Additionally, we conducted a three-factorial ANOVA across the data of both ses-
sions with the factors material (NAT, ART), time (PRE, POST), and congruency (CON, IN-
CON). This analysis revealed a significant material x time x congruency interaction in 
left aIFC which was largely driven by the change in the fMRI response to the AV-ART-
INCON condition. In line with our above reported analysis the corresponding effect in 
pMTG is less pronounced as revealed by a trend towards significance of this interac-
tion (see Table 2 for the respective F- and p-values).

In line with our prediction this analysis showed that left anterior IFC was more 
strongly activated in response to formerly unrelated artificial sounds and images. After 
training these IFC responses were more pronounced for stimulation with incongru-
ent than congruent pairs of artificial AV stimuli, while right posterior MTG showed a 
complementary, but less pronounced congruency preference pattern. These effects re-
semble the congruency effects for familiar natural AV objects which have been found 
consistently across both sessions in these regions.

Visual and auditory ROIs
Based on previous results (Belardinelli et al., 2004; van Atteveldt et al., 2004; Hein et al., 
2007), we also predicted congruency effects in higher–level visual and auditory regions. 
To define higher-level visual and auditory regions involved in the semantic processing 
of sounds and images, we contrasted the respective natural and artificial conditions 
(i.e. A-NAT > A-ART and V-NAT > V-ART, respectively; see Materials and Methods). This 
analysis revealed significant activations in bilateral STG and right fusiform gyrus (FG), 
which were then used as regions of interests (ROIs; Fig. 5). In the right FG (Fig. 5A), the 
crossmodal association training induced a significant congruency effect, i.e., stronger 
AV activation to congruent as compared to incongruent artificial material (PRE: t(17)= 
0.793, p = 0.44; POST: t(17)= 2.340, p<0.05), without corresponding congruency effects 
for natural stimuli (see Table 2 for details). Table 2 again summarizes the outcome of 
these ROI analyses.

In contrast, unimodal auditory regions in STG showed no significant AV congruency 
effect for artificial material (Fig. 5B). However, right STG revealed a training-induced AV 
integration effect for artificial material. The latter was characterized by a significantly 
stronger response to trained artificial AV stimuli than to each of the unimodal (i.e. audi-
tory and visual) conditions in the POST session (PRE: t(17) = 1.400, p=0.17; POST: t(17) 
= 2.551, p <0.05.

Evaluation of repetition related effects
One alternative explanation for the stronger POST training activity in IFC, IPL, and tem-
poral regions could be based on the potential presence of unspecific repetition effects. 
This would reflect the fact that subjects have been stimulated with the artificial mate-
rial in the PRE training, the behavioral training, and the POST training sessions. In order 
to control for these potential repetition-related effects we contrasted the experimen-
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Figure 5. Unimodally defined ROIs: training-induced congruency and multisensory integration 
effects.Significant voxels are depicted for unimodal visual (A) and auditory (B) contrasts directly 
comparing stimulations with natural objects to those with artificial material in the POST fMRI ses-
sion (i.e. V-NAT > V-ART (POST) and A-NAT > A-ART (POST), respectively). Maps were adjusted 
to an initial t-value of 4 and then submitted to a volume-based cluster-threshold algorithm yield-
ing a new map thresholded at p<0.05 (corrected) for the visual (minimum cluster threshold: 
271 voxels) and the auditory (minimum cluster threshold: 136 voxels) contrasts, respectively. 
The panels on the left show coronal (upper rows in A and B) and transversal slices (lower rows 
in A and B) of the same anatomical dataset used in Fig. 4. The same ROI-based analysis as 
described in Fig. 4 was applied to the right fusiform gyrus (FG; A) for all bimodal conditions and 
for both fMRI sessions. A similar ROI-based analysis was applied to the region in right superior 
temporal gyrus (STG, B), revealing a training-induced AV integration effect (0<A<AV>V>0) 
for artificial material. Error bars of the beta estimate plots represent mean standard errors. 
Asterisks denote significant effects on a level of p < 0.05. Color coding is provided at the bot-
tom of the figure. Additional statistical information for the FG ROI can be found in Table 2.

tal condition which was arguably most likely to be affected by such effects (AV-ART-
CON [POST]) with the experimental condition least likely to be affected in this regard 
(AV-ART-INCON [PRE]; see Materials and Methods).

Significant effects (t(17) = 4; p < 0.001, uncorrected) for the contrast AV-ART-CON 
[POST] > AV-ART-INCON [PRE] are shown in Fig. 6A (orange colors). Particularly regions 
of the medial cortex located in the bilateral posterior cingulate and pre-supplementary 
motor area and the right precuneus were detected by this contrast. Only small clusters 
were revealed in the inferior-most and anterior frontal cortex. Most importantly, none 
of these clusters was overlapping with our main effect of incongruency reported in the 
previous analysis (white circle in Fig. 6A). We chose an uncorrected threshold to maxi-
mize the likelihood of detecting such overlaps. However, even when further lowering 
the threshold for this map to t(17) = 3 no overlap with either the IFC (incongruency) 
or the right pMTG (congruency) could be detected (data not shown). Even ROI-based 
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testing for repetition effects in these regions did not reveal any significant effects (for 
details see Table 3).

Finally, when contrasting AV-NAT-CON-POST versus PRE (Fig. 6B) in order to control 
for stimulus-specific repetition effects, significant activations (t(17) = 3.25; p < 0.005, 
uncorrected) were only found in a left lateral occipital region (POST>PRE; orange-col-
ored region in Fig. 6B) and bilateral medial occipital regions (POST<PRE; blue-colored 
regions). As none of these regions overlapped with any of our main ROIs, these results 

Figure 6.  (A) To control for repetition-related effects we contrasted the experimental condi-
tion which is arguably most likely to be affected by such effects (AV-ART-CON [POST]) with the 
experimental condition least likely to be affected by this (AV-ART-INCON [PRE]). Only positive 
effects (signal increases from PRE to POST) were significant at the chosen threshold. These are 
shown in an orange-to-yellow color code. Maps are thresholded to a t-value of 4 (uncorrected 
for multiple comparisons) to increase the sensitivity for potential repetition-related effects and 
were then projected onto the same cortex reconstructions used in Fig. 2 shown in lateral (up-
per panels) and medial (lower panels) views. Only a minimal surface-based cluster threshold 
of 25 mm2 was applied. Additionally, the main effect of incongruency as described in Fig. 4 
is shown (in red and highlighted by a white circle) to evaluate a potential frontal overlap of 
these maps. LH and RH denote the left and right hemispheres, respectively. (B) To control for 
stimulus-specific repetition effects we additionally contrasted the unlearned, but also repeated 
experimental condition comprised of natural AV stimuli. The corresponding contrast can be 
stated as follows: AV-NAT-CON (POST) > AV-NAT-CON (PRE). Since no effects were pres-
ent on a statistical t-value of 4, we lowered the threshold to an uncorrected t-value of 3.25. 
The same anatomical basis as in the previous figures was used for the projection of results.
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render it unlikely that the reported training-induced congruency and integration ef-
fects were due to stimulus repetition.

Table 3. Summary of ROI-based analysis of the control contrasts.

Cortical region Statistical test

AV-ART-CON (POST)
> AV-ART-INCON (PRE)

AV-ART-CON (POST)
> AV-ART-CON (PRE)

Left IFC t(17)=-1.83
p=0.085

t(17)=-1.53
p=0.145

right pMTG t(17)=1.333
p=0.2

t(17)=1.378
p=0.186

right FG t(17)=-0.124
p=0.903

t(17)=0.257
p=0.8

right STG t(17)=-0.293
p=0.773

t(17)=-0.982
p=0.340

Statistics were based on two-tailed paired t-tests comparing the most repeated experimental 
condition (AV-ART-CON [POST]) to the two artificial AV conditions in the first experimental 
session. Repetition-related effects are most likely revealed by these contrasts. Abbreviations: 
IFC: inferior frontal cortex; pMTG: posterior middle temporal gyrus; FG: fusiform gyrus; STG: 
superior temporal gyrus.

Discussion

In the present study we investigated training-induced cortical plasticity of object-re-
lated AV integration. We compared the neural correlates of AV integration for unfamil-
iar artificial material before and after a behavioral training session, in which subjects 
acquired crossmodal associations between object images and sounds. We assumed 
that our training session might modify neural AV processing in two different ways. First, 
we expected that the training-induced increase of familiarity might lead to an increase 
in integration-related AV activations. Second, we predicted that our training might also 
induce certain congruency effects as reflected in POST training activation differences 
between trained artificial AV pairings and those which were paired randomly.

For the trained artificial AV stimuli, the POST-training results showed extended 
integration-related IFC activations bilaterally, and a recruitment of additional parietal 
(PPC) and temporal (right STG/STS, and left FG) cortical regions. Furthermore, training-
induced effects of congruency were found for these artificial AV stimuli in several cor-
tical regions. We revealed a training-induced AV incongruency effect in left aIFC and 
a complementary congruency effect in a posterior portion of right MTG. Both cortical 
regions showed similar effects for familiar natural AV stimuli in each of the two fMRI 
sessions.

Integration-related AV activations and incongruency effects
We found training-induced changes of AV integration-related activation patterns for 
(initially unfamiliar) artificial object stimuli, indicating cortical plasticity of object-re-
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lated AV integration. Confirming our first prediction, crossmodal association training 
resulted in enhanced integration-related AV activation in a fronto-parieto-temporal 
network including cortical regions in bilateral IFC, IPL, STG/STS, and left FG. Within this 
network frontal regions showed the most robust training-induced AV plasticity effects, 
reflected by significant POST>PRE effects. So far, training-induced changes in corti-
cal processing of complex object stimuli had only been shown in the visual modality 
(James and Gauthier, 2003; Weisberg et al., 2007).

Training-induced activation increases in brain regions which have been activated 
already before training, such as right IFC in our study, are a well-known result from 
studies investigating both AV association learning (Gonzalo et al., 2000) and training-
induced effects in other domains, for example, perceptual processing (Schwartz et 
al., 2002), memory (Nyberg et al., 2003; Olesen et al., 2004) or learning of complex 3D 
object-related sounds (Amedi et al., 2007). Across studies investigating learning pro-
cesses in diverse contexts, such effects were found in similar inferior frontal regions 
as those activated in our study, often in concert with parietal regions (Nyberg et al.    
2003; Olesen et al., 2004). It is important to note that in contrast to studies focusing on 
learning, our study investigated training-induced changes in AV integration, not time-
dependent neural modulations caused by learning per se. It is nevertheless possible 
that the observed inferior frontal as well as intra-parietal activation increases might re-
flect consolidation and storage processes with regard to recently acquired crossmodal 
associations (see D’Esposito, 2007 for a review).

Alternatively, it could be argued that increased inferior frontal and intra-parietal 
activations reflect increased attention to artificial AV pairings after crossmodal associa-
tion training (e.g. Duncan and Owen, 2000; Corbetta and Shulman, 2002). There is solid 
evidence that novelty is one of the main triggers for an increase of attention-related 
activation (e.g. Herrmann and Knight, 2001). Based on that, one would predict stronger 
fronto-parietal activity in the PRE session, where the artificial material was completely 
novel and unfamiliar. In contrast to this prediction, our results showed an extension 
of activation in the POST training session, rendering the assumption unlikely that our 
findings merely reflect attention-related effects.

Another possible interpretation of our fronto-parietal findings could be that the 
AV integration-related cortical plasticity found here and the learning effects reported 
for similar regions in classic learning studies might reflect two complementary sides of 
the same coin. As predicted in our second hypothesis, the AV integration region in left 
aIFC was sensitive to (acquired) incongruency of artificial AV stimuli in the POST fMRI 
session, resembling the results for semantically incongruent natural object features in 
the PRE fMRI sessions. Taken together, these two findings indicate that AV integration 
in aIFC could serve the establishment and revision of AV associations, i.e., a function, 
which might also be part of the time-dependent activation changes in IFC found in 
the learning literature. In contrast, AV integration for artificial images and sounds in 
superior temporal cortex (STG/STS) was only found in the POST fMRI session, i.e., when 
the formerly unfamiliar AV material has already been trained. However, these effects 
were not accompanied by AV-ART-POST>PRE effects. Moreover, STG/STS showed no 
sensitivity to the degree of semantic AV congruency, neither in the whole brain con-
gruency analysis (Fig. 4), nor when mapped based on the unimodal auditory (A-NAT 
vs. A-ART) contrast (Fig. 5B). This insensitivity to AV congruency suggests that STG/STS 
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is rather involved in the integration of sounds and images, which are already familiar 
to a certain extent, than the establishment of novel AV associations. In this sense, IFC 
and STG/STS might have complementary roles in AV integration. While STG/STS is in-
tegrating AV pairings that already reached a certain degree of familiarity, for example 
through training as in the present study, the IFC is either revising already known (but 
apparently incongruent) AV associations or establishing new ones. The explicit testing 
of this assumption would require information about the temporal flow of information. 
While the sluggishness of the BOLD fMRI signal certainly forms a general limitation in 
this regard, fMRI-based measures of effective connectivity such as Granger causality 
mapping (GCM) might be fruitfully applied in future studies.

In our current study, we investigated training-induced plasticity of AV integration 
using a passive paradigm which has been inspired by previous fMRI studies on AV in-
tegration (Calvert et al., 2000; Belardinelli et al., 2004; van Atteveldt et al., 2004; 2007a). 
However, the potential impact of task demands on training-induced AV plasticity - es-
pecially in the aforementioned fronto-parietal regions - definitely forms another im-
portant issue to be investigated in future studies.

Training-induced congruency effects
Besides incongruency effects in left anterior IFC, we found training-induced congru-
ency effects for the POST fMRI session in the posterior aspect of right MTG and in right 
FG.

Our finding of an AV congruency effect in right pMTG is in line with the general 
involvement of posterior temporal regions in semantic processing. Significant acti-
vations of similar regions have been repeatedly shown particularly in the context of 
action- and tool-related processing (see e.g. Beauchamp et al., 2002; Johnson-Frey et 
al., 2005), not only with visual, but also with auditory presentations of the respective 
stimuli (see e.g. Lewis et al., 2005, Doehrmann et al., 2008). Interestingly, Murray et al. 
(2004) reported effects for repeatedly presented visual objects which had been paired 
previously with semantically congruent sounds. Source modeling suggested right-
hemispheric effects in the proximity to the cluster reported here and close to lateral 
occipital regions of higher-level visual cortex. Therefore, a critical role of pMTG in the 
context of conceptual processing has been suggested previously (see e.g. Martin, 2007, 
Doehrmann and Naumer, 2008). Our findings show that pMTG is also involved in cross-
modal processing of objects which are more artificial than the ones investigated in 
previous studies (Beauchamp et al., 2002; Johnson-Frey et al., 2005) and should inspire 
further explorations of this region in future studies.

Ventral regions such as the FG have been repeatedly associated not only with per-
ceptual processing of meaningful object stimuli, but also with the activation of con-
ceptual representations in the course of thought and action (Martin and Chao, 2001; 
Martin 2007; Doehrmann and Naumer, 2008). Additionally, ventral temporal activation 
has also been found for AV stimulation with natural stimuli (Beauchamp et al., 2004; 
Amedi et al., 2005), and some degree of crossmodal plasticity in these regions has re-
cently been demonstrated for higher-level stimuli such as faces and voices (von Krieg-
stein and Giraud, 2006). Although our finding of stronger responses to congruent, i.e. 
learned, AV combinations is interesting from this perspective, we refrain from stronger 
interpretations of this finding in FG since, in contrast to our pMTG cluster, it was not 
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accompanied by corresponding congruency effects for highly familiar natural stimuli. 
Certainly, further studies are needed to elucidate the functional role of these ventral 
temporal regions both for object-related AV processing in general and with respect to 
crossmodal plasticity in this domain.

Unlike in visual cortex, a unimodally defined auditory region in STG did not show 
any effect of semantic congruency for artificial AV stimuli. Interestingly, this region ex-
hibited stronger responses to bimodal artificial conditions (compared to the respective 
unimodal conditions) only in the POST, but not in the PRE (training) session, but with-
out showing any significant POST>PRE effect when directly comparing the respective 
artificial AV conditions. These findings are inconsistent to some extent with the results 
from our PRE fMRI session (Hein et al., 2007), which revealed stronger activation for 
semantically congruent than incongruent natural (i.e. animal) stimuli in right STG. One 
possibility is that this inconsistency of results is driven by general differences between 
natural and artificial stimuli. Belardinelli et al. (2004) also reported a congruency effect 
in higher-level visual but not auditory regions, using some animal stimuli, but also im-
ages and sounds of tools. The latter might be more similar to our trained artificial AV 
objects, which might explain why a training-induced AV congruency effect was found 
in a similar region as reported by Belardinelli et al. (2004), instead of STG. Another pos-
sible explanation is that our training session was too short to induce a sufficient de-
gree of familiarity. From the perspective of the results reported in this and our previ-
ous study (Hein et al., 2007) it is likely that prolonged and intensified training might 
not only enhance responses to bimodal compared to unimodal stimulation, but could 
also lead to the development of more pronounced congruency effects also in superior 
temporal regions. The extent of additional training with novel AV stimuli needed for 
the emergence of congruency effects similar to those for natural objects (Hein et al., 
2007) or linguistic stimuli (van Atteveldt et al., 2004) remains to be determined.

In conclusion, our study demonstrates that even short-term crossmodal training 
of novel AV associations results in integration-related cortical plasticity and training-
induced congruency effects for artificial AV stimuli in cortical regions especially of the 
frontal and (to a lesser degree) the temporal lobes, adding novel aspects to the under-
standing of object-related AV integration in the human brain.
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Information integration across different sensory modalities contributes to object recognition, 
the generation of associations and long-term memory representations. However, cortical rep-
resentations and integrative mechanisms especially of meaningful object stimuli have remained 
largely elusive. We employed event-related functional magnetic resonance imaging adaptation 
(fMRIa), which offers complementary results compared to conventional neuroimaging para-
digms, to further shed light on these issues relevant for the processing of common audio-visual 
(AV) objects.
Stimulation consisted of an adapting stimulus S1 and a subsequent stimulus S2 in four experi-
mental conditions: 1. the same image and vocalization for S1 and S2, 2. the same image and 
a different vocalization, 3. different images and the same vocalization, or 4. different images 
and vocalizations. S1 and S2 were always taken from the same basic-level category (e.g. cat). 
Together, these conditions formed a two-by-two factorial design which allowed us to assess the 
contributions of auditory and visual stimulus repetitions in a statistically orthogonal manner. 
During the fMRIa experiment responses in visual regions of right fusiform gyrus (FG) and right 
lateral occipital (LO) were reduced for repeated visual stimuli (repetition suppression; RS). Sur-
prisingly, left LO showed stronger responses to repeated auditory stimuli (repetition enhance-
ment, RE). Similarly, auditory ROIs of the right medial supe-rior temporal gyrus (STG) exhibited 
RS to auditory repetitions and RE to visual repetitions.
These results point towards a complex interplay of human object-related cortices for repeated AV 
stimuli as evidenced by the presence of both RS and RE and underscore the view that innovative 
experimental protocols such as fMRIa can indeed reveal integrative mechanisms complementary 
to conventional neuroimaging techniques. 

Doehrmann, O.,  Altmann, C.F., Weigelt, S., Kaiser, J., and Naumer, M.J. (in preparation). Mul-
tisensory integration investigated by fMRI adaptation. 



78

Chapter 5

Introduction

The ability to process and integrate information obtained from different sensory chan-
nels is highly relevant for a plethora of different cognitive capabilities. These could in-
clude object recognition, the successful formation of associations between different 
stimuli and, subsequently, the generation of novel long-term memory representations. 
In non-human primates single-cell recordings demonstrated an involvement particu-
larly of neurons in temporal and frontal regions during the formation of memory rep-
resentations derived and audio-visual stimuli (Gibson and Maunsell, 1997; Fuster et al., 
2000). 

An interesting effect initially revealed by these recordings (Miller et al., 1991; Li et 
al. ,1993) is the finding of reduced or suppressed neuronal firing rates after repeated 
presentations of the same stimulus. This “repetition suppression” has been regarded as 
the neuronal correlate of behavioral enhancements in terms of increased processing 
speed and accuracy due to prior exposure with repeated stimuli (e.g. Desimone, 1996; 
Wiggs and Martin, 1998). Interestingly, the repeated presentation of stimuli induces 
similarly a decrease in signal strength of the blood oxygen level-dependent (BOLD) 
response as measured by functional magnetic resonance imaging (fMRI). In the case 
of two immediately successive stimuli, the suppressed BOLD signal induced by stimu-
lus repetitions compared to the signal after the variation of a feature in the second 
stimulus produces in many cases highly selective activation peaks in those regions of 
the brain which are indeed sensitive to that varied feature. This method, called fMRI 
adaptation (Grill-Spector and Malach, 2001) developed into a very successful tool of 
cognitive neuroscience with many different variants commonly in use (see Weigelt et 
al. , 2008 for a review). As for the BOLD signal in general, the exact neuronal underpin-
nings of the macroscopic fMRI-adaptation effects are still a matter of debate (Krekel-
berg et al., 2006; Grill-Spector et al., 2006). However, its potential to reveal complemen-
tary functional information about cortical regions by detecting selectivity even on the 
level of neuronal subpopulations is widely acknowledged. 

Although fMRI adaptation has been fruitfully applied in the context of the visual 
(see e.g. Kourtzi et al., 2003; Mahon et al., 2007; Weigelt et al., 2007a) and the audi-
tory sensory modalities (Bergerbest et al., 2004; Altmann et al., 2007; Doehrmann et 
al., 2008), only a few studies in the multisensory domain have taken advantage of its 
capacities (for exceptions see e.g. Buckner et al., 2000; James et al., 2002). This is par-
ticularly surprising from the perspective of the increased interest in the investigation 
of brain processes in more natural settings (see e.g. Spiers and Maguire, 2007) and from 
the general viewpoint that large portions of sensory cortex, including even primary 
areas, are involved in processing and integrating information from more than one sen-
sory modalities (Ghazanfar and Schroeder, 2006; Driver and Noesselt, 2008). In the case 
of audio-visual (AV) stimuli, more recent research started to unravel the mechanisms 
underlying integrative processes after stimulation with different sets of stimuli such as 
AV speech (Skipper et al., 2007), voice-face integration (e.g. von Kriegstein and Giraud, 
2006), letter-speech integration (van Atteveldt et al., 2004; 2007) and object recogni-
tion (Beauchamp et al., 2004; Hein et al., 2007; Amedi et al., 2007). Given this large set of 
studies and results obtained by conventional neuroimaging techniques, the demand 
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for the application of more advanced methods such as fMRI adaptation has increased 
accordingly. 

Earlier studies investigating repetition-induced processing changes in the AV do-
main (Buckner et al., 2000; Badgaiyan et al., 2001) focused on priming effects for cog-
nitive tasks such as word-stem completion or word generation. For auditory as well 
as visual cues, repetition-related signal reductions were particularly found in regions 
of the left inferior frontal and the ventral temporal cortices. However, these studies 
did not investigate the impact of repeated AV stimuli in a more direct manner, since 
stimulation was always confined either to the auditory or the visual sensory modality. 
Furthermore, the use of a demanding cognitive task probably engaged rather higher-
order cortical regions instead of those related to more perceptual processes.   

More recent studies (Noppeney et al., 2008; Galati et al., 2008) examined the impact 
of visual prime stimuli on subsequently presented environmental sounds. Both studies 
additionally varied the semantic relation (congruent versus incongruent) between the 
first and the second stimulus. Galati and colleagues (2008) found enhanced responses 
in left inferior frontal and middle temporal gyrus (MTG) for action sounds which were 
preceded by a semantically congruent compared to an incongruent prime word. In 
contrast, Noppeney et al. (2008) revealed effects only for incongruent semantic rela-
tions between visual prime stimuli (printed words or pictures) and target sounds (spo-
ken words or sounds) in the left inferior parietal and the medial frontal gyrus and in the 
left MTG close to superior temporal sulcus (STS). 

A common feature of most of these previous studies was the use of verbal material 
as a first stimulus (prime). However, since the content of word stimuli had to be de-
coded and possibly transformed into an (“amodal”) format to relate it to a subsequent 
target stimulus, these paradigms most likely favored higher-order processes and cor-
responding regions of parietal and frontal cortices. At least to the best of our know-
ledge, no study yet has employed an fMRI-adaptation paradigm which operated on a 
perceptual level and utilized only non-linguistic, but still meaningful AV stimuli. Stimuli 
of the latter kind are, for instance, common objects including animals. Images and vo-
calizations of animals are highly familiar even when presented in isolation. Apart from 
a putative major importance from an evolutionary viewpoint (New et al., 2007), the 
auditory and visual component of an AV animal stimulus are associated on a semantic 
level. This semantic association, in turn, has profound impact on the efficiency of AV in-
tegration (van Atteveldt et al., 2004; Hein et al., 2007; Doehrmann and Naumer, 2008). 

Thus, in contrast to previous studies, the present work focused on an earlier level of 
processing of semantically “loaded” AV stimuli minimizing potential confounds from 
linguistic factors and by reducing influences from (in-)congruency. Using animal im-
ages and vocalizations as a model for common objects in general, we compared fMRI 
responses to presentations of either 1.) the same image and vocalization in the first 
and second AV stimulus, 2.) the same image and different vocalizations, 3.) different 
images and the same vocalization, or 4.) different images and vocalizations (Fig. 1A). 
The change between the two AV stimuli always occurred within the same basic-level 
category, for instance “frog” or “dog” to keep the degree of semantic “relatedness” con-
stant within each AV stimulus and also across the stimulus pairs. The experimental 
design consisted of a two-by-two factorial manipulation with the factors “auditory” 
(same, different) and “visual” (same, different). We were therefore able to investigate 



80

Chapter 5

in a completely orthogonal manner the contribution of visual and auditory stimulus 
repetitions for the processing in the respective sensory cortices. 

Previous work from our (Hein et al., 2007) and other groups (e.g. Beauchamp et al., 
2004) implicated particularly regions in lateral temporal as well as inferior frontal corti-
ces, and to a lesser extent also ventral temporal regions (Bellardinelli et al., 2004) in the 
processing of AV object stimuli. Generally, since we employed complex object stimuli, 
we expected to find differential responses in higher-order auditory and visual cortices. 
To further enhance the likelihood of detecting such effects we took advantage of sepa-
rate localizer scans which were designed to identify object-sensitive cortical regions of 
the superior temporal plane and the lateral occipital (LO) as well as ventral temporal 
cortices, respectively. 

Figure 1.  Stimuli and experimental designs. (A)  Experiment 1. Schematic representations of the 
four different trial types employed in the experiment are shown in the left panel. From the first to 
the second AV stimulus the auditory, the visual or both components changed or no change at all 
occurred. Note that all changes occurred within the same basic-level category, thereby minimiz-
ing the potential influence of semantic congruency. Together, this resulted in a two-factorial de-
sign with the factors “auditory” and “visual” (middle panel). Each experimental trial (right panel) 
started in half of the cases with a jitter of one second followed by the rapidly successive presenta-
tion of a pair of two AV stimuli. After three or four seconds two volumes of functional data were 
collected. (B) Experiment 2. Examples of intact and scrambled visual (left panel) and auditory 
stimuli (right panel) are given. The latter are represented by amplitude waveforms and spectro-
grams. Note that the presentation time of auditory stimuli was one second instead of 500 ms as 
in Experiment 1. Blocks of ten either intact or scrambled stimuli were presented in the auditory, 
the visual or both sensory modalities, thereby generating six different experimental conditions.
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We expected to find effects of suppressed BOLD responses for the repetition of the 
auditory component in the anterior superior temporal gyrus (STG; Altmann et al., 2007; 
Doehrmann et al., 2008) and for the visual component in LO as well as fusiform gyrus 
(FG; Grill-Spector and Malach, 2001; Vuilleumier et al., 2002). However, fMRI-adaptation 
paradigms with visual (e.g. Henson et al., 2000; Turk-Browne et al., 2007) and auditory 
stimuli (Gagnepain et al., 2008) demonstrated not only effects of repetition suppres-
sion (RS), but also signal increases for repeated stimuli (“repetition enhancement”; RE). 
More precisely, RE has been found particularly for the repetition of unfamiliar stimuli, 
and this effect was also present on the level of oscillatory activity as measured by EEG 
(Fiebach et al., 2005; Gruber and Müller, 2005). Thus, no strong a priori hypothesis was 
formulated if effects were more likely to occur in the direction of RS or RE.    

Visual repetition effects in cortical regions commonly associated with auditory 
processing or auditory repetition effects in visual cortical regions would directly offer 
evidence for content-sensitive integration across sensory modalities in these cortical 
regions. Our experimental paradigm was designed to demonstrate exactly this kind of 
effects on cortical levels as early as STG and LO which are commonly involved in ob-
ject-related integrative processing. 

Methods

Subjects
Fifteen healthy volunteers with a mean age of 27.13 years (range 18-39; 7 males) parti-
cipated in two experiments. Three subjects (2 males) were left-handed as determined 
by self-report and an abbreviated form of the Edinburgh Handedness Inventory. Vi-
sual acuity for all subjects was normal or corrected to normal. According to self-report 
hearing abilities were also in a normal range. Subjects gave their informed consent to 
participate in the study. The experiments were performed in accordance with the ethi-
cal standards laid down in the 1964 declaration of Helsinki and were approved by the 
local Ethics Committee of the Frankfurt Medical School. 

Stimuli
For the fMRI-adaptation experiment (Experiment 1) two different color images and 
sounds of the following 14 animals were created: bird, cat, cow, dog, donkey, duck, el-
ephant, frog, horse, lion, monkey, owl, rooster, and sheep. Thus, both exemplars of the 
images and sounds referred to the same basic-level category. Generally, great care was 
taken to select only those images and sounds from bigger databases which were quite 
common and easily recognizable even when separately presented. This was especially 
important because during the experiments images and sounds were presented in 
different combinations. All animal images were taken from a professional database 
(Hemera Technologies, Gatineau, Quebec, Canada). The background of each image was 
removed and replaced by light gray (example stimuli can be found in Fig. 1). Further-
more, a white fixation cross was added. When presented on the screen in the scanner 
bore, all stimuli (including background) had a size of 10.3 x 10.3 cm (22 x 22 degrees 
of visual angle). 
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Twenty-eight animal vocalizations (two for each of the animals mentioned before) 
were taken from a collection of professionally recorded sounds (Sound Ideas, Rich-
mond Hill, Ontario, Canada) and from different internet websites. The sound stimuli 
were digitized with a sampling rate of 22050 Hz. The sounds were trimmed to an aver-
age length of 487.5 ms (standard deviation 46 ms, range: 342-556 ms). As in the case 
of the pictures, an important aspect was to preserve the recognizability of each sound. 
Accordingly, and likewise for the images, no subject reported problems to recognize 
any of the sound stimuli used during this experiment. 

For the localizer experiment (Experiment 2) 18 different animal stimuli were se-
lected from the same sources as for Experiment 1. The stimulus set here was partly 
overlapping with the one from Experiment 1. One visual and one auditory stimulus 
were taken from the same set of basic-level categories as reported previously. Addi-
tionally, images and sounds of a bear, a chicken, a pig and a seal were included in this 
second set of stimuli. 

The main purpose of Experiment 2 was to identify brain structures related to object 
processing. In accordance with other studies on visual object processing (e.g. Lerner 
et al., 2001; Tjan et al., 2006), we intended to compare fMRI signals to intact images 
of animals on the one hand and scrambled images on the other hand. If no further 
precautions are taken, scrambling of the color images used in the present experiments 
might result in a loss or at least in a change of the overall color composition. We used 
a method developed by Nicholaas Prins (University of Mississippi, USA) which accom-
plishes scrambling by adding a random phase structure to the existing three phase 
structures (red, green, blue; RGB) of the original images. Since the relative phases of 
each layer remained unchanged during phase scrambling, the color composition of 
intact and scrambled images was essentially the same (see Fig. 1B for example stimuli). 
Scrambling of the eighteen intact animal vocalizations was performed as described 
in previous articles from our group (Altmann et al., 2007). Both intact and scrambled 
sounds had the same average duration of 1040 ms (standard deviation 142 ms, range 
734 – 1386 ms), similar to our previous study (Altmann et al., 2007). 

All sounds of both experiments were equalized with regard to their root mean 
square sound intensity. Stimuli were presented with MR-compatible head phones (Re-
sonance Technology, Northridge, USA) using wave-guide tubes for sound transmission. 
The headphones of the MRI audio system contained fluid- and vinyl-sealed cushions to 
attenuate ambient noise up to 30 dB. For each subject the applied output volume for 
the stimulus presentation was adjusted individually to a comfortable level. Stimulus 
presentation and recordings of behavioral responses was controlled by the software 
package Presentation (Neurobehavioral Systems, Albany, USA) and triggered by the 
scanner to ensure synchronous stimulus delivery and fMRI measurements. 

Procedure
For Experiment 1 subjects were administered four runs of the event-related fMRI-adap-
tation experiment and one run of a high-resolution T1-weighted magnetization-pre-
pared rapid gradient-echo (MP-RAGE) sequence as an anatomical reference. In a sepa-
rate session, subjects were scanned for at least two runs of Experiment 2, and, again, 
one run of high-resolution MP-RAGE anatomy for coregistration. This fixed procedure 
(adaptation first, localizer second) was chosen on purpose because a substantial part 
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of the stimuli was used in both sessions. Since it is more likely that subtle adaptation 
effects might be affected by previous contact with the stimuli in a block-design local-
izer experiment than the other way round, we decided against the counter-balancing 
of the experimental sequence. 

In line with the general rationale of fMRI adaptation paradigms, the experimental 
conditions of Experiment 1 were created solely by the variation of the second of the 
two successive AV stimuli (Fig. 1A). For an adapting stimulus S1 and a subsequent stim-
ulus S2 this yielded the following four experimental conditions: 1. the same image and 
vocalizations for S1 and S2, 2. the same image and a different vocalization, 3. different 
images and the same vocalization, or 4. different images and vocalizations.  Each trial 
lasted for 10 seconds and started with a short non-stimulus delay of 500 ms and in half 
of the trials with an additional jitter of one second. The latter was applied to increase 
the sampling of different subsections of the blood oxygen level-dependent (BOLD) 
signal and to ensure efficient parameter estimation of the hemodynamic response 
function (Dale et al., 1999). Next, the first AV stimulus was presented with an average 
duration of 487.5 ms. After a short interstimulus interval of 500 ms on average, this 
adapting stimulus S1 was either followed by exactly the same AV stimulus (producing 
the “same” condition) or a different AV stimulus varying either the auditory, the visual 
or both components (producing one of the three “different”-conditions). Since stimuli 
were taken from the same basic-level category such as “dog”, no semantic congruency 
or incongruency effects were induced either across (from S1 to S2) or within each AV 
stimulus. Furthermore, due to our randomization procedure each stimulus was equally 
likely to be presented as S1 and S2. 

Each experimental run of the event-related fMRI experiment (Experiment 1) lasted 
12 min and 36 s. Four experimental runs per subjects were administered, resulting in 48 
trials per experimental condition. Within a single run, 12 trials per condition were pre-
sented, intermixed with 12 trials during which only the fixation cross was presented 
(baseline). Similar to previous studies (Altmann et al., 2004; Doehrmann et al., 2008), 
the order of presentation was counterbalanced so that trials from each condition were 
preceded (1 trial back) equally often by trials from each of the other conditions.

During Experiment 2 (localizer) ten successive stimuli were presented in each block 
followed by a fixation-only interval of equal length. Six different experimental con-
ditions were created involving either intact or scrambled versions of auditory, visual or 
combined AV stimuli. Each stimulus was presented for one second (in the visual-only 
conditions) or for the length of the respective sounds (in the auditory-only and the AV 
conditions; on average 1040 ms). Stimuli were separated by an interstimulus interval 
of approximately 500 ms, yielding an overall length of each stimulation block and each 
fixation period of 15 s. 

Each experimental condition was repeated two times. Together with an initial fixa-
tion each run of Experiment 2 had a length of 9 min and 22 s. The aim was to perform 
at least two localizer runs per subject. However, all subjects except one were even 
scanned for three experimental runs.  

Throughout both experiments, subjects were instructed to fixate a white cross on 
a gray background back-projected by an LCD-projector through a mirror fixed to the 
head coil. In Experiment 1, subjects were furthermore instructed to detect a specific 
target AV stimulus which was individually assigned to each participant prior to the 
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first experimental run. Since this target generally referred to one basic-level category, 
for instance “frog”, subjects could press the button already after the presentation of the 
first of the two AV stimuli. Thus, the task did not require the detection or identification 
of one particular exemplar from this particular category. To avoid the contamination 
with task-related motor activity, the respective target trials were discarded from further 
analysis of the imaging data. Target stimuli were presented 12 times per experimental 
run resulting in no substantial loss of experimental trials. This task provided an efficient 
attentional control compared to passive perception of the stimuli and reduced the im-
pact of task-related activation on the signal patterns measured during the experiment. 
Subjects’ performance was at ceiling suggesting that stimuli were indeed perceived 
attentively. 

In Experiment 2 subjects had a one-back task requiring a button-press whenever 
one stimulus was immediately repeated - which was the case in each block of experi-
mental trials. Again, subjects performed at ceiling supporting the view that attentional 
resources were deployed to stimulus processing. For both experiments, subjects were 
instructed to use only one hand for responding. The assignment of the left or the right 
hand was counterbalanced across subjects.  

Imaging and Data Analysis
Imaging for both experiments was conducted using a 3T ALLEGRA (Siemens, Erlan-
gen, Germany) scanner at the Brain Imaging Center, Frankfurt am Main. Similar to re-
cent auditory fMRI studies from our and other labs (Schwarzbauer et al., 2006; Doehr-
mann et al., 2008) scanning for Experiment 1 was conducted with an interleaved silent 
steady state EPI sequence to reduce this influence of gradient switching. Each acquisi-
tion period lasted 10 seconds and consisted of a silent interval of 6 seconds during 
which the acoustic stimulus was presented and a data acquisition period of 4 seconds. 
The following EPI parameters were used: TR = 2 s, TE = 30 ms. For each run 152 volumes 
consisting of thirty-three axial slices (3 mm thickness with 3.00 x 3.00 mm2 in-plane 
resolution, inter-slice gap: 0.6 mm) were collected with a bird-cage head coil. The field 
of view was 19.2 cm x 19.2 cm with an in-plane resolution of 64x64 pixels. As an ana-
tomical reference we acquired 3D volume scans by using a MP-RAGE sequence with 
160 slices (TR = 2.3 s). 

For the localizer experiment (Experiment 2) 281 volumes consisting of thirty-four 
axial slices were collected by using a conventional EPI sequence with the following pa-
rameters: TR = 2, TE = 30; 3 mm slice thickness with 3.00 x 3.00 mm2 in-plane resolution 
and an inter-slice gap of 0.3 mm. The field of view was again 19.2 cm x 19.2 cm with an 
in-plane resolution of 64x64 pixels. Similar continuous sequences were used in our lab 
both in the auditory as well as in the multisensory domain (Altmann et al., 2007; Hein 
et al., 2007). The same MP-RAGE sequence as in Experiment 1 was employed for the 
acquisition of anatomical references. 

Functional data were pre-processed and analyzed using the Brainvoyager QX (Brain 
Innovation, Maastricht, Netherlands) software package. Pre-processing included head 
movement correction and linear de-trending. Correction of slice scan time using cubic 
spline interpolation and temporal highpass filtering with 3 cycles per timecourse were 
only applied to the data of Experiment 2. The 2D functional images were co-registered 
with the 3D anatomical data, and both 2D and 3D data were spatially normalized into 
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the Talairach and Tournoux stereotactic coordinate system (Talairach and Tournoux, 
1988). Functional 2D data were spatially filtered employing a Gaussian kernel of 8 mm 
(full width at half maximum; FWHM). 

For each experiment, we computed a general linear model (GLM) to estimate the 
beta weights that model the hemodynamic responses as a combination of two gamma 
functions (Friston et al., 1998). Whole-brain random-effects (RFX) GLMs across subjects 
were calculated. For Experiment 1 the model included the following eight predictors: 
1) four predictors for the experimental conditions involving pairs of AV stimuli, 2) one 
predictor for the fixation condition, 3) one predictor for the target condition involving 
task-related motor activation 4) one predictor for the auditory stimulation resulting 
from the scanner noise and 5) one predictor for residual T1-related signal decay. For 
Experiment 2 the GLM was constructed based on the six predictors coding for the 
experimental conditions.  

In a first analysis step we used the GLM from Experiment 2 to define regions of in-
terest (ROIs) with sensitivities to auditory and visual object stimuli, respectively. To this 
end we computed beta-weight based t-tests contrasting responses to intact versus 
scrambled stimuli. For the auditory contrast the resulting map was thresholded at t(14) 
= 4.14, corresponding to an uncorrected statistical value of p < 0.001. This map was 
then projected onto averaged three-dimensional cortex reconstructions generated 
from the anatomical datasets of all participants (see below) and submitted to cortex-
based cluster threshold estimation based on a Monte Carlo simulation with 500 itera-
tions. This procedure resulted in a statistical map with a minimal cluster size of 94 mm3 
and corresponded to a corrected alpha value of p < 0.05. Similarly, visual ROIs were 
generated from a contrast of responses to blocks of intact versus scrambled images. A 
stricter statistical value was set to t(14) = 6.71 or p < 0.00001 to enhance selectivity of 
the obtained ROIs. The resulting maps were again projected onto the same averaged 
cortex reconstruction. 

Data from the fMRI adaptation experiment were then analyzed on the basis of 
these cortex-based auditory and visual ROIs. Effects of auditory and visual repetitions 
were determined by means of ROI-based RFX GLMs in a manner corresponding to a 
two-factorial design with the factors “auditory” and “visual”. More precisely, to investi-
gate the impact of auditory changes compared to auditory repetitions we calculated 
the following contrast, hereafter referred to as the “auditory adaptation contrast”: [(au-
ditory-different, visual-same) + (auditory-different, visual-different) > (auditory same, 
visual different) + (auditory same, visual same)]. Note that the visual component was 
completely subtracted yielding an effect which could be attributed solely to responses 
to auditory stimulation. Analogously, a “visual adaptation contrast” was computed:  
[(auditory-same, visual-different) + (auditory-different, visual-different) > (auditory dif-
ferent, visual same) + (auditory same, visual same)]. Similar to many fMRI adaptation 
studies we refer to a significant result in the direction of “different > same” as an ef-
fect of “repetition suppression” (RS). In contrast, an effect in the opposite direction, i.e. 
“same > different”, could be regarded as reflecting “repetition enhancement” (RE; see 
e.g. Henson et al., 2000). Finally, the interaction term was defined in the following man-
ner:  [(auditory-same, visual-same) + (auditory-different, visual-different) > (auditory 
different, visual same) + (auditory same, visual different)]. 
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Parameter estimates (beta weights) of responses of the auditory and visual ROIs dur-
ing Experiment 2 were visualized as bar plots in Figure. 2, 3, and 5. These response 
profiles are reported after the subtraction of the fixation condition. Error bars reflect 
mean standard errors which were corrected for inter-subject effects similar to previous 
studies (Altmann et al., 2007; Doehrmann et al., 2008). In particular, the fMRI responses 
were calculated individually for each subject by subtracting the mean percent signal 
change for all conditions within this subject from the mean percent signal change 
for each condition and adding the mean percent signal change for all the conditions 
across subjects.

We additionally conducted a whole-brain analysis to further corroborate findings 
from the ROI-based computations. The RFX GLM from Experiment 1 was used to calcu-
late the same adaptation contrasts as previously reported to search for cortical regions 
exhibiting RS and RE effects. Statistical maps were thresholded to an initial value of 
t(14) = 3.33, corresponding to p < 0.005. Volume-based cluster threshold estimation 
(Monte Carlo simulation with 1,000 iterations) was applied yielding a cluster size of 
5 voxels for the auditory adaptation contrast and 14 voxels for the visual adaptation 
contrast. 

In a final step of analysis we compared on the basis of Experiment 1 responses to 
changes from the first to the second stimulus (irrespective of modality) to responses 
to the experimental condition involving no change at all. Similar to the previously de-
scribed analysis statistical maps were thresholded to an initial value of t(14) = 3.33, 
corresponding to p < 0.005. Volume-based cluster threshold estimation (Monte Carlo 
simulation with 1,000 iterations) resulted in a cluster size of 6 voxels. No functional 
clusters survived this correction for the second contrast (“no change” > “change”). Ac-
cordingly, results could only be reported on an uncorrected level. 

Whenever feasible, group-averaged functional maps were projected onto inflated 
representations of the left and the right hemisphere of an averaged three-dimensional 
cortex reconstruction. These reconstructions were generated from the anatomical 
datasets of all participants by using algorithms from the so-called cortex-based inter-
subject alignment procedure (Goebel et al., 2006; Meienbrock et al., 2007) which were 
inflated to permit visualization of statistical activation maps both in gyri and sulci. As 
a morphed surface always possesses a link to the folded reference mesh, functional 
data can be shown at the correct location of folded as well as inflated representations. 
Whenever a projection onto these inflated reconstructions was not possible, we used 
volume-based visualizations on slices of an averaged anatomical dataset from all sub-
jects of our study. 

Results

Auditory localizer results and adaptation effects in auditory object-
sensitive cortices
Since we were primarily interested in the response patterns of those cortical regions 
which are commonly involved in auditory and visual processing of natural objects, we 
restricted our first analysis to voxels defined by separate localizer runs. A group-based 
random-effects general linear model (RFX GLM) of Experiment 2 served as the basis 
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for the definition of regions of interest (ROIs) in temporal cortex which are particularly 
related to processing of common auditory objects. Contrasting responses to blocks of 
intact versus scrambled auditory stimuli (Fig. 2A) resulted in a significant (t(14) = 4.14; p 
< 0.001) activation of bilateral superior temporal gyrus (STG) anterior to primary audi-
tory cortex located in Heschl’s gyrus (HG) as well as in middle portions of right superior 
temporal sulcus (STS). 

Taking these clusters as ROIs for the investigation of fMRI adaptation effects (Ex-
periment 1) revealed no significant differences as determined by t-tests in ROI-based 
RFX GLMs between experimental conditions in the left STG (Fig. 2B). However, in the 
right STG/STS ROI we found significantly stronger responses (t(14) = 2.261, p < 0.05) to 
those experimental conditions with changes in the auditory component from S1 and 
S2 compared to those with auditory repetitions. Significant results for the “auditory 
adaptation contrast” (see Materials and Methods for details) in the direction “different 
> same” could be regarded as evidence for auditory repetition suppression (RS). 

Significant effects (t(14) = 3.467, p < 0.05) were additionally found in this region for 
the comparison of visual repetitions and visual changes. Note that the direction of the 

Figure 2.  Adaptation effects based on the results of the auditory localizer. (A) Group data 
(n=15) contrasting intact and scrambled auditory stimuli were derived from the general linear 
model analysis of Experiment 2. Results are shown on lateral views of left and right hemispheres 
of averaged inflated three-dimensional cortex reconstructions generated from the anatomical 
datasets of all subjects. Light gray represents gyri, dark gray sulci. (B) Results of Experiment 1 
derived from the regions of interests shown in A. Bar plots represent parameter estimates (beta 
weights) of the four experimental conditions. The responses are reported after subtraction of the 
beta weights corresponding to the fixation condition on a single-subject basis and error bars 
represent mean standard errors of the fMRI responses corrected for inter-subject effects. See 
Methods section for details. Asterisks denote significant (p < 0.05) results of contrasts examin-
ing repetition effects. The same color conventions as for Figure 1 apply and are additionally 
provided at the bottom. Abbreviations: LH, RH: left and right hemisphere; RS, RE: repetition sup-
pression and repetition enhancement. STG = Superior temporal gyus; STS = Superior temporal 
sulcus. 
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effect was in this case “same > different” which can be considered as visual repetition 
enhancement (RE). This pattern remained essentially the same when the complete ROI 
was divided into an anterior and posterior portion. The sole difference was that for the 
anterior portion visual RE was less pronounced, dropping slightly below significance 
(t(14) = 1.937, p = 0.07). The interaction contrast (see Materials and Methods) was not 
significant in the auditory ROIs (t(14) = 0.897, p > 0.1 in the left hemisphere, and t(14) = 
0.863, p > 0.1 in the right hemisphere). 

Figure 3. Adaptation effects based on the results of the visual localizer. (A) Group data (n=15) 
contrasting intact and scrambled visual stimuli were derived from the general linear model 
analysis of Experiment 2. Results are shown on lateral (upper panel) and ventral (lower panel) 
views of left and right hemispheres of the same averaged cortex reconstruction used in Fig. 
2. (B) Effects in the regions of interests shown in A are presented as bar plots of beta weights 
(again after subtraction of the fixation condition). Error bars represent mean standard errors 
after correction for inter-subject effects. Color codes are the same as in previous figures and are 
additionally provided at the bot-tom. Asterisks denote significant (p < 0.05) results of contrasts 
examining repetition effects. Abbreviations: LH, RH: left and right hemisphere; RS, RE: repetition 
suppression and repetition enhancement.



89

Multisensory integration  investigated by fMRI adaptation

Table 1  Coordinates and number of significant voxels in regions of interest generated by data 
from the localizer experiment (Experiment 2)

Region of interest x y z
Number 
of voxels

Auditory 
adaptation 

(Exp. 1)

Visual 
adaptation 

(Exp. 2)

Auditory: intact > scrambled

Left STG -49 -11 3 747

Right STG 51 -23 3 1513 RS RE

Visual: intact > scrambled

Left LO -43 -72 0 260 RE

Right LO 44 -69 -3 581 RS

Left FG -38 -37 -18 232

Right FG 36 -41 -18 253 RS

Regions were determined by the group-based RFX GLM of the localizer experiment (Experi-
ment 2) by contrasting intact versus scrambled stimuli for the auditory and the visual sensory 
modalities. Talairach coordinates are derived from the clusters shown in Figure 2 and 3 and are 
provided in millimeters. The number of voxels is based on the resolution of the anatomical data 
set, i.e. 1x1x1 mm. Significant effects for the two adaptation contrasts for Experiment 1 were 
denoted depending on the direction of the respective effect (see text for details). Abbreviations: 
STG = Superior temporal gyrus, STS = Superior temporal sulcus, LO = Lateral occipital, FG = 
Fusiform gyrus, RS = Repetition suppression, RE = Repetition enhancement.   

Visual localizer results and adaptation effects in visual object-sensitive cortices
The same group-based RFX GLM of Experiment 2 was applied for the definition of vis-
ual ROIs in the lateral occipital (LO) and the ventral temporal cortices. Bilateral regions 
in LO cortex and fusiform gyrus (FG) were significantly (t(14) = 6.71, p < 0.00001) more 
responsive to blocks comprised of intact than scrambled object images (Fig. 3A). A sim-
ilar ROI analysis as the one previously described (Fig. 3B) revealed significant RS for the 
visual adaptation contrast only in right LO (t(14) = 2.891, p< 0.05) and right FG (t(14) = 
3.249, p < 0.05). The interaction was neither significant in right LO (t(14) = 0.464, p > 0.1) 
nor in right FG (t(14) = 0.732, p > 0.1). No corresponding effects for visual stimulation 
were found in left LO and left FG (t(14) = 0.814 and t(14) = 0.523, respectively). How-
ever, in left LO we detected a significantly (t(14) = 2.436, p < 0.05) stronger response to 
auditory repetitions than to auditory changes (RE). Again, no significant interaction as 
determined by the contrast reported in the previous section was found in left LO (t(14) 
= -0.239, p > 0.1) and left FG (t(14) = -0.070, p>0.1).  Details of the ROI analysis in this 
and the previous section can be found in Table 1. 

Whole-brain adaptation effects
To further investigate these response patterns beyond the restriction of pre-defined 
ROIs, we computed the visual and auditory adaptation contrasts also on a whole-brain 
level (Fig. 4). The visual adaptation contrast revealed a significant (t(14) = 3.33, p < 0.05, 



90

Chapter 5

cluster-size corrected) positive effect suggestive of RS in the left FG, posterior to our 
previously examined ROI (Fig. 4A). An additional cluster in the right FG did not survive 
cluster-size correction. However, in line with our ROI analysis signifi cant effects in the 
other direction (“same” > “different”; visual RE) were found in right STG/STS and the 
right anterior insula. Additional clusters of activation were revealed in bilateral medial 
occipital cortex, close to early visual areas. Signifi cant positive effects of the auditory 
adaptation contrast (auditory RS; t(14) = 3.33, p < 0.05, cluster-size corrected) were 
found only in the precentral gyrus of the left frontal lobe. Again in line with our ROI 
analysis, signifi cant effects for the reverse contrast (auditory RE) were revealed in a 
region located in posterior LO of the left hemisphere (Fig. 4B).  A summary and details 
of this analysis are provided in Table 2.

Whole-brain adaptation effects for global changes and repetitions
We fi nally asked if there were effects of global changes and repetitions. The former 
were defi ned as stronger responses to the mean of those experimental conditions of 
Experiment 1 which involved changes of any kind (in the auditory or visual or in both 
modalities) compared to the repetition of stimuli in both components. Computing this 
contrast of “change > no change” revealed very selective responses (t(14) = 3.33, p < 
0.05, cluster-size corrected) in two clusters of the right temporal lobe (Fig. 5): one lo-
cated in the inferior-temporal gyrus (ITG) and the second more ventral, close to FG. 
A further ROI-based investigation of these two clusters demonstrated that indeed all 
experimental conditions involving a change induced signifi cantly stronger responses 

V-same > V-different (blue) A-same > A-different (blue)
A

p < 0.05 (corrected)

p < 0.05 (corrected)

LH RH

lateral

ventral

medial

B

Figure 4. Whole-brain results of the adaptation contrasts. (A) Results for adaptation contrasts ex-
amining sensitivities to visual changes (“different” > “same”; map color: orange) and repetitions 
(“same” > “different”, map color: blue) as indices of repetition suppression and enhancements 
are shown on lateral (upper panel), ventral (middle panel) and medial (lower panel) views of the 
same averaged cortex reconstruction used in Figures 2 and 3. (B) A similar contrast as in A was 
used for the investigation of auditory adaptation effects. Blue color of the map represents stron-
ger effects for auditory repetitions than changes. Data are shown on a sagittal (upper panel) and 
axial slice (lower panel) of a volume-based anatomical scan averaged across all subjects. 
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Table 2. Whole-brain analysis of Experiment 1

Region of interest x y z
Number 
of voxels

Visual: different > same (RS)

Left FG -37 -54 -15 190

Visual: same > different (RE)

Right STG/STS 47 -29 0 702

Right anterior insula 32 22 9 161

Right lingual gyrus 3 -69 0 105

Left lingual gyrus -6 -71 5 125

-6 -65 0 540

Auditory: different > same (RS)

Left precentral gyrus -45 13 9 520

Auditory same > different (RE)

Left LO -41 -82 0 220

Regions were determined by the group-based RFX GLM of Experiment 1. Adaptation contrasts 
(see text for details) for the investigation of repetition effects were calculated on a whole-brain 
level. Talairach coordinates are derived from the clusters shown in Fig. 4. The same conventions 
apply as in Table 1. 

in the left ITG. In contrast, no significant differences were found in the response of the 
FG cluster between the experimental condition involving auditory changes only and 
the one involving no change at all. Thus, this latter region seems to be sensitive only 
to visual changes.

Discussion

The present fMRI-adaptation experiment investigated the impact of changes between 
two successive AV object stimuli without introducing additional variations of congru-
ency. We were able to replicate previous reports of RS for repeated auditory stimuli in 
the anterior STG/STS and for repeated visual stimuli in LO and FG even under condi-
tions of divided attention. Using fMRI adaptation for the first time in the domain of 
AV object processing, we additionally demonstrated effects of RE for repeated visual 
stimuli in the STG/STS and for repeated auditory stimuli in left LO. Thus, cortical re-
gions commonly associated only with processing of unisensory stimuli were found 
to be modulated in their activity for repeated stimuli in the respective other sensory 
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modality. We start with a brief examination of our RS effects and then proceed with a 
discussion of the novel findings of RE in AV object processing. The last part will be on 
effects found in the present fMRI-adaptation study in ITG which showed a release from 
adaptation for any experimental condition involving a change compared to the “no 
change” condition.

Effects of auditory and visual repetition suppression
The most conspicuous finding from our study is a differential pattern of RS and RE ef-
fects. The former are in good correspondence with previous results obtained by fMRI-
adaptation or priming paradigms. In two earlier studies we were able to demonstrate 
suppressive effects for animal vocalizations in anterior portions of the STG (Altmann et 
al., 2007; Doehrmann et al., 2008). These could not be explained by non-selective adap-
tation to stimuli of a certain frequency complexity (Altmann et al., 2007). Furthermore, 
when compared to stimuli of a category of man-made objects, adaptation in STG did 
not occur for these stimuli but appeared to be selective for animal vocalizations (Doeh-
rmann et al., 2008). These findings were also in line with results from studies using fMRI 
(Bergerbest et al., 2004) and ERPs (Murray et al., 2006; 2008). Together, these findings 

Figure 5. Whole-brain global change- and repetition-related effects. (A) Global change-related 
effects were determined on the basis of results from Experiment 1. Mean responses to all three 
experimental conditions involving a change in the auditory, visual or both components were 
compared to the responses of a repeated stimulus. Significant effects are shown on an axial slice 
of the same averaged anatomical dataset used in Figure 4. Cluster #1 is located on the inferior 
temporal gyrus (x=51, y=-61, z=-7, size: 366 voxels) and cluster #2 on the fusiform gyrus 
(x=34, y=-54, z=-11, size: 222 voxels). (B) Barplots of beta weights derived from Experiment 
1 are shown for the cortical regions marked in A. Color codes are provided at the bottom. Each 
experimental condition involving a change in one or both sensory modalities was separately 
compared by means of t-test to the experimental condition involving no change for the regions 
determined in A. Asterisks denote significant effects (p < 0.05) of t-tests on beta weights of Ex-
periment 1. Error bars of plots were corrected for inter-subject effects. 
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underscore that the present experiment indeed tapped into processes related to the 
activation of a ventral auditory “what”-stream. 

Similarly, visual RS effects for common objects have been previously demonstrated 
in right LO and FG by a large set of studies using fMRI adaptation techniques. More 
precisely, LO is generally sensitive to visual object stimuli compared to patterns of el-
ements of similar complexities which do not form a complete object (Malach et al., 
1995). RS was measured both for the repetition of real and for nonsense objects (Vuil-
leumier et al., 2002) further supporting a relative invariance of this cortical region to 
the type of visual stimuli in use. Other studies revealed that activity in this cortical 
region was more related to the actual percept of the subject and less to the processing 
of physical features of an object (Kourtzi and Kanwisher, 2001; Weigelt et al., 2007b). 
In contrast, FG might operate on a higher processing level, likely to be connected to 
semantic aspects of visual stimuli. This view is supported by a general preference for 
real compared to nonsense objects (Vuilleumier et al., 2002) and different cortical rep-
resentations for various stimulus categories both within and in close proximity to FG 
(Downing et al., 2006). 

From a more general perspective we conclude that our stimuli indeed engaged 
the recognition-related streams. The effects of RS in cortical regions related to audi-
tory and visual object processing are no trivial result since subjects were instructed to 
attend both sensory modalities. Several studies demonstrated a close interrelation of 
attention and fMRI adaptation with a decrease or even lack of RS when attention was 
not directed to the repeated stimuli (Murray and Wojciulik, 2004; Weigelt et al., 2007a). 
Therefore, since we were able to measure RS effects, the division of attention did not 
undermine typical object processing as examined in classical unimodal fMRI adapta-
tion experiments. 

Auditory and visual repetition enhancement
The previously discussed effects are consistent with the view that repetitions within 
sensory modalities indeed induced typical adaptation effects. However, more impor-
tant for research on sensory integration is the question of repetition effects across sen-
sory modalities. Interestingly, in the present study these were found as enhancement 
rather than suppression effects (see the following section for a discussion of cross-
modal suppression effects). 

In contrast to the widely-reported effects of RS, RE is a less-discussed phenomenon 
although it was present even in studies utilizing single-cell recordings in non-human 
primates (see e.g. Li et al., 1993). In human subjects, effects of RE were found both in 
fMRI and electrophysiological studies focusing on oscillatory activity. For instance, Hen-
son and colleagues (2000) examined the influence of stimulus familiarity on repetition 
priming while measuring fMRI. Faces (famous or non-famous) and symbols (familiar or 
abstract) both induced effects of RE in FG of the right hemisphere. Similarly, induced 
oscillatory activity in the gamma band showed effects of RE for unfamiliar stimuli such 
as pseudowords (Fiebach et al., 2005) or nonsense objects (Gruber and Müller, 2005). 
Finally, these effects are not restricted to the visual sensory modality, but have been 
described also in the auditory domain (Gagnepain et al., 2008). 

Given these previous reports it is not surprising that the present study also revealed 
effects of RE. However, the important question is what these enhancement effects re-
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flect on a functional level. For unfamiliar material it has been suggested (Henson, 2003; 
Gruber and Müller, 2005) that RE is a signature of memory encoding and therefore the 
generation of a novel cortical representation for these stimuli. A stimulus repetition 
might enhance activity in a population of neurons coding for the previously presented 
stimulus. This neuronal enhancement is then translated into a BOLD effect as mea-
sured by fMRI. Another, not necessarily contradicting explanation of RE is based on 
studies which systematically varied the degree of stimulus salience (Kourtzi et al., 2005; 
Turk-Browne et al., 2007). Presentation of stimuli which were previously learned either 
with or without a noisy background resulted in stronger fMRI responses for the former 
in several regions of the ventral visual stream upon subsequent presentations (Kourtzi 
et al., 2005). A similar effect could be obtained for the place-sensitive cortical region 
in ventral occipito-temporal cortex for the immediate repetition of two low-contrast 
scenes (Turk-Browne et al., 2007). In the latter case the second stimulus “aids” the pro-
cessing of the suboptimal first stimulus thereby inducing repetition enhancement.  

Our RE effects in right STG/STS and in left LO can similarly be interpreted along 
these lines. An auditory region like right STG/STS reacts with a stronger signal for au-
ditory changes (auditory release from adaptation, RfA) than for auditory repetitions. 
However, a visual stimulus accompanying the auditory stimulus could be regarded 
similar to the low-contrast stimuli in the study by Turk-Browne et al. (2007) also as sub-
optimal for this cortical region. If neurons in this region were completely insensitive 
to the content of the visual stimulus, we would have found no difference for repeated 
versus different visual stimuli. Most interestingly, this was not the case. In contrast to 
this, we detected a stronger activation of right STG/STS for visual repetitions compared 
to visual changes possibly also due to an increased processing depth for a second 
presentation of the suboptimal visual stimulus. Conversely, in left LO the strongest re-
sponses were measured for visual changes (visual RfA) and auditory repetitions (green 
bars in Fig. 3). In the case of LO, auditory stimuli could be regarded as suboptimal and 
therefore produced enhanced responses after stimulus repetitions.

Drawing together these ideas, our major findings can be described as follows (Fig. 
6). The most important “driving forces” for the cortical responses are mechanisms of 
RS and RfA. The most pronounced responses in right STG/STS were induced by audi-
tory changes and a corresponding strong auditory RfA which is likely to be further 
modulated by RE due to visual stimulus repetitions. At the same time, these repeated 
visual stimuli suppressed the response in extrastriate regions such as LO. Furthermore, 
although the underlying mechanisms are less clear, suppressive effects might also be 
induced in these regions by auditory changes (Fig. 6A). For left LO the major “driving 
force” is a visual RfA by visual changes. This is further increased by an accompanying 
auditory RE due to the repetition of sounds. However, these repeated stimuli produce 
at the same time an auditory RS in cortical regions such as STG/STS (Fig. 6B). Note that 
the model presented in Fig.6 is oversimplified to some extent since only in STG/STS all 
mechanisms of RS, RfA and RE operate in conjunction while these different processes 
seem to be more distributed in visual cortex with more pronounced effects of RS and 
RfA in more ventral regions such as FG and effects of auditory RE in left LO. 

These putative interactions between higher-order sensory cortices are in line 
with a growing body of recent literature supporting the view that even cortical re-
gions previously regarded as strictly unisensory could at least be modulated by stimuli 
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presented in the respective other sensory modality. Recordings in auditory cortices 
of non-human primates have revealed both enhanced and suppressed activity for AV 
stimuli such as monkey faces and vocalizations (Ghazanfar et al., 2005) which are likely 
to result from interactions between these regions and multisensory cortices such as 
STS (Ghazanfar et al., 2008). Also, tracer studies in these primates (Falchier et al., 2002; 
Clavagnier et al., 2004) suggest direct connections between auditory and visual corti-
ces without additional connections onto mediating neurons in multisensory regions. 
Additional work investigating projections in the cat’s sensory cortices suggests even 
direct connectivity between auditory and higher-order visual regions (Clemo et al., 
2008). In humans, neuroimaging studies revealed influences of visual stimuli on audi-
tory cortices (e.g. van Atteveldt et al., 2004; Hein et al., 2007) and of auditory stimuli on 
visual cortices (e.g. Giard and Peronnet, 1999; Amedi et al., 2007). 

However, at least to our knowledge no study to date has found similar repetition-
induced modulatory influences of concurrently presented AV stimuli on the processing 
of sensory cortices without introducing additional variations with respect to seman-

Figure 6. Schematic illustration summarizing the major results of the present study. Functional 
profiles of higher-order auditory (STG/STS) and visual (LO) regions are illustrated under the con-
ditions involving (A) auditory changes and visual repetitions and (B) visual changes and auditory 
repetitions. A legend of abbreviations used is provided at the bottom of the figure. Upward and 
downward arrows symbolize signal increases and decreases, respectively, while the thickness of 
the arrows illustrates the strength of these changes.  
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tic congruency or by comparing responses to stimuli with different sensory complex-
ity (e.g. bimodal versus unimodal stimulation). In contrast, even when controlling for 
these different factors our study demonstrates that repeated stimuli in one sensory 
modality can enhance the activity in the respective other sensory cortices.  

Global repetition suppression effects and alternative accounts
The final set of findings of the present study concerns what we have termed “global” 
RS effects. We found such effects of enhanced fMRI responses in the right FG and more 
laterally in right ITG for experimental conditions involving any change (auditory, visual, 
or both) compared to the condition with no change. Interestingly, these two regions 
differed with regard to their sensitivity to particular changes. The FG showed only 
stronger responses for experimental conditions with a visual change and was there-
fore primarily driven by visual RS and RfA. This pattern was already discussed in the 
section on visual RS. In contrast, the ITG additionally exhibited more pronounced activ-
ity even when a change occurred in the auditory component. We will therefore focus 
now on the latter cortical region.  

Several previous crossmodal neuroimaging studies reported activity in the ITG, 
particularly in response to visual and auditory stimuli. For instance, Tranel and cowork-
ers (2005) found ITG to be involved during naming tasks on stimuli presented either 
in the visual or the auditory sensory modality. The authors suggested that this cortical 
structure mediates conceptual knowledge retrieval and the formation of a word form 
during naming. However, the effects found by Tranel et al. (2005) were confined to the 
left hemisphere possibly due to the linguistic task, whereas the present study revealed 
only responses in right ITG. Similar to these reports of Tranel et al. (2005), some repeti-
tion priming studies (e.g. Buckner et al., 2000; Cohen et al., 2004) found signal reduc-
tions in left ITG for repeated word generations cued either in the auditory or in the 
visual modality. As in the case of Tranel and coworkers (2005) this finding has been dis-
cussed particularly in relation to semantic aspects which were rather detached from 
perceptual processing, i.e. operating on an “supramodal” level irrespective of which 
sensory modality was used for introducing information into the system. 

 While these findings are interesting in their own right, they can also provide an 
answer to a possible objection to our interpretation of our major findings as presented 
in the previous section. More precisely, an important issue in this respect could be the 
influence of attention. For instance, Shomstein and Yantis (2004) showed that shifts 
of attention during AV stimulus presentations between auditory and visual streams 
result in a particular pattern of suppression and enhancement of activity in the respec-
tive sensory cortices. However, the response pattern measured in the present study 
could not easily be accounted for by these attentional effects. Shomstein and Yantis 
(2004) found more pronounced fMRI responses in fronto-parietal regions for those 
experimental conditions involving changes (or “shifts of attention” in their terminol-
ogy) than for those with no changes. However, in the present study, this corresponds 
exactly to the contrast comparing responses to any change to the condition involving 
no change at all (Fig. 5A). When computing this contrast we did not find fronto-parietal 
regions, rendering it at least unlikely that covert shifts of attention could completely 
account for our pattern of results. 
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Furthermore, this attentional account can offer no straightforward answer to the re-
sponse pattern revealed in the present study. One would have to argue that changes 
in one sensory modality (from the first to the second AV stimulus) caused a shift of at-
tention to that modality and a concomitant enhancement of activity in the respective 
sensory cortex and suppressive effects in the other sensory cortex. As explained be-
fore, this approach could not fully explain why particular experimental conditions in-
volving changes in the respective other sensory modality caused a stronger enhance-
ment than other conditions. In contrast, we think that our approach as described in 
the previous section can provide a more extensive account for the response patterns 
found in the present study. 

Conclusion 
The present study used an fMRI-adaptation paradigm to investigate how cortical 
struc-tures were modulated by changes in the auditory, visual, or both components of 
two successive AV stimuli. Even when controlling for stimulus complexity and seman-
tic congruency our design could reveal subtle influences of (repeated) visual stimuli 
on processing in higher-order auditory cortices and of (repeated) auditory stimuli on 
extra-striate visual cortex. These effects could be explained by the complex interac-
tion of different repetition-related mechanisms which can only be revealed in an fMRI-
adaptation paradigm such as the one employed here. Thus, our novel findings are not 
only interesting in their own right, but also support the conclusion that fMRI adapta-
tion can indeed be fruitfully applied to the domain of AV integration. We therefore ex-
pect that this method will soon be utilized in a widespread manner to further unravel 
the integrative mechanisms working in the human brain.    
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By using meaningful stimuli, multisensory research has recently started to investigate the impact 
of stimulus content on crossmodal integration. Variations in this respect have often been termed 
as “semantic”.
In this paper we will review work related to the question for which tasks the influence of semantic 
factors has been found and which cortical networks are most likely to mediate these effects. 
More specifically, the focus of this paper will be on processing of object stimuli presented in the 
auditory and visual sensory modalities. Furthermore, we will investigate which cortical regions 
are particularly responsive to experimental variations of content by comparing semantically 
matching (“congruent”) and mismatching (“incongruent”) experimental conditions. In this con-
text, recent neuroimaging studies point toward a possible functional differentiation of temporal 
and frontal cortical regions, with the former being more responsive to semantically congruent 
and the latter to semantically incongruent audio-visual (AV) stimulation.
To account for these differential effects, we will suggest in the final section of this paper a pos-
sible synthesis of these data on semantic modulation of AV integration with findings from neu-
roimaging studies and theoretical accounts of semantic memory.

Doehrmann, O., and Naumer, M.J. (2008). Semantics and the multisensory brain: How mean-
ing modulates processes of audio-visual integration. Brain Research, 1242, 136-150.
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Introduction

It is common knowledge that we experience our environment by means of different 
sensory channels. However, while it seems natural for the perceiver that information 
from several sensory modalities is integrated to form a coherent whole, a central ques-
tion in the behavioral and neurosciences concerns the mechanisms mediating this 
integration. Several factors have been reported to have a major impact on these inte-
grative mechanisms such as spatial and temporal correspondence of incoming signals, 
e.g. from the visual and auditory channels (Stein and Meredith, 1993). While the influ-
ence of these factors can be explained by the receptive-field properties of multisen-
sory neurons in subcortical and cortical structures, other mechanisms of integration 
like a close correspondence of content operate on a higher level and are more difficult 
to accommodate in theoretical frameworks.

The latter mechanisms have frequently been called “semantic” (e.g. Calvert, 2001; 
Laurienti et al., 2003). Typical perceptual situations involving such a semantic context 
are those in which a complex visual stimulus is paired with a matching auditory coun-
terpart, for instance the picture of a dog and a corresponding barking sound. Both 
psychophysical (e.g. Laurienti et al., 2004) and neuroimaging studies (e.g. van Atteveldt 
et al., 2004; Hein et al., 2007) have intended to capture these situations by contrasting 
“congruent” and “incongruent” experimental conditions. It has become evident that 
even when only the crossmodal domain is considered, congruency could be modu-
lated in a number of ways. For instance matching and mismatching conditions could 
be generated for various types of content such as emotional expressions in face and 
voice stimuli (Dolan et al., 2001), variations in speaker identity (Schweinberger et al., 
2007) or images and sounds of common objects (Noppeney et al., 2007).

Given this wide range of different contexts it is not easy to provide an exact defini-
tion of “semantics” as it is used in the research field of multisensory integration. To a 
first approximation, a very weak degree of “semantic” variation might already be given 
whenever stimulus properties other than spatial and temporal factors, for instance 
shape or pitch, are varied in experimental contexts. However, most studies relevant 
here used more complex visual and auditory object stimuli, for which associations had 
been established in the course of an individual’s learning history. In many cases, these 
associations can be regarded as “arbitrary” by connecting information conveyed in dif-
ferent sensory modalities, in contrast to features such as motion or rhythm which could 
in principle be perceived in more than one sensory modality (sometimes called as 
“amodal” stimulus properties in developmental contexts, see e.g. Lickliter and Bahrick, 
2004). However, it is likely that while arbitrarily related stimuli from different sensory 
modalities become associated, they increasingly contribute to a concept referring to a 
certain object. Thus, semantics in a stronger sense possibly involves a whole network 
of information related to objects and their diverse properties and is therefore heavily 
connected to semantic memory (Martin, 2007; Patterson et al., 2007).

In this review, we will focus on this stronger sense of semantics and its impact on 
the integration of stimuli presented in different sensory modalities. Moreover, we will 
cover exclusively work related to audio-visual (AV) integration since these two sensory 
modalities most reliably transmit meaningful content and, conversely, their integration 
is more likely to be influenced by semantics (however, see Gottfried and Dolan (2003) 
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for a less typical example from the visual-olfactory domain). In a first step we will dis-
cuss psychophysical studies investigating the impact of semantics in tasks involving 
AV stimulation to underscore the view that semantic associations are indeed causally 
relevant for a subject’s behavior, especially in multisensory contexts. The major part 
of this review will then be devoted to the question of which cortical structures actu-
ally do exhibit AV integration effects induced by semantic modulations. While in most 
cases, effects for AV integration have been investigated by comparing the responses to 
bimodal stimulation with those to unimodal stimuli, we will comment on the continu-
ing debate on appropriate criteria for integrative effects in neuroimaging studies in 
section 3 (“Cortical networks for AV integration of common objects”). 

For the factor “semantics”, also so-called “congruency effects” obtained by the com-
parison of conditions involving semantically matching (“congruent”) and non-match-
ing (“incongruent”) AV bimodal stimuli will be of particular importance. Findings for 
common AV objects obtained by functional magnetic resonance imaging (fMRI) and 
noninvasive electrophysiological methods such as electroencephalography (EEG) and 
magnetoencephalography (MEG) will then be further compared to results from recent 
studies using other types of stimuli such as AV speech to determine the degree of 
specificity of the cortical networks. In the final section we will suggest a possible syn-
thesis of how cortical regions involved in AV integration may possibly interact with 
regions associated with semantic memory processes.
 

Behavioral effects of varying semantics during AV stimulation

A large number of behavioral studies has revealed impressive facilitative effects of con-
current crossmodal stimulation, for instance during simple reaction time tasks (Forster 
et al., 2002) and more complex target detection (Molholm et al., 2004), with respect to 
detection thresholds (Frassinetti et al., 2002) or visual perceptual learning (Seitz et al., 
2006). Thus, it is widely accepted that stimuli presented in different sensory modalities 
could provide complementary information yielding elevated performance levels likely 
to be caused by neural integration processes instead of simple probability summation 
(Miller, 1982).

While a large number of studies has investigated the influence of temporal and 
spatial factors on multisensory integration (e.g. Sugita and Suzuki, 2003; Fujisaki et al., 
2004; Navarra et al., 2007), the impact of semantics on these integration processes has 
been investigated by comparatively few studies. Laurienti and colleagues (2004) de-
veloped a behavioral paradigm which allowed them to examine effects of congruent 
and incongruent AV stimuli compared to a control condition involving congruency 
in a visual within-modality context. Significantly faster response times were found 
selectively for congruent AV pairings compared to unimodal stimulation, but not for 
semantically congruent, visual intra-modal conditions. In contrast, reaction times were 
significantly longer for incongruent conditions in both crossmodal and intra-modal 
contexts. This study therefore already highlights the importance of employing appro-
priate intra-modal control conditions to demonstrate specifically multisensory effects 
of semantic congruency. However, effects with respect to incongruency seem to be 
less specifically bound to crossmodal stimuli.
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However, behavioral facilitation effects for semantically associated stimulus com-
ponents might also be modulated by directing attention to a single sensory chan-
nel. Recently, interaction effects of semantic congruency and sensory modality were 
reported for a name-verification task on natural objects, demonstrating stronger ef-
fects of congruency when the auditory modality was attended (Yuval-Greenberg and 
Deouell, 2007). These effects suggest a more pronounced influence of concurrent vi-
sual stimulation on auditory perception than vice versa, possibly due to the fact that in 
most cases the visual modality provides more reliable information for object-recogni-
tion (see also the so-called “modality-appropriateness hypothesis” proposed by Welch 
and Warren, 1986).

Recent studies have started to investigate the impact of semantic congruency on 
previously described multisensory perceptual effects. For instance, Koppen et al. (2008) 
examined if stimulus congruency significantly influences an effect during a speeded 
response task in which participants had to determine which sensory modality had 
been stimulated (auditory, visual or AV). Typically, subjects fail more often to respond 
to the auditory component of an AV stimulus than to the visual one (Colavita, 1974), 
again suggesting visual dominance. Interestingly, the magnitude of the so-called 
Colavita effect was unaffected by semantic associations between AV animal stimuli. 
Moreover, during congruent AV stimulation subjects were significantly less accurate 
and slower than during incongruent conditions. However, it should be noted that the 
effects found by Koppen et al. (2008) during speeded modality-determination tasks 
might be less likely to benefit from semantic congruency than tasks requiring a target 
detection (Laurienti et al., 2004; Molholm et al., 2004). For instance, the identification 
of a pre-defined target stimulus often requires some advanced level of object process-
ing which could be enhanced by redundant information from a second modality. In 
contrast, the determination of the stimulated modality could, in principle, also be ac-
complished for stimuli lacking any semantic content or, as demonstrated by Koppen 
et al. (2008) might even be negatively affected by concurrent, semantically matching 
stimuli in a second sensory modality.  

Effects of semantic congruency have also been reported during AV temporal or-
der judgment tasks, i.e. when subjects had to determine which modality had been 
stimulated first. Using AV speech stimuli, Vatakis and Spence (2007) demonstrated that 
subjects found such a task easier when both unimodal components matched (in this 
case: gender of voice and face). Similarly, Gallace and Spence (2006) were able to show 
that a match even of very simple stimuli (disks of varying sizes and simple tones with 
high or low frequency) can have a significant influence on a size-judgment task for 
delayed presentations of disk stimuli – even if subjects were explicitly instructed to 
ignore the auditory stimuli. Thus, congruency effects might already be present for low-
level stimuli. Furthermore, processing of high-level visual stimuli such as faces could 
also be significantly influenced by low-level stimuli such as pure tones. For instance, 
Smith et al. (2007) recently reported that a gender-classification task on androgynous 
face stimuli could be significantly biased depending on the concurrent presentation 
of pure tones either in the male or female fundamental-speaking-frequency range. Im-
portantly, these tones transmitted no complex spectral information generally associ-
ated with human voices and, therefore, are typically processed on a very early level of 
auditory cortex. Thus, under certain circumstances the combined presentation of AV 
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stimuli which are congruent even on very subtle levels could significantly determine 
perceptual decision processes and thereby behavioral performance.

Finally, concurrent presentation of semantically matching AV stimuli does not only 
enhance immediate performance, but also has some facilitative effects on later mem-
ory performance. Murray et al. (2004) showed that recognition performance (old/new 
decisions) for repeated presentations of line drawings displaying common objects was 
significantly improved if these pictures were paired with task-irrelevant, but semanti-
cally matching sounds during the initial presentation. In a follow-up study, Lehmann 
and Murray (2005) demonstrated that these facilitative effects were not simply caused 
by the presence of any multisensory encoding context, since recognition accuracy was 
unaffected for object images which had been paired with a simple tactile stimulus dur-
ing initial presentations. Interestingly, pairing a novel object image with an auditory 
stimulus lacking semantic content, i.e. a pure tone of 1000 Hz, induced a reduction of 
accuracy on subsequent presentations of these visual stimuli. More importantly, only 
a semantically congruent, but not incongruent initial AV presentation had a positive 
effect on subsequent recognition performance during repeated image presentations. 
Thus, memory representations of previously encountered visual objects seem to spe-
cifically benefit from semantically matching auditory stimuli possibly due to a more 
elaborated encoding leading to a richer or more robust stimulus representation. How-
ever, it should be noted that the degree of specificity of these effects to the multisen-
sory domain could not be fully explored since the authors did not employ intra-modal 
control conditions (Laurienti et al., 2004). 

In summary, a number of recent studies was able to demonstrate significant influ-
ences of semantically related AV stimuli on behavioral effects. In many cases semanti-
cally congruent compared to incongruent AV stimulation substantially improved the 
performance. In the following sections we turn to the question which cortical networks 
form the most likely neural basis for these integrative effects.

Cortical networks for AV integration of common objects

As reviewed above, psychophysical studies using semantically modulated AV stimula-
tion point toward behavioral advantages for congruent compared to incongruent con-
ditions. In this section we will focus on recent neuroimaging studies using AV stimuli of 
common objects to investigate the interaction of integrative and content processing. 
While our overall aim is to identify candidate regions in human cerebral cortex which 
are particularly sensitive to semantic variations in AV objects, we will first focus on fMRI 
work and thereafter on electrophysiological findings. 

fMRI studies
As already mentioned in the introduction, effects concerning multisensory integration 
have mostly been investigated by comparing responses to bimodal stimuli with those 
to unimodal stimulation. Some commonly reported cortical activations for AV stimula-
tion compared to unimodal control stimuli are depicted schematically in Figure 1 (for 
details see e.g. Ghazanfar and Schroeder, 2006; Kayser and Logothetis, 2007; Driver and 
Noesselt, 2008). 
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Regarding fMRI data the question of appropriate statistical criteria to determine mul-
tisensory integration effects has been continuously discussed (see e.g. Calvert, 2001; 
Laurienti et al., 2005; Beauchamp, 2005). Based on invasive electrophysiological find-
ings it has been argued that also in fMRI studies multisensory integration might be 
indicated by the response to AV stimuli exceeding the linear sum of the responses 
to unimodal stimulation, i.e. AV > A + V (“superadditivity”; see e.g. Calvert et al., 2001). 
However, in many contexts this criterion might be too strict, especially if the stimuli 
are not presented in a degraded manner or close to threshold (Stanford and Stein, 
2007). Accordingly, we will also consider fMRI studies employing criteria based on 
“subadditivity” (sometimes also called the “max”-criterion; Beauchamp, 2005) in which 
responses to AV stimuli have to exceed the most pronounced unimodal response, i.e. 
AV > max (A, V) (see e.g. Hein et al., 2007). Finally, with respect to the question of sensi-
tivity to semantic modulations in a given cortical region, we will particularly focus on 
direct bimodal comparisons of semantically congruent and incongruent AV stimuli. A 
possible advantage of this approach is a similar degree of perceptual complexity (due 
to bimodal stimulation in both conditions) together with a variation in semantic re-

Figure 1. Schematic illustration of commonly reported regions involved in AV integration. An 
inflated three-dimensional cortex reconstruction of the left cerebral hemisphere (MNI template 
brain) is shown in lateral (upper panel) and ventral (lower panel) views. Gyri and sulci are shown 
in lighter and darker shades of grey, respectively. The selected example studies reported AV ef-
fects in the following regions: inferior frontal cortex (IFC; Hein et al., 2007) premotor cortex 
(PMC, Skipper et al., 2007), posterior parietal cortex (PPC; Noppeney et al., 2007), superior 
temporal gyrus (STG; van Atteveldt et al., 2004), posterior superior temporal sulcus/middle 
temporal gyrus (pSTS/MTG; Beauchamp et al., 2004; Hein et al., 2007), ventral occipito-
temporal cortex (VOT; Beauchamp et al., 2004).
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latedness of the stimuli. Thus, studies employing unimodal and bimodal experimental 
conditions as well as AV congruency modulations are particularly relevant for the main 
purpose of this review.

One of the first fMRI studies to investigate the impact of semantics on AV inte-
gration (Laurienti et al., 2003) presented semantically congruent and incongruent AV 
stimuli of common objects while subjects performed a task only on the visual stimuli. 
The authors found regions in anterior cingulate and medial prefrontal cortices acti-
vated more strongly during congruent compared to incongruent AV stimulation. How-
ever, the interpretation of these results was difficult for several reasons. First, atten-
tion was directed to the visual stimuli while auditory stimuli had to be ignored. Other 
studies (Alsius et al., 2005; Degerman et al., 2007) suggested that both components 
of an AV object had to be attended for crossmodal integration to occur. Thus, task-
related and perceptual effects were difficult to disentangle in that study. Second, the 
authors neither employed a baseline condition nor any unimodal control conditions. 
While the former might have allowed ruling out effects generated by the comparison 
of BOLD responses below baseline for both conditions, the latter could have enabled 
assessing if integrative effects were actually present in these regions (by contrasting 
AV conditions with the respective unimodal controls). Finally, in order to increase the 
overall statistical power Laurienti et al. (2003) did not differentiate between object cat-
egories. However, a possible finding of category-related AV integration effects would 
have represented strong evidence for the impact of semantic content in a crossmodal 
experimental setting.

Later fMRI studies intended to overcome these limitations. Beauchamp et al. (2004) 
conducted a series of experiments using AV stimuli taken from animate (animals) and 
inanimate (tools) categories. Particularly cortical regions comprising the posterior 
superior temporal sulcus (pSTS) and posterior middle temporal gyrus (pMTG) as well 
as the ventral temporal cortex suggested effects of AV integration as evidenced by 
stronger fMRI signals to combined AV stimulation than to each of the unimodal stimuli 
alone. Furthermore, these effects for pSTS/MTG seemed to reflect the early percep-
tual phase involving AV object stimuli rather than the behavioral phase related to an 
identification task. This was in contrast to regions of the dorsolateral prefrontal cortex 
(DLPFC) which responded more strongly during the task phase. Interestingly with re-
spect to semantics, Beauchamp and colleagues found only a trend towards statisti-
cal significance for enhanced responses to congruent (compared to incongruent) AV 
stimuli, although this lateral temporal region seemed to be more sensitive to intact 
than scrambled stimuli (presented in the visual and auditory modalities, respectively). 
Taken together, this seminal fMRI study revealed a fronto-temporal network of regions 
that is likely to mediate integration of complex, meaningful AV object stimuli. This in-
terpretation has been further corroborated by several recent fMRI studies. For pSTS/
MTG, robust effects were induced by object-related AV stimulation, which could even 
exceed the linear sum of the fMRI responses to isolated unimodal stimuli (a “superaddi-
tive” effect; see Stevenson et al., 2007). This further supports the assumed role of this 
region in AV object recognition (see also Sestieri et al., 2006).

However, both the exact functional role of the regions constituting the described 
fronto-temporal network and the impact of semantics on AV integration as suggested 
by significant effects of semantic congruency have still remained to be determined. 
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A first step to address these open questions might be the differentiation of cortical 
regions preferring congruent or incongruent AV object stimuli (Fig. 2). In line with this 
reasoning, Belardinelli et al. (2004) demonstrated effects of semantically congruent 
(compared to incongruent) AV object stimulation in the left ventral and medial tempo-
ral cortex as well as in the lingual gyrus of both cortical hemispheres, while in particular 
regions of the left inferior frontal cortex (IFC) were more active for incongruent condi-
tions. In contrast, Taylor et al. (2006) reported a trend towards more pronounced fMRI 
responses for incongruent (compared to congruent) AV stimuli as well as to animate 
(compared to inanimate) stimuli in the perirhinal cortex of the medial temporal lobe. 
However, none of these effects were present in the pSTS/MTG possibly suggesting a 
rather “presemantic” role of this cortical region. Consistent with other reports, Taylor 
et al. (2006) additionally found stronger activations during incongruent AV conditions 
(compared to unimodal controls) in bilateral medial frontal cortex (MFC) as well as the 
anterior cingulate cortex (ACC). Both cortical structures have been repeatedly impli-
cated in the detection of conflicts between simultaneously active, competing repre-
sentations of stimuli both within and across sensory modalities and error-related pro-
cessing (see e.g. Botvinick et al., 2004; Weissman et al., 2004). Conflict detection in the 
ACC possibly engages the DLPFC resulting in increased cognitive control in service of 
conflict resolution (Carter and van Veen, 2007). Accordingly, activation of these regions 
does not necessarily reflect processes related to crossmodal conflict, underscoring the 
need for appropriate control conditions, for instance, by the induction of incongruency 
effects also in the unimodal domain (Taylor et al., 2006). However, others (Naghavi et 
al., 2007) failed to find effects for incongruent AV stimulation (reporting only effects 
for congruent AV object stimuli in the right claustrum/insula) which highlights the re-
quirement of further studies in this domain of multisensory research.  

In one approach to address this question, Noppeney and colleagues (2007) have 
recently employed a priming paradigm to further elucidate the sensitivity of cortical 
regions to incongruent auditory and visual stimulation. The authors used either pic-
tures (of animals or man-made objects) or words as visual primes and studied their 
respective impact on the processing of subsequently presented natural sounds or 
spoken words. Generally, the presentation of semantically incongruent (compared to 
congruent) prime-target combinations produced activation in a network of regions 
in the temporal, parietal and frontal lobes. However, these regions did not participate 
to the same degree in the processing of different types of incongruent stimuli as em-
ployed in this study. Only the medial and inferior frontal cortex showed incongruency 
effects both for sounds and for spoken words consistent with its previously discussed 
role in conflict monitoring and error processing. Relatively stronger incongruency ef-
fects for words were found in the left pSTS/MTG and for non-linguistic sounds in the 
angular gyrus (AG) extending into the intra-parietal sulcus (IPS). Conversely, no cortical 
region showed effects for congruent prime-target combinations. A subsequent effec-
tive connectivity analysis suggested that incongruency effects were likely mediated 
by bottom-up processes selective for each target type progressing from early auditory 
regions to the pSTS/MTG and AG/IPS, respectively.

Due to the nature of their design, Noppeney et al. (2007) tapped into cortical pro-
cesses related to semantic priming, which might consist in a decoding of semantic 
content in stimuli presented in different sensory modalities on a higher, possibly cog-
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Figure 2. Regions showing significant effects for congruent and incongruent AV stimuli of com-
mon objects. Activation peaks were taken from fMRI studies investigating the effects of semantic 
congruency (greenish colors) and incongruency (reddish colors) of AV stimuli of common ob-
jects. These peak activations are shown on cortex reconstructions of both cerebral hemispheres 
of the MNI template brain. A color code for the different studies is provided in the figure. Please 
note that we selected only those studies which provided the coordinates of the respective activa-
tion peaks. Only activations on the lateral cortical surface are shown. See Table 1 for additional 
information. Abbreviations: inferior frontal cortex (IFC) and lateral temporal cortex (LTC).

nitive level of processing. However, this might have precluded an investigation of per-
ceptual AV integration effects which could be restricted to simultaneous stimulation 
via both sensory channels (see van Atteveldt et al., 2007a). In a recent fMRI study by 
our group (Hein et al., 2007), we intended to examine both the effects of AV integration 
and the influence of semantic relations between the two stimulus components. For 
the former, we presented stimuli in auditory, visual, and AV conditions, and for the latter 
we used familiar, semantically related AV animal stimuli on the one hand and artificial, 
unfamiliar AV stimuli (lacking any strong semantic relation) on the other hand. Con-
trasting effects of AV stimulation with those for each unimodal condition (separately 
for familiar and unfamiliar stimuli), we were able to demonstrate AV integration for in-
congruent familiar stimuli in IFC and pSTS regions and for congruent familiar stimuli in 
pSTS and superior temporal gyrus (STG). In contrast, unfamiliar AV stimuli lacking any 
congruency relation induced activation in right IFC only. Together these findings sug-
gest that congruency in familiar, possibly overlearned AV stimuli is processed primarily 
in a network comprising lateral temporal and inferior frontal regions. Most likely, the 
main components of the network are tuned differently to congruent and incongruent 
AV stimulation, with a higher sensitivity of the STG to semantically matching combina-
tions (see also van Atteveldt et al., 2004) and of the IFC for mismatching combinations 
(see also Noppeney et al., 2007). However, as mentioned before, especially with respect 
to findings related to incongruent stimulation future studies should certainly further 
explore the degree of specificity of the respective effects to the crossmodal domain.
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Finally, additional evidence for a functional distinction within the fronto-temporal 
network has been provided by work on the plasticity of AV associations. An earlier study 
(Gonzalo et al., 2000) found activation in the left precuneus and the right dorsolateral 
prefrontal cortex for learned (“congruent”) AV associations compared to non-learned 
(“incongruent”) combinations, while the reverse contrast revealed a widespread corti-
cal network including anterior cingulate regions. The latter is in line with findings from 
our group (Naumer et al., 2008) demonstrating that even a short period (~30 minutes) 
of crossmodal association learning of artificial, but still object-like AV stimuli suffices 
to produce responses in inferior frontal regions upon the presentation of incongru-
ent (non-learned) AV combinations. Conversely, activation shifts in the STS were found 
during an AV learning task (but also in a visual-to-visual learning control) as learning 
proceeded (Tanabe et al., 2005), suggesting that this region is critically involved dur-
ing the formation of new AV associations. However, no direct comparisons between 
concurrent AV stimuli and unimodal controls were possible in the study of Tanabe et 
al. (2005), since stimuli were presented in a delayed match-to-sample task. Thus, it re-
mains to be determined if prolonged learning of novel AV associations causes the oc-
currence of congruency effects for matching crossmodal stimuli in a similar manner as 
previously reported for overlearned material (see e.g. van Atteveldt et al., 2004; Hein et 
al., 2007).

Taken together, fMRI studies using AV object stimuli have identified a cortical net-
work of temporal and frontal regions presumably mediating the respective AV integra-
tion effects. To a first approximation, some data suggest a further differentiation of this 
network based on a preference for either congruent or incongruent AV stimulation. As 
reviewed in the following section, electrophysiological studies support this differentia-
tion at least to some degree.

Electrophysiological studies
A growing body of recent electrophysiological studies has reported effects of cross-
modal integration on different cortical levels. Intracranial recordings in non-human 
primates (e.g. Ghazanfar et al., 2005; Lakatos et al., 2007) as well as in humans (e.g. Re-
ale et al., 2007) have started to unravel potential mechanisms operating in superior 
temporal regions previously regarded as strictly auditory. The great advantage of non-
invasive electrophysiological techniques such as EEG and MEG, their high temporal 
resolution in the millisecond range, has been utilized in a number of studies to further 
investigate AV integration and its semantical modulation in human subjects.

Earlier studies on the neuronal time course after concurrent AV (compared to 
unisensory) stimulation with abstract objects and tones have found modulations of 
event-related potentials (ERP) associated with processing in auditory and visual cortex 
(Giard and Peronnet, 1999). More recently, this work has been extended to the domain 
of complex natural stimuli. Similar to these earlier reports, modulations of the visual N1 
component were also found for AV stimuli of common objects (Molholm et al., 2004; 
Yuval-Greenberg and Deouell, 2007). Only for target stimuli, congruency effects around 
150 ms (visual N1) and 280 ms (“selection negativity”) were reported by Molholm et al. 
(2004). Furthermore, subsequent dipole modeling suggested the right occipito-tem-
poral cortex as a possible source of these effects, which is in line with reports on visual 
processing of stimuli associated with a memory trace generated by previous multisen-



109

Semantics and the multisensory brain

sory experiences (Murray et al., 2004). However, since the congruency between the au-
ditory and visual part of the stimulus had no effect on the visual N1 component in the 
case of non-target stimuli, these findings by Molholm and colleagues (2004) might not 
necessarily reflect strong semantic associations within the AV compound stimulus.  

Some sensitivity to meaning-related factors at early processing stages is supported 
to some extent by other electrophysiological studies. For instance, Senkowski et al. 
(2007a) compared effects of natural and abstract AV motion stimuli. Only the former 
showed early multisensory integration effects after about 120 ms over the posterior 
scalp, involving a network of occipital, temporal and frontal regions. In contrast, the 
earliest cortical effects of the abstract motion stimuli were observed after 210 ms and 
included inferior parietal regions.

Furthermore, new analytical tools focusing on oscillatory activity move beyond the 
classical event-related potential approach and have demonstrated an impact of se-
mantic congruency during AV object processing. Generally, oscillatory activity can oc-
cur either time-locked or with a latency jitter between trials. The former, the so-called 
“evoked” responses, are preserved after averaging across trials. In contrast, the latter, 
often dubbed “induced” responses would be cancelled out in conventional analy-
ses, but can be preserved when spectral analysis is performed on a single-trial basis 
(Tallon-Baudry and Bertrand, 1999). In the multisensory domain, the comparison of 
crossmodal and unimodal stimulation is additionally exacerbated by the problem of 
common activity in several conditions requiring further precautions (see Senkowski et 
al., 2007b). Given these difficulties in analyzing electrophysiological data in the time-
frequency domain, it is not surprising that only very few studies have employed AV 
object stimuli. A notable exception is the recent EEG study by Yuval-Greenberg and 
Deouell (2007). Semantic congruency between the auditory and visual stimulus com-
ponents specifically affected induced responses in the gamma band between 30-70 
Hz. However, these effects were found later than those reported in the ERP studies re-
ported above, more precisely in a timewindow between 230 and 290 ms. Interestingly, 
a similar time window has been reported for repetition priming on induced gamma-
band activity both for visually presented familiar objects (Gruber and Müller, 2005) 
and words (Fiebach et al., 2005). Furthermore, these findings correlated particularly 
with regions of the occipito-temporal cortex and have been interpreted as reflecting 
the formation of stable object representations both in the unimodal visual (Gruber 
and Müller, 2005) as well as in the crossmodal domain (Yuval-Greenberg and Deouell, 
2007). Indeed, it has been suggested that induced gamma-band responses form a cor-
relate of activated cortical object representations (Tallon-Baudry and Bertrand, 1999), 
but more recently it has also been associated with cognitive processes related to at-
tention and memory (Herrmann et al., 2004; Jensen et al., 2007). Particularly from this 
perspective, it remains to be determined which aspects of AV object processing might 
actually be reflected by oscillatory activity.

Finally, with respect to AV incongruency effects for object stimuli more negative 
ERP responses have reported to incongruent as compared to congruent AV stimuli at 
a latency of ~390 ms (e.g. Molholm et al., 2004), which is in line with the N400 compo-
nent previously described in linguistic contexts (Kutas and Hillyard, 1980). More pre-
cisely, this component has also been implicated in semantic mismatch processing of 
object stimuli (Kutas and Federmeier, 2000). Furthermore, processing of environmental 
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sounds after priming with a visually presented sound and vice versa both produced 
N400 effects when comparing unrelated to related prime-target combinations (Orgs 
et al., 2006). A likely source of the N400 is located in the temporal cortex, although 
there is at least some fMRI evidence suggesting a contribution of inferior frontal re-
gions (van Petten and Luca, 2006). Interestingly, the N400 component has also been 
reported during Stroop-like interference processes in unimodal experimental settings 
(Hanslmayr, 2008), yielding stronger effects for incongruent compared to congruent 
conditions in the anterior cingulate and, at later latencies, also the inferior frontal cor-
tex. Thus, frontal regions typically involved in conflict monitoring and cognitive control 
mechanisms seem to contribute critically to the occurrence of this component.

Preliminary conclusion
Neuroimaging studies employing meaningful common object stimuli report at least 
to some extent differential processing of congruent compared to incongruent AV 
stimulus combinations. Particularly results from fMRI studies reviewed in this section 
suggest a stronger sensitivity for incongruent AV stimulation in inferior frontal and 
(less consistently) parietal cortices, but also to some extent in temporal regions (Figure 
2). At least participation of frontal regions during incongruent AV stimulation has also 
been suggested by some EEG studies. In contrast, congruent AV stimuli preferentially 
activated lateral (Hein et al., 2007) and possibly also ventral temporal (Belardinelli et 
al., 2004) regions. Furthermore, electrophysiological studies seem to corroborate this 
finding of congruency effects in posterior temporal regions both on the level of event-
related responses as well as with regard to oscillatory activity. 

In the following section we will examine if these findings are consistent with results 
from studies using other types of AV stimuli. However, before we do so, we would like 
to close this section with some precautionary notes that seem to be in place at this 
point. An important question concerns the degree of specificity of the reported (in-)
congruency effects to the crossmodal domain. Both congruency and incongruency 
effects might be present in a similar manner in within-modality contexts. For instance, 
it could be argued that the concurrent presentation of two semantically matching 
unimodal stimuli might induce similarly enhanced activations in the temporal cortex. 
However, it is difficult to test these issues since the simultaneous presentation of two 
auditory stimuli potentially reduces their recognizability, while the concurrent presen-
tation of visual stimuli very often involves a spatial mismatch in the display. Thus, pos-
sibly concurrent AV stimuli activate parallel processing streams in a manner that might 
not be reproducible similarly in unimodal situations. However, further research using 
modified approaches might become increasingly important especially with regard to 
the construction of appropriate unimodal control conditions (see Taylor et al., 2006, 
Hocking and Price, 2008 for recent suggestions) allowing to test even more strictly for 
crossmodal integration effects in human subjects. 

Furthermore, potential task influences also have to be taken into account (see Table 
1). In the reported neuroimaging studies subjects had to perform diverse behavioral 
tasks ranging from pure fixation tasks (Hein et al., 2007; van Atteveldt et al., 2004) to 
explicit semantic decisions on the presented stimuli (Hocking and Price, 2008; Nop-
peney et al., 2007; Taylor et al., 2006). While the former might be suitable to study pro-
cesses of automatic co-activation of cortical object representations generated from 
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Table 1. Studies modulating semantic congruency between auditory and visual object stimuli

Study Stimulus 
categories

Stimulation Task Congruency variation and 
cortical region

Laurienti et 
al (2003)

Various; 
combining 
animate and 
inanimate

Images and 
sounds; AV only; 
no baseline

Decide for every 
visual stimulus if 
subject encoun-
ters it on a weekly 
basis

INCON: lingual and fusiform 
gyrus, cuneus, inferior and 
middle occipital regions; CON: 
medial PFC, anterior cingulate

Beauchamp 
et al. (2004)

Exp.1: tools, 
animals, 
scrambled 
tools and 
scrambled 
animals
Exp.2: animals, 
tools
Exp.3: tools
Exp. 4: tools

Exp.1: black and 
white images, 
ripple sounds;
A or V
Exp.2: line draw-
ings, sounds; A, 
V, AV
Exp.3: video clips; 
A, V, AV
Exp.4: like in 
exp. 3

Exp.1: one-back 
same/different
Exp.2.: Semantic 
decision (A,V) 
con/incon deci-
sion (AV)
Exp.3: object 
identification (de-
layed responses 
after stimulation)
Exp.4: con/incon 
decision

Exp. 1: No 
Exp. 2: Yes, effects not reported
Exp.3: No
Exp.4: Yes, reported only for STS: 
trend towards con

Belardinelli 
et al. (2004)

Animals, tools, 
“human acts”

Color images, 
sounds; A, V, AV

Recognition (in 
silence, no button 
press)

CON: left parahippocampal 
gyrus, bilateral lingual gyrus; 
left inferior occipital gyrus
INCON: bilateral IFS, bilateral 
insula, right lingual gyrus

Taylor et al. 
(2006)

Living things, 
non-living 
things

Color images, 
sounds, spoken 
words; A, V, AV

Con/incon deci-
sion

AV INCON: trend in perirhinal 
cortex

Naghavi et 
al. (2007)

Living things, 
non-living 
things

Line-drawings, 
sounds

Fixation CON: right claustrum/insula

Noppeney 
et al. (2007)

Animals, tools Priming experi-
ment;
words, color 
images (primes); 
spoken words 
sounds (targets)

Semantic deci-
sion (Is the target 
stimulus heavier 
than 4 kg?)

two types of incon (identity 
and response);
INCON: anterior cingulate/me-
dial PFC, bilateral IFS, left insula, 
IPS/AG, MTG/STS;
in mPFC and left IFS stronger 
incon effects for both sounds 
and spoken words; in left STS/
MTG stronger incon for words 
compared to sounds and the 
reverse effect for IPS/AG

Hein et al. 
(2007)

Animals, ab-
stract objects

A,V, AV (familiar, 
unfamiliar)

Fixation CON: bilateral STG, STS/MTG; 
INCON: largely overlapping 
temporal regions, bilateral IFC

Overview of recent fMRI studies using crossmodal stimuli of common objects with additional 
variations in semantic congruency. Abbreviations: A auditory, V visual, AV audio-visual, CON 
congruency, INCON incongruency, PFC prefrontal cortex, STG superior temporal gyrus, STS 
superior temporal sulcus, MTG middle temporal gyrus, IFC inferior frontal cortex, IFS inferior 
frontal sulcus, IPS intra-parietal sulcus, AG angular gyrus.
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different sensory modalities, the latter operate on a higher, rather cognitive level. Thus, 
task effects as well as consequences of the chosen experimental design (blocked vs. 
event-related; see van Atteveldt et al., 2007b) have to be taken into account for the 
interpretation of the reported findings. We will return to these issues in the final sec-
tion of this paper.

Cortical networks for AV integration of language-related objects

Associations on the level of content between complex auditory and visual stimuli can 
also be found in domains more closely related to language. Language itself could be 
regarded as a system of symbols which transmits meaning independently from the 
sensory modality used for communication. This does not rule out that some cortical 
regions that are involved in language processing might fulfill a similar task in the do-
main of AV integration, for instance left IFC (Hagoort, 2005). However, in this section we 
rather concentrate on those language-related processes that are coupled more closely 
to the perceptual level such as AV speech and voice/face associations. Since for both 
domains excellent reviews have been published more recently (see Campbell, 2008; 
Campanella and Belin, 2007), we will not cover these topics in length but rather con-
centrate on semantic modulations of AV stimuli and their cortical correlates.

Audio-visual speech
On the behavioral level Sumby and Pollack (1954) reported a facilitation of speech 
comprehension under adverse perceptual circumstances when subjects received the 
combined auditory (spoken message) and visual (talker’s face) input. These behavioral 
effects are possibly mediated by several factors since many elements of spoken lan-
guage are associated with corresponding muscular facial configurations. These asso-
ciations could be effective on a neuronal level down to cortical regions of the auditory 
cortex (Calvert et al., 1997; Pekkola et al., 2005) and are possibly modulated by atten-
tion to the visually presented articulations (Pekkola et al., 2006b). Interestingly, multi-
sensory integration seems to take place only when auditory signals are perceived as 
speech (as opposed to the perception of the same stimuli as non-speech) and when 
they have been combined with concurrent video clips (Tuomainen et al., 2005).

Several neuroimaging studies have implicated a left-lateralized network of tem-
poral regions comprising posterior portions of STG, STS, and MTG in both unimodal as 
well as AV speech processing (e.g. Wright et al., 2003; Callan et al., 2004). In this network, 
the left pSTS seems to be particularly sensitive to AV speech. First, this region exhibits 
superadditive responses in bimodal compared to unimodal experimental conditions 
and second, these effects are only present in the case of congruent AV stimulation 
(Calvert et al., 2000). In contrast, incongruent AV stimulation causes a drop of the fMRI 
signal in pSTS below the sum of the signals induced by the two unimodal conditions, 
i.e. a “crossmodal signal depression”. These effects are in line with single-cell record-
ings from the dorsal and ventral banks of STS in macaques (Barraclough et al., 2005) in 
which 23 percent of neurons responded more strongly to congruent AV presentation 
of action-related stimuli. Taken together, these results from AV speech further support 
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the stronger responsiveness of temporal regions to congruent AV stimulation which 
we have suggested from our review of studies which employed common objects.

However, while the effects of congruency in these studies were determined by 
criteria derived from electrophysiological recordings (see Stein and Meredith, 1993), 
direct comparisons between congruent and incongruent AV speech stimuli provide 
additional evidence while controlling for equivalent stimulation complexity. Recently, 
Stekelenburg and Vroomen (2007) were able to demonstrate stronger effects of con-
gruent AV speech stimuli on the auditory P2 ERP component which is assumed to be 
generated close to secondary auditory cortex in the superior temporal gyrus (Altmann 
et al., 2008). Conversely, Ojanen and others (2005) showed enhanced fMRI responses 
to the presentation of incongruent AV vowel stimuli in the superior parietal lobe as 
well as in regions of the anterior and inferior frontal cortex (Fig. 3). The latter IFC result 
has been replicated with the same paradigm in a group of fluent readers (Pekkola et 
al., 2006a).

Generally, these findings are consistent with results from studies using the so-called 
McGurk effect (McGurk and MacDonald, 1976) - possibly the most frequently cited evi-
dence for speech-related AV integration. Briefly, it is generated by the presentation of 
video clips which induce illusory percepts of hearing /da/ although subjects actually 
see lips mouthing /ga/ along with auditory stimuli containing a phoneme such as /
ba/. In an fMRI study by Jones and Callan (2003) cortical responses to these illusionary 
percepts were contrasted to congruent AV speech stimuli. Effects for the incongruent 
McGurk condition were found in posterior parietal, inferior frontal and superior tem-
poral regions.

Figure 3. Regions showing significant effects for congruent and incongruent language-related 
AV stimuli. The same cortex representations as in Figure 2 are used for the projection of effects. 
Activation peaks in fMRI experiments using semantically congruent (greenish colors) and incon-
gruent stimuli (red-dish colors) are shown only for those studies reporting coordinates. A color 
code for the different studies is provided in the figure. Only activations on the lateral cortical sur-
face are shown. Abbreviations: inferior frontal cortex (IFC) and lateral temporal cortex (LTC).
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Similarly, using MEG Kaiser et al. (2005) demonstrated effects in the oscillatory gamma-
band activity induced by McGurk-like stimuli in the posterior parietal cortex beginning 
160 ms after auditory stimulus onset, followed by occipital (270 ms) and inferior frontal 
(320 ms) regions. This is in contrast to the time course of event-related magnetic fields 
(ERFs) in response to unimodal visual speech. Activation for visual speech progresses 
from occipital over temporal and parietal cortices to inferior frontal regions (see Nishi-
tani and Hari, 2002; Campbell, 2008). Thus, incongruency in AV speech induced by the 
McGurk effect seems to be particularly pronounced in parietal and inferior frontal re-
gions similarly to what has been reported for AV stimuli of common objects.

However, findings derived from work on the McGurk effect have to be interpreted 
with some caution due to several reasons. For instance, it should be noted that cortical 
networks revealed by incongruency in the McGurk effect might not be easily related 
to findings in other domains of object-related AV integration. AV incongruency during 
the McGurk effect is often not explicitly perceived as a mismatch between auditory 
and visual inputs, but rather experienced as a fused coherent percept which does not 
correspond to any of its unimodal components. Interestingly, Miller and D’Esposito 
(2005) were able to dissociate cortical networks sensitive to sensory correspondence 
of AV speech stimuli from those involved during the actual perceptual fusion. In the 
latter network, STS showed a positive response both to fused and unfused AV stimuli, 
while the IPS and IFC exhibited a complementary response pattern with a stronger 
involvement of the parietal cortex during fused and the IFC during unfused process-
ing. However, the unfused case might be more akin to other types of AV incongruency 
effects reviewed before, suggesting again a central role of the IFC in this type of corti-
cal processing.

Additionally, besides this possible participation of IFC in incongruency process-
ing per se, recent studies suggest its implication in motor-related activation during 
AV speech perception. For instance, Skipper et al. (2007) found different response pat-
terns in the frontal cortex depending on the type of perception during a McGurk-like 
stimulation. When an auditory percept was categorized as corresponding to the vi-
sual component of the stimulus (thus reflecting “visual capture”), activation was found 
in middle and inferior frontal regions as well as the insula. However, a percept-based 
classification of the AV speech stimulus along the lines of the McGurk effect evoked 
activation in spatially adjacent but distinct right inferior and superior parietal lobules, 
left ventral premotor, primary motor and left somatosensory cortices. Thus, the percep-
tion of McGurk-like stimuli possibly includes cortical networks also involved in speech 
production.

Taken together, despite the apparent variety of results in studies investigating AV 
speech, findings are to some extent consistent with our hypothesis of a clear func-
tional differentiation of temporal and frontal cortical regions with the former being 
more involved in processing of congruent and the latter of incongruent AV stimuli.

Language-related AV stimuli with arbitrary associations
As already mentioned before, speech stimuli might be a special case of AV associations 
because of strong spatio-temporal interrelations between their auditory and visual 
components, which make certain configurations of these components at least highly 
unlikely. In contrast, other language-related stimuli are characterized by more arbitrary 
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AV associations and might therefore be more akin to the previously discussed com-
mon objects. Studies on face/voice and letter/sound associations will be covered in the 
following sections as two important examples of more arbitrarily associated language-
related stimuli.

Congruency between AV stimuli during face-voice processing could be mod-
ulated in a number of ways. From the perspective of daily life, behaviorally most im-
portant might be cases in which affective states in facial expression and voice have to 
be integrated (see Ethofer et al., 2006). Accordingly, shorter reaction times were mea-
sured at least to some extent in studies in which congruent emotional information 
was presented in both sensory modalities (de Gelder and Vroomen, 2000). In line with 
these findings, the N1 ERP component, which has been implicated in auditory stimu-
lus processing around 100 ms, was similarly enhanced in this kind of congruent AV 
stimulation (Pourtois et al., 2000). Effects of incongruent emotional contents in faces 
and voices, on the other hand, have been reported as a more pronounced mismatch 
negativity around 180 ms (de Gelder et al., 1999).

Neuroimaging studies measuring hemodynamic signals have often revealed 
modulations by congruent AV stimulation with emotional face/voice stimuli in brain 
regions generally implicated in processing emotional stimuli, such as the amygdala 
(Dolan et al., 2001). These responses in cortical and subcortical structures to emotional 
AV stimuli might therefore not reflect perceptual processing during crossmodal inte-
gration, but rather effects of this special type of stimulus content. However, similar to 
the ERP results reported above, a region close to auditory cortex in bilateral STG has 
recently been found to be activated more strongly by emotional stimuli than by neu-
tral controls and, in addition, showed enhanced responses to AV stimuli compared to 
unimodal stimulation (Kreifelts et al., 2007). Although distinctive acoustical features of 
these stimuli have certainly contributed to these effects (Wiethoff et al., 2008), early 
AV processing in superior temporal regions seems to be modulated by the specific 
emotional content of the stimuli. Evidence for congruency effects for emotional face/
voice stimuli, on the other hand, is rather sparse. Ethofer et al. (2006) reported stron-
ger activation of the right posterior insula/claustrum for congruent AV stimulation 
when compared both to incongruent and unimodal experimental conditions (see also 
Naghavi et al., 2007). However, the exact functional role of these regions in the course 
of AV processing remains rather elusive.

The second important domain of face/voice processing is related to the fact that 
both face and voice stimuli communicate important information with respect to 
speaker identity. In unimodal contexts, face processing has been linked to the fusi-
form face area (FFA; Kanwisher et al., 1997) in the ventral temporal cortex, while voice 
processing has been associated with a region in the anterior STS (Belin et al., 2000), 
sometimes called the temporal voice area (TVA; von Kriegstein and Giraud, 2006). It 
has been suggested (von Kriegstein et al., 2005) that recognition of a familiar speak-
er’s voice critically involves a direct functional coupling between the visual FFA and 
the auditory TVA. However, recent neuroimaging data from a prosopagnosic patient 
(von Kriegstein et al., 2006) demonstrated an intact FFA-TVA interaction despite a clear 
behavioral deficit in the recognition of familiar speakers’ voices thus suggesting that 
such coupling is not a sufficient neural correlate for this capability. Furthermore, a func-
tional coupling between these two cortical areas and, additionally, between the TVA 
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and the IFC emerged after subjects learned face-voice (but not face-name) associa-
tions (von Kriegstein and Giraud, 2006). Interestingly, while a subsequent behavioral 
facilitation for the recognition of those voices involved during this learning procedure 
was present afterwards, no such effects were detected for the recognition of auditory 
control stimuli (ring tones) with learned associations to corresponding videos (of cel-
lular phones). Thus, the findings by von Kriegstein and Giraud might be specific for the 
domain of face-voice processing, for which distinctive unisensory cortical correlates 
such as FFA and TVA are present in human subjects.

The latter studies have provided some evidence that a crossmodal context, for in-
stance during learning, could critically modulate subsequent processing of unimodal 
stimuli. The recognition of an individual’s identity from an auditory as well as from a vi-
sual stimulus is in any case a fascinating crossmodal capacity of human subjects which 
involves processing of semantic information. However, as also noted by Campanella 
and Belin (2007) future studies in this domain of multisensory research will certainly 
have to provide additional evidence from concurrent face/voice stimulation (including 
some congruency modulation) to investigate integrative effects more directly (see e.g. 
Schweinberger et al., 2007). This work would offer valuable insights, for instance with 
regard to the question which regions are involved in AV object processing in general 
or show at least some degree of specialization for certain stimulus categories.

Finally, in contrast to naturally occurring face-voice correspondences, letters and 
speech sounds form an example for culturally invented and transmitted AV associations 
that are arbitrary, but highly overlearned (others might be found for larger linguistic 
units such as words). Consistent with its role as a generally important AV convergence 
region, STS has also been found to be an important site for letter/speech integration 
(Raij et al., 2000; Hashimoto and Sakai, 2004; van Atteveldt et al., 2004). In line with this 
observation, the earliest interaction effects between both modalities have been found 
to occur at latencies of around 225 ms (Raij et al., 2000), which is compatible with STS 
as the cortical source and comparable to findings on unimodally presented visual and 
auditory word stimuli (Marinkovic et al., 2003).

Responsiveness for semantic congruency has been found at later delays between 
380 and 450 ms after stimulus presentation (Raij et al., 2000) with an estimated source 
localization corresponding again to bilateral STS. However, fMRI studies (e.g. van At-
teveldt et al., 2004; 2007a) suggest a stronger activation for semantically congruent 
(compared to incongruent) letter/speech stimuli in STG, the bilateral planum tempo-
rale and Heschl’s sulcus (Figure 3). Possibly, these effects are mediated by an automatic 
co-activation of cortical representations for both (visual) letter and (auditory) speech 
stimuli (Froyen et al., 2008). Interestingly, the congruency effect could be diminished 
or even be completely absent when a task during the fMRI session required an active 
crossmodal matching of stimuli (van Atteveldt et al., 2007b). Conversely, in the same 
study incongruency effects have been found in an inferior fronto-parietal network 
suggesting at least some degree of task-dependency for these effects to occur.

Preliminary Conclusion
The reviewed language-related literature shows a substantial degree of consistency 
with what we have discussed before with regard to AV processing of common objects 
(Fig. 2). Most importantly, effects of congruency and incongruency were particularly 
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found in lateral temporal and inferior frontal cortices (Fig. 3), respectively. However, 
these effects again seem to reflect functionally different processes. In superior tem-
poral regions semantically congruent stimuli produce a stronger response while the 
inferior frontal cortex is more involved during the processing of incongruent AV com-
binations. We suggest that from a functional perspective, effects in temporal regions 
for congruent AV stimuli might reflect an activation of highly overlearned associations 
between the sight and the sound of an object, that is, a stable AV object representation. 
Although there are reports of single multisensory neurons in ventral prefrontal cortex 
of non-human primates (Sugihara et al., 2006), the reported stronger responsiveness 
of similar regions in human subjects could be caused by a variety of possible percep-
tual and cognitive processes. In the final section we thus aim to further extend our 
tentative explanatory account by combining the reviewed findings on AV integration 
with the prevailing model of semantic memory.

Semantic memory and AV object processing
It is beyond the scope of an article on object-related AV integration to present or de-
velop a complete account of semantic memory, which is one of the most intriguing 
cognitive abilities. Therefore, we will confine ourselves to present a rather schematic 
framework which will then be combined with findings on multisensory integration as 
reviewed in the preceding sections.

As already briefly mentioned in the introduction, semantic memory refers to stored 
knowledge about objects and their properties, word meanings and facts in general, 
which can be rapidly retrieved and forms, thereby, the basis for conceptual process-
ing during thought and language production (cf. Martin and Chao, 2001). Essentially, 
knowledge about objects incorporates to large degrees knowledge about their re-
spective sensory properties both in the unisensory and the multisensory domain. It 
is generally accepted that object knowledge is stored in a widely distributed network 
of cortical regions in the lateral and ventral temporal lobe (Martin, 2007) and, for ac-
tion knowledge, additionally in fronto-parietal regions. Its distributed nature notwith-
standing, this network is organized in a systematic manner, for instance according to 
categorical distinctions between living and non-living objects which seems to hold 
true both for the visual (Chao et al., 1999) and the auditory domains (Lewis et al., 2005; 
Murray et al., 2006). Importantly, these cortical structures are activated not only upon 
stimulus presentation, but also under purely conceptual demands, for example dur-
ing property verification tasks (Chao et al., 1999). Furthermore, there is evidence that 
these cognitive processes operate in a sensory-specific manner, critically involving the 
respective cortical regions which are activated by sensory stimulation (Goldberg et al., 
2006).

Multiple instances of concurrent stimulus presentations, during which, for example, 
visual and acoustical features are experienced simultaneously, form the critical learn-
ing history resulting in an increase in associative strength between cortical represen-
tations of these unimodal components. Furthermore, it appears to be likely that the 
resulting AV object representation is stored in regions of the temporal lobe. Given the 
strong association between the unimodal subcomponents (at least for some types of 
material such as auditory and visual speech stimuli; Calvert et al., 1997) the presenta-
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tion of one component in isolation might suffice for the co-activation of the cortical 
representation of its counterparts in other sensory modalities. In any case, combined 
congruent AV stimulation seems to activate an object representation in a more pro-
nounced manner, thereby causing additional activation even down to cortical regions 
traditionally regarded as unisensory (see e.g. van Atteveldt et al. (2004); Hein et al. 
(2007), Ghazanfar et al. (2005)). Furthermore, it has been repeatedly shown that tem-
poral regions such as the left pMTG are also involved in the storage and representation 
of action knowledge (see e.g. Kellenbach et al., 2003; Lewis, 2006). In line with the no-
tion that the combined representation of auditory and visual stimuli might be further 
enhanced by the additional association of related actions (like for tool stimuli), both 
temporal and frontal regions seem to be modulated by the congruency of AV action 
stimuli (Galati et al., 2008).

In sum, the complex interplay of (multi-)sensory information encoding during se-
mantic memory formation and the retrieval of object information upon later presen-
tations of AV stimuli, which is additionally guided by the respective task, provides a 
challenging background for research to disentangle these different processes. Based 
on the literature reviewed above, a reasonable position would be that enhanced ac-
tivation due to semantically congruent AV stimulation reflects a more pronounced 
activation of the respective cortical object representation than in unimodal or incon-
gruent cases. This hypothesis still remains preliminary since future studies combining 
different experimental techniques and paradigms using various tasks are needed to 
further distinguish multisensory (perceptual) stimulus processing from other, rather 
amodal (cognitive) processes (see e.g. Hocking and Price, 2008 for recent suggestions 
in this context). 

While these proposed mechanisms might account for congruency effects found 
in temporal regions, another rather consistent finding from the studies reviewed here 
was the stronger IFC activation for semantically incongruent AV stimuli. It has been 
suggested previously (Martin and Chao, 2001; Wagner et al., 2001) that the IFC plays 
an important role for semantic retrieval and working memory processes. Studies using 
fMRI (e.g. Wagner et al., 2000) and transcranial magnetic stimulation (TMS; e.g. Gough 
et al., 2005) particularly implicated the anterior portion of the IFG for semantic pro-
cessing. Interestingly, it has been argued (Badre et al., 2005; Badre and Wagner, 2007) 
that the anterior IFG controls access to stored conceptual representations, especially 
in cases where the presented items are only weakly associated. Thus, increased control 
demands in these situations might be reflected in stronger anterior IFG activations, 
while rather automatic processes (with reduced IFG activations) could operate in the 
case of strongly associated material. Conflicting crossmodal stimuli might similarly in-
duce increased control demands, thereby inducing stronger IFG activations.

However, it should be noted that most multisensory experiments are not opti-
mized to distinguish between this explanation for an IFC involvement and possible al-
ternative accounts. For instance, it has been argued that inferior frontal regions might 
be more responsive to abstract compared to concrete semantic demands (Goldberg 
et al., 2007), to selection processes (Thompson-Schill, 2003), to conflicting information 
(Egner and Hirsch, 2005; Noppeney et al., 2007) or to object-based categorization (Ji-
ang et al., 2007). Additionally, an involvement of frontal regions conjointly with regions 
of the parietal cortex has been demonstrated in crossmodal contexts whenever se-
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lective or divided attention has to be deployed (see e.g. Weissman et al., 2004; Johnson 
and Zatorre, 2006). Thus, future studies in the field of multisensory research focusing 
on semantic aspects of crossmodally presented stimuli will certainly benefit from an 
exchange with scientists working on theoretical accounts of frontal cortex function. 
Furthermore, it has been convincingly argued for additional cortical regions to be im-
plicated in semantic processing, particularly the anterior temporal lobe (Patterson et 
al., 2007; Pobric et al., 2007). We expect that an improved differentiation between sen-
sory processing (both within and across modalities) and higher-order cognitive pro-
cessing based on the “pure” content of stimuli irrespective of which sensory modality 
has provided this content, will lead to significant further progress at the intersection of 
perception and cognition.

Overall conclusion

We have reviewed the available neuroimaging literature investigating the impact of 
meaning (“semantics”) on processes of audio-visual integration both on the behav-
ioral level and with respect to its cortical correlates. A number of studies have revealed 
cortical regions of the temporal and frontal lobes which are implicated 1) in AV inte-
gration and 2) in the processing of congruent and incongruent content. We suggest 
that temporal regions are more involved for matching AV stimulation possibly due to 
an enhanced activation of stable AV object representations. In contrast, inferior fron-
tal regions participate more in the processing of incongruent stimuli, potentially re-
flecting increased cognitive control demands. Future studies will have to investigate 
if the fronto-temporal gradient we propose truly reflects an organizational principle 
by determining, for instance, if it remains stable across different types of tasks and by 
further elucidating the relative contributions of bottom-up and top-down processes. 
Also, given the ubiquitous presence of lateral frontal activations in conflict tasks em-
ploying one single stimulus modality only, it may be conclusive to examine whether 
temporal and frontal activations can be dissociated on grounds of their specificity to 
crossmodal stimulation.
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Stimulus-related processing in the brain can be characterized by the two major opera-
tions analysis and integration. “Analysis” refers to those processes in which complex 
stimuli are segregated into more basic features, while “integration” could be regarded 
as the generation of cortical representations with sufficient degrees of complexity to 
enable cognition and action. However, in the brain these operations interact in a highly 
dynamic manner and involve widely distributed networks of subcortical and cortical 
regions. The present thesis focuses particularly on those integrative processes in the 
human cerebral cortex operating on complex auditory and audio-visual stimuli. Fur-
thermore, the experimental work described here had the additional aim to investigate 
the contribution of semantics to sensory integration. Thus, the overall set of questions 
which inspired the work collected in the present thesis can be stated as follows: First, 
how is sensory integration accomplished by the human brain? Secondly, what is the 
specific contribution of stimulus content (meaning) for this kind of processing? And 
thirdly, which cortical regions are most relevant for the generation of meaning in the 
sensory brain?

Chapter 1 further describes and discusses these general ideas which were the driv-
ing forces behind the research collected in the present thesis. The aim of this introduc-
tory chapter is to offer a guide for readers who are less familiar with the respective 
empirical and theoretical background.

The next two chapters report two functional magnetic resonance imaging (fMRI) 
adaptation studies which examined the question of cortical representations for com-
plex sounds and different auditory object categories. More specifically, in chapter 2 
cortical representations of animal vocalizations were investigated as one highly famil-
iar and meaningful category of complex sounds. We hypothesized to find effects par-
ticularly in the superior temporal gyrus - anterior to primary auditory cortex - which 
contains neurons tuned to a variety of different frequencies and spectro-temporal 
features of sounds. Adaptation indeed occurred in the superior temporal gyrus of the 
left cortical hemisphere suggesting that cortical representations of animal vocaliza-
tions were driven particularly by spectro-temporal dynamics of sound stimuli. Overall, 
this first auditory fMRI-adaptation study demonstrates that the utilization of complex 
and meaningful sounds provides a key to explore the complete auditory processing 
hierarchy.

In the next experimental step reported in chapter 3 we aimed at further examining 
the response profiles of higher-order auditory cortex for complex, meaningful sound 
stimuli. We took advantage of the fact that human subjects learn during the first years 
of their cognitive development to classify sounds as being members of different cat-
egories. Interestingly and in line with our findings, previous research by others has sug-
gested that the anterior superior temporal gyrus is particularly involved in the process-
ing of animal vocalizations while a cortical region located on the left posterior middle 
temporal gyrus responds stronger to sounds of man-made objects such as tools. Again 
employing an fMRI-adaptation paradigm, we replicated our results from the first study 
with respect to an adaptation effect for animal vocalizations in left superior temporal 
gyrus. However, no corresponding adaptation effect was found in this cortical region 
for repeated versus different tool sounds, thereby supporting the view of selectivity 
for animal vocalizations. In contrast, the left posterior middle temporal gyrus was the 
only cortical region which adapted selectively to repeated tool sounds. Furthermore, 
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these two regions seemed to operate on different levels within the processing hierar-
chy: The superior temporal gyrus, but not the posterior middle temporal gyrus showed 
responses significantly different from baseline. Thus, only the former region seems to 
be sensitive to spectro-temporal features present in any sound of sufficient complexity 
which underscores the view that this cortical region indeed mediates the differentia-
tion of sounds into distinct categories on the basis of their complex physical proper-
ties. This might then provide an input into higher-level regions which are involved in 
the further integration with conceptual representations.

In a second set of empirical studies we extended the scope from the processing of 
meaningful auditory stimuli to the question of how semantics exerts influences on the 
integration across sensory modalities. In chapter 4 I present a study from our group 
in which we combined fMRI with a simple associative learning paradigm. In previous 
work we were able to demonstrate that factors such as the familiarity and the degree 
of semantic congruency between auditory and visual stimuli were reflected in differ-
ential cortical response patterns. We reasoned that cortical representations for initially 
non-meaningful, artificial audio-visual stimuli might converge to some extent after 
learning onto those cortical regions commonly involved in the integration of famil-
iar audio-visual stimuli, such as animal vocalizations and corresponding images. Im-
portantly, we hypothesized that after training these specific artificial AV combinations 
might be processed as being congruent and other combinations as being incongru-
ent. In a short behavioral training session subjects learned to associate specific artificial 
sounds and objects. Training-induced cortical changes for the processing of artificial 
audio-visual stimuli were determined by fMRI before (PRE) and after (POST) training. 
In the PRE-session unfamiliar artificial audio-visual stimuli were particularly integrated 
in the right inferior frontal cortex. In the POST-training session, a comparable analysis 
demonstrated increased responses in bilateral inferior frontal, intra-parietal and lateral 
temporal regions extending into the superior temporal sulcus. A similar set of regions 
was detected in previous studies for the integration of familiar (animal) vocalizations 
and images. Furthermore, the cortical response patterns indeed differed in a system-
atic manner between learned and unlearned combinations of artificial audio-visual 
stimuli. While mismatching compared to matching (learned) audio-visual combina-
tions induced stronger responses in left inferior frontal regions, the reverse contrast 
was found to be significant in posterior portions of the right middle temporal gyrus 
and, to a lesser extent, in right fusiform gyrus. Most interestingly, these patterns also 
converged onto findings for semantically incongruent compared to congruent famil-
iar audio-visual stimuli and vice versa. Therefore our findings suggested that even after 
short-term training of associations between artificial sounds and images processes of 
integration and match- versus mismatch-detection operated in a way which is remark-
ably similar to the case of familiar audio-visual stimuli.

Chapter 5 reports a study in which we extended the application of fMRI adapta-
tion to the domain of multisensory integration. We employed four experimental con-
ditions in which two successive audio-visual animal stimuli were presented involving 
either a change in the auditory, visual, both or none of the components from the first 
to the second stimulus. Importantly, changes occurred within the same basic-level cat-
egory of animals, for instance by two different images depicting a dog, in order to re-
duce subtle congruency or incongruency effects within or across the two audio-visual 
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stimuli. In line with results from unimodal adaptation studies, significantly suppressed 
responses for auditory repetitions compared to auditory changes were detected in the 
right superior temporal gyrus and sulcus and for repeated versus changed visual stim-
uli in right lateral occipital regions and the fusiform gyrus. Surprisingly, higher-order 
sensory cortices were not insensitive to repetitions versus changes in the respective 
other sensory modality. More precisely, effects of auditory repetition suppression were 
accompanied in right superior temporal regions by stronger fMRI signals for visual rep-
etitions than for visual changes (repetition enhancement), while a region in the left lat-
eral occipital cortex showed enhanced responses for auditory repetitions. This finding 
that stimulus repetitions versus changes in one sensory modality induced differential 
processing in cortices of the respective other sensory modality underscored that fMRI 
adaptation is a highly useful tool also for research in the multisensory domain. Future 
studies will therefore certainly utilize this experimental technique for more advanced 
questions involving variations of the semantic content in the context of sensory inte-
gration.

The application of novel experimental techniques needs to be constrained by the-
oretical considerations in order to generate new insights in integrative cortical mecha-
nisms. The final chapter 6 of the present dissertation offers a first theoretical frame-
work concerning the impact of semantics on processes of audio-visual integration. 
This framework is guided by observations such as those reported in chapter 4. More 
precisely, a fronto-temporal “gradient” has repeatedly been reported with more pro-
nounced responses for semantically incongruent audio-visual stimulation in inferior 
frontal regions and stronger effects for semantically congruent audio-visual stimuli in 
lateral temporal cortex. Potential perceptual and cognitive processes which might un-
derlie these differential cortical patterns are discussed in this chapter. We are confident 
that our framework offers a starting point for future collaborative work to further un-
ravel the integrative mechanisms operating in the multisensory brain.
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Stimulus-gerelateerde verwerking in het brein kan worden gekarakteriseerd door 
twee belangrijke operaties: analyse en integratie. Analyse betrekt zich op processen 
waarin complexe stimuli gescheiden worden in meer basale kenmerken, terwijl inte-
gratie beschouwd kan worden als de vorming van corticale representaties met vol-
doende complexiteit om cognitie en actie mogelijk te maken. In het brein interacteren 
deze operaties op zeer dynamische wijze waarbij wijd gedistribueerde netwerken van 
subcorticale en corticale gebieden betrokken zijn. Het huidige proefschrift concen-
treert zich specifiek op de integratieprocessen in de menselijke hersenschors die op-
ereren op complexe auditieve en audio-visuele stimuli. Daarbij had het experimentele 
werk dat hier beschreven wordt het bijkomende doel om de bijdrage van inhoudelijke 
betekenis aan sensorische integratie te onderzoeken. De overkoepelende vragen die 
het werk dat verzameld is in dit proefschrift inspireerden, kunnen als volgt geformu-
leerd worden: ten eerste, hoe wordt sensorische integratie bereikt door het menselijke 
brein? Ten tweede, wat is de specifieke bijdrage van stimulusinhoud (betekenis) aan 
dit soort verwerking? En ten derde, welke corticale gebieden zijn het meest relevant 
voor het voortbrengen van betekenis in het sensorische brein?

Hoofdstuk 1 beschrijft en bediscussieerd deze algemene ideeën die de drijvende 
kracht waren achter het onderzoek verzameld in dit proefschrift in meer detail. Het 
doel van dit inleidende hoofdstuk is om een handreiking te bieden aan de lezers die 
minder bekend zijn met de respectievelijke empirische en theoretische achtergrond.

De volgende twee hoofdstukken beschrijven twee fMRI (functionele magnetische 
resonantie tomografie) adaptatiestudies die het thema corticale representaties voor 
complexe geluiden en verschillende auditieve objectcategorieën onderzochten. Om 
precies te zijn werden in hoofdstuk 2 corticale representaties onderzocht voor dieren-
geluiden, die een welbekende en betekenisvolle categorie van complexe geluiden 
vormen. We hadden de hypothese dat we vooral effecten zouden vinden in de su-
perieure temporale gyrus – anterieur gelegen ten opzichte van de primaire auditieve 
cortex – die neuronen bevat die reageren op een verscheidenheid van verschillende 
frequenties en spectro-temporele kenmerken van geluiden. Adaptatie trad inderdaad 
op in de superieure temporale gyrus van de linker hersenhelft, wat erop duidt dat cor-
ticale representaties van dierengeluiden specifiek gedreven worden door de spectro-
temporele dynamiek van geluiden. Meer algemeen laat deze eerste auditieve fMRI-
adaptatiestudie zien dat het gebruik van complexe en betekenisvolle auditieve stimuli 
een ingang biedt om de volledige auditieve verwerkingshiërarchie te bestuderen.

De volgende experimentele stap, gerapporteerd in hoofdstuk 3 was erop gericht 
om de responseprofielen van de hogere-orde auditieve cortex voor complexe, betek-
enisvolle geluiden verder te bestuderen. Daarbij maakten we gebruik van het feit dat 
mensen in de eerste jaren van hun cognitieve ontwikkeling leren om geluiden in ver-
schillende categorieën in te delen. Het is interessant en in overeenstemming met met 
onze bevindingen dat eerder onderzoek door anderen aangeeft dat de anterieure 
superieure temporale cortex specifiek betrokken is bij de verwerking van dierenge-
luiden terwijl een corticaal gebied in de linker posterieure middelste temporele gyrus 
sterker op geluiden van kunstmatige objecten zoals gereedschap reageert. Opnieuw 
gebruikmakend van een fMRI-adaptatieparadigma repliceerden we de resultaten van 
onze eerste studie wat betreft het adaptatie-effect voor dierengeluiden in de linker 
superieure temporale gyrus. Desondanks vonden we geen overeenkomstig adaptatie-



127

Samenvatting

effect voor herhaalde versus verschillende gereedschapsgeluiden in dit corticale ge-
bied, wat de visie van selectiviteit voor dierengeluiden ondersteunt. Daarentegen was 
de linker posterieure middelste temporale gyrus het enige corticale gebied dat se-
lectief adapteerde aan herhaalde geluiden van gereedschap. Bovendien leken deze 
beide gebieden op verschillende niveaus in de verwerkingshiërarchie te functioneren: 
de superieure temporale gyrus, maar niet de posterieure middelste temporale gyrus 
liet responsen zien die significant van de baseline verschilden. Dus alleen het eerst-
genoemde gebied lijkt gevoelig te zijn voor de spectro-temporele kenmerken die elk 
geluid van voldoende complexiteit bezit, wat de visie versterkt dat dit corticale gebied 
inderdaad betrokken is bij de differentiatie van geluiden in verschillende categorieën 
op basis van hun complexe fysieke eigenschappen. Dit zou dan een input aan hogere-
orde gebieden verschaffen die betrokken zijn bij de verdere integratie met conceptu-
ele representaties.

In een tweede serie empirische studies breidden we ons onderzoeksterrein uit van 
de verwerking van betekenisvolle auditieve stimuli tot de kwestie van hoe betekenis 
invloed uitoefent op de integratie over sensorische modaliteiten. In hoofdstuk 4 pre-
senteer ik een studie van onze groep waarin we fMRI combineerden met een simpel 
associatief-leren paradigma. In eerder werk konden we laten zien dat factoren als de 
bekendheid van en de mate van semantische overeenstemming tussen auditieve en 
visuele stimuli weerspiegeld werden in differentiële corticale activatiepatronen. We 
redeneerden dat corticale representaties voor in eerste instantie betekenisloze en 
kunstmatige audio-visuele (AV) stimuli na leren tot op zekere hoogte zouden kunnen 
convergeren in die corticale gebieden die normaalgesproken betrokken zijn bij de 
integratie van bekende audio-visuele stimuli, zoals dierengeluiden en bijbehorende 
plaatjes. We hadden de hypothese dat na training deze specifieke kunstmatige AV 
combinaties verwerkt zouden kunnen worden als congruent en andere combinaties 
als incongruent. In een korte gedragsmatige trainingssessie leerden proefpersonen 
associaties tussen specifieke artificiële geluiden en objecten. Training-geinduceerde 
corticale veranderingen voor de verwerking van artificiële audio-visuele stimuli 
werden bepaald met fMRI vóór (PRE) en ná (POST) training. In de PRE-training ses-
sie werden onbekende kunstmatige audio-visuele stimuli voornamelijk geïntegreerd 
in de rechter inferieure frontale cortex. In the POST-training sessie, liet een vergelijk-
bare analyse verhoogde activatie zien in bilaterale inferieure frontale, intra-parietale 
en lateraal- temporale gebieden zich uitstrekkend tot in de superieure temporale sul-
cus. Een vergelijkbare groep gebieden werd in eerdere studies voor de integratie van 
bekende geluiden en beelden van dieren en mensen gevonden. Verder verschilden 
de corticale activatiepatronen inderdaad op een systematische manier voor geleerde 
en niet-geleerde combinaties van kunstmatige audio-visuele stimuli. Terwijl niet-
overeenstemmende vergeleken met overeenstemmende (geleerde) audio-visuele 
combinaties sterkere responsen op wekten in de linker inferieure frontale gebieden, 
vonden we dat het omgekeerde contrast significant was in posterieure delen van de 
rechter middelste temporale gyrus en, in mindere mate, in de rechter fusiforme gyrus. 
Het meest interessant was dat deze patronen overeenkwamen met bevindingen voor 
semantisch incongruente tegenover congruente bekende audio-visuele stimuli en 
vice versa. Daarom geven onze bevindingen aan dat zelfs na korte-termijn training van 
associaties tussen kunstmatige geluiden en beelden integratieprocessen en detectie 
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van overeenstemming op opmerkelijk vergelijkbare wijze functioneren als in het geval 
van bekende audio-visuele stimuli.

Hoofdstuk 5 bericht over een studie waarin we de toepassing van fMRI adaptatie 
uitbreidden naar het domein van multisensorische integratie. We gebruikten vier ex-
perimentele condities waarin twee opeenvolgende audio-visuele dierenstimuli aange-
boden werden met een verandering in ofwel de auditieve, visuele, beide, of geen en-
kele component van de eerste ten opzichte van de tweede stimulus. Het is belangrijk 
op te merken dat de veranderingen optraden in dezelfde basale categorie van dieren, 
bijvoorbeeld twee verschillende afbeeldingen van een hond, om subtiele congruentie- 
of incongruentie-effecten binnen of tussen de twee audio-visuele stimuli te vermind-
eren. In overeenstemming met met resultaten van unimodale adaptatiestudies werden 
significant onderdrukte responsen gedetecteerd in de rechter superieure temporale 
gyrus en sulcus voor auditieve herhalingen vergeleken met auditieve veranderingen 
en in de rechter laterale occipitale gebieden en de fusiforme gyrus voor herhaalde 
versus veranderde visuele stimuli. Verrassend genoeg waren hogere-orde sensorische 
cortices niet ongevoelig voor herhalingen versus veranderingen in de respectievelijke 
andere modaliteit. Om precies te zijn gingen effecten van auditieve onderdrukking 
in de rechter superieure temporale cortex samen  met sterkere fMRI signalen voor 
visuele herhalingen dan voor visuele veranderingen (repetitie-versterking), terwijl een 
gebied in de linker laterale occipitale cortex versterkte responsen vertoonde voor au-
ditieve herhalingen. Deze bevinding dat stimulusherhalingen versus -veranderingen 
in één sensorische modaliteit leiden tot differentiële verwerking in cortices van de 
respectievelijke andere sensorische modaliteit onderstreepte dat fMRI-adaptatie ook 
een zeer nuttig middel is voor multisensorisch onderzoek. Toekomstige studies zullen 
daarom zeker van deze experimentele techniek voor meer geavanceerde vragen met 
betrekking tot variaties in betekenisinhoud in de context van sensorische integratie 
gebruikmaken.

De toepassing van nieuwe experimentele technieken moet gemotiveerd zijn door 
theoretische overwegingen om nieuwe inzichten in corticale integratiemechanismen 
te kunnen voortbrengen. Het laatste hoofdstuk 6 van dit proefschrift biedt een eerste 
theoretisch kader wat betreft de impact van betekenis op processen van audio-visuele 
integratie. Dit kader wordt opgebouwd aan de hand van observaties zoals gerapport-
eerd in hoofdstuk 4. Om precies te zijn is er herhaaldelijk een fronto-temporale “gra-
dient” gerapporteerd met meer uitgesproken responsen voor semantisch incongru-
ente audio-viduele stimulatie in inferieure frontale gebieden en sterkere effecten voor 
semantisch congruente audio-visuele stimuli in laterale temporale cortex. Mogelijke 
perceptuele en cognitieve processen die aan deze differentiële corticale patronen ten 
grondslag zouden kunnen liggen worden in dit hoofdstuk bediscussieerd. We zijn vol 
vertrouwen dat ons kader een startpunt biedt voor toekomstig gemeenschappelijk 
werk om de integratiemechanismen van het multisensorische brein te ontrafelen.
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Abbreviations

2D, 3D  two-dimensional, three-dimensional
a  anterior
A  auditory
A1  primary auditory cortex
ACC  anterior cingulate cortex
AG  angular gyrus
AM  amplitude modulation
ANOVA  analysis of variance
ART  artificial
AV  audio-visual 
BOLD  blood-oxygenation level-dependent
CON  congruent
dBC  decibel carrier
DLPFC  dorso-lateral prefrontal cortex
EEG  electroencephalography
EPI  echo-planar imaging
ERF  event-related field
ERP  event-related potential
FA  flip angle
FDR  false discovery rate
FFA  fusiform face area
FG  fusiform gyrus
FoV  field of view
fMRI  functional magnetic resonance imaging
fMRIa  functional magnetic resonance imaging adaptation 
FWHM  full width at half maximum
GCM  Granger causality mapping
GLM  general linear model
HG  Heschl’s gyrus
IFC  inferior frontal cortex
IFG  inferior frontal gyrus
IFS  inferior frontal sulcus
INCON  incongruent
IPL  inferior parietal lobule
IPS  inferior parietal sulcus
ISI  interstimulus interval
IT  inferior temporal
ITG  inferior temporal gyrus
LH  left hemisphere
LO  lateral occipital
LOC  lateral occipital complex
LTC  lateral temporal cortex
MEG  magnetoencephalography
MFC  medial frontal cortex
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MP-RAGE magnetization-prepared rapid gradient-echo
MRI  magnetic resonance imaging
MTG  middle temporal gyrus
NAT  natural 
p  posterior
PFC   prefrontal cortex
PMC  premotor cortex
PP  planum polare
PPC  posterior parietal cortex
PRE  before-training session 
POST  after-training session
PT  planum temporale
R  tonotopic area with an organization mirror-symmetric to A1
RE   repetition enhancement
RfA  release from adaptation 
RH  right hemisphere
RFX  random effects
RS  repetition suppression 
ROI  region of interest
SEM  standard error of the mean
STG  superior temporal gyrus
STS  superior temporal sulcus
TE  time to echo
TR  time to repetition 
TMS  transcranial magnetic stimulation 
TVA  temporal voice area
V1  primary visual cortex
VO  ventral occipital
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