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 This volume concentrates on current approaches to understanding the human auditory 
cortex. 

  Why auditory ? The reasons why one would, could, and should study auditory 
processing ought to require little comment or motivation. That being said—and 
given the critical importance of hearing and speech for human communication and 
welfare—one might wonder why hearing research, in general, has remained the less 
popular stepchild and ugly duckling in the context of sensory neuroscience, in par-
ticular vision. (This question is discussed in more detail later.). 

  Why human ? Our knowledge of nonhuman hearing is increasingly well developed, 
and there now exist excellent recent overviews of auditory processing at various 
levels of analysis, ranging from anatomy to neurophysiology to computational mod-
eling of subtle hearing phenomena (e.g., Oertel et al.,  2002 ; Manley et al.,  2008 ; 
Meddis et al.,  2010 ; Moore 2010; Winer & Schreiner  2010 ; Schnupp et al.,  2011  ) . 
The very existence of the extensive and thorough  Springer Handbook of Auditory 
Research  is a testament to the fact that this research arena is perceived as a growth 
area at the cutting edge of the behavioral and brain sciences. Yet, for human audi-
tory processing, although our behavioral/psychophysical approaches are sophisticated, 
our  knowledge of the neural basis is still quite rudimentary . A detailed focus on the 
human auditory system seems timely and necessary. 

  Why cortex ? It goes without saying that the contributions of subcortical structures 
to virtually all aspects of human auditory perception are immense. The afferent 
auditory pathway is highly complex and richly structured; it is sometimes argued, 
for example, that the inferior colliculus constitutes a better comparison to primary 
visual cortex than primary auditory cortex itself (King & Nelken,  2009  ) . Moreover, 
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even higher-order tasks, including speech perception, are modulated by subcortical 
circuitry. Nevertheless, it is  cortical structures that lie at the basis of auditory 
perception and cognition . To restrict the scope of coverage, and fully acknowledging 
the importance of other cerebral regions, the human auditory cortex is the target of 
this inquiry. 

 The study of the visual system—across species, levels of visual processing, and 
approaches—continues to be a dominant focus in the neurosciences. The amount of 
resources dedicated to vision is easy to understand: humans are highly visual creatures 
(if the criterion is the proportion of cerebral real estate allocated to visual processing in 
one form or another); animal models of human vision are remarkably successful, allow-
ing for detailed mechanistic characterizations of various aspects of visual perception 
across species, including humans; and the experimental “management” of visual mate-
rials has made the research tractable for a long time, ranging from the simple holding 
up of an image to tachistoscopic presentation to sophisticated computer graphics. 

 Recently, more researchers are turning their attention to auditory processing. 
By analogy to vision, three trends are worth mentioning. First, investigators now 
acknowledge that humans are also highly auditory creatures, if the criteria are 
(1) the amount of cerebral territory implicated in hearing as well as (2) what humans 
are willing to pay for to be entertained, for example, iTunes®; second, animal 
models are highlighting important similarities but also showing some key differences 
between the human auditory system and well-studied nonhuman preparations, 
notably with respect to complex sound processing, speech, and music; and fi nally, 
new technologies have made manipulating auditory materials much easier—and 
many auditory studies doable to begin with. (Recall that crafting and editing digital 
audio fi les with such speed and ease is a rather recent development, in terms of the 
history of the work.) Moreover, and crucially, the development of new noninvasive 
recording and imaging techniques to study the human brain has opened up entirely 
new possibilities for investigating human hearing; the impact of these techniques on 
research in (human) auditory processing cannot be overstated. One key aspect of 
this volume is to highlight the existing techniques and illustrate how they are used 
to study various aspects of human auditory perception. 

 The book’s chapters are roughly organized in two sections,  methodologies  and 
 content areas . The chapters in the fi rst section explain the techniques currently 
available to study the human brain, with a specifi c focus—and numerous examples—
on auditory processing. The coverage is necessarily selective; for example, the vol-
ume does not cover recent experimental work using transcranial magnetic stimulation 
(TMS), transcranial direct current stimulation (tDCS), and near-infrared spectros-
copy (NIRS). The chapters were designed to cover the areas of experimental inquiry 
in which a fairly extensive and robust body of results exists on human auditory cortical 
structure and function. It stands to reason that newer recording techniques will make 
major discoveries, but it seems prudent to restrict the focus on methodologies with 
a signifi cant track record. 

 In the second group of chapters, different aspects of auditory perception and 
cognition are discussed, that is, the focus of each chapter lies on a specifi c content area 
(e.g., auditory objects, speech, music) or an aspect of auditory processing that cuts 
across domains (e.g., multisensory perception, perception–action interaction, etc.). 



31 Introduction

 The coverage of the book is as follows. In   Chapter 2    , Clarke and Morosan 
describe the neurobiological infrastructure that lies at the very foundation of the 
entire research area: the anatomy of the human auditory cortex. The data have 
derived mainly from cytoarchitectonic analyses of postmortem brains, but now also 
incorporate recent insights from other anatomic approaches. The chapter also intro-
duces, in a historical context, the nomenclature of the different subareas in human 
auditory cortex. The quip that “anatomy is destiny” is attributed to Sigmund Freud—
and, to our knowledge, he was not referring to the structure and function of the 
auditory system. It is clear, however, that human auditory research needs to be much 
more granular about the computational contribution each putative cortical region 
makes. The success and destiny of the research program is indeed predicated on 
whether it is possible to forge detailed linking hypotheses between anatomic structures 
and computational subroutines. 

 In   Chapter 3    , Howard, Nourski, and Brugge introduce a type of data that most 
researchers rarely have access to: intracranial recordings from patients undergoing 
neurosurgical procedures or presurgical evaluation. Although such direct invasive 
neurophysiological recordings are much harder to come by—and are associated 
with the typical limitations of the clinical situation—these new data sets are gaining 
currency and provide a window onto auditory function that allows us to make impor-
tant connections between noninvasive imaging and the neurophysiological data 
obtained in animal studies. The chapter introduces the nuts and bolts of how audi-
tory research is done in this context. 

   Chapters 4    ,   5    , and   6     provide descriptions of the most typical methodologies cur-
rently in use to study human auditory perception and cognition. Electroencephalography 
(EEG), the topic of   Chapter 4     by Alain and Winkler, has been available for cognitive 
neuroscience research since the 1930s. Although its popularity has waxed and 
waned over the years, it is fair to say that EEG data are now richly appreciated in 
auditory research and have provided the most data (and perhaps insight) about audi-
tory function, in particular with respect to the temporal properties of perception. 
The other noninvasive electrophysiological technique that is currently growing in 
use is magnetoencephalography (MEG), a cousin of EEG. The technique is outlined 
by Nagarajan, Gabriel, and Herman in   Chapter 5    , where a number of examples 
illustrate how MEG can be used to investigate aspects of auditory processing that 
can be more challenging than with other electrophysiological approaches. The balance 
between temporal and spatial resolution afforded by MEG makes the technique well 
suited to investigate research questions in which localization of function plays a 
role that cannot be addressed effectively with, say, EEG. 

 In   Chapter 6    , Talavage, Gonzalez, and Johnsrude turn to the hemodynamic 
recording approaches, principally functional magnetic resonance imaging (fMRI). 
The fantastic spatial resolving power of this imaging technique is now well known. 
Because of some of the quirks of this technique—it is quite loud to be inside the 
scanner as a participant, and the response that is quantifi ed develops over several 
seconds (hemodynamics are slow relative to electricity)—the utility of fMRI in 
auditory research was initially somewhat limited. However, technical innovations in 
the last few years have rendered this tool an excellent window through which to 
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view human auditory cortex as it processes signals ranging from single tones to 
extended narratives. The chapter provides a thorough description of the underlying 
neurophysiology, design, and analysis of fMRI data. 

   Chapters 7     to 13 form the second part of the book, now with less explicit empha-
sis on the particular methods, but rather a concentration on specifi c perceptual and 
conceptual challenges that the human auditory system faces. In   Chapter 7    , Hall and 
Barker discuss the basic acoustic constituents that comprise the auditory environ-
ment. The chapter familiarizes the reader with elementary problems such as the 
encoding of pure tones, the representation of sounds with larger bandwidths and 
more complex spectral structure, the analysis of pitch, and the effect of loudness. 
The perceptual attributes described and discussed in this chapter form the basis of 
representations of an intermediate complexity, lying between encoding at the audi-
tory periphery, on the one hand, and the perceptual interpretation as high-level 
objects, including speech or music, on the other. The level of representation that is 
the centerpiece of this chapter might be considered the “perceptual primitives” of 
auditory cognition; these are the attributes that humans can independently assign 
to an auditory stimulus, regardless of its category membership. For example, 
whether humans are characterizing an environmental stimulus, a musical motif, or 
a spoken word, we can talk about the pitch, the spatial position, or the loudness of 
the signal. 

 The concept of what auditory objects or auditory streams actually are—already 
raised in the description of EEG (  Chapter 4    )—is tackled more directly in   Chapter 8     
by Griffi ths, Micheyl, and Overath. The question of what constitutes an auditory 
object has proven to be remarkably controversial. In part, this diffi culty may stem 
because this concept derives by and large from vision research and may not have a 
one-to-one transfer function to audition (e.g., the temporal dimension is arguably 
more important in audition). To generalize the notion of object, other dynamic 
features of an object must now come to fore, enriching the discussion of what is 
considered to be an elementary representation in a sense that satisfi es both visual 
and auditory theories. The chapter describes the empirical research that has contrib-
uted to clarifying the problems, notably work on streaming, grouping, and sequenc-
ing. Both hemodynamic and electrophysiological studies are described that aim to 
elucidate this complex notion. 

 One of the major naturalistic tasks for the auditory system, speech perception, is 
the theme of   Chapter 9    , by Giraud and Poeppel. There, a decidedly neurophysiological 
perspective is provided, focusing especially on the perceptual analysis of connected 
speech—and not on how individual vowels, syllables, or words are analyzed. 
Whereas there exists a fairly large literature on the neurobiological activity associ-
ated with perceiving individual speech sounds, a growing body of empirical work is 
focusing on connected speech. That issue is taken up here, outlining in particular the 
potential role of neuronal oscillations in analyzing speech. The brain basis of speech 
is, unsurprisingly, a central focus of much research in human hearing. 

 The other domain that is receiving a great deal of attention and generating a 
fascinating body of data concerns the cortical foundations of processing music, 
discussed by Zatorre and Zarate in   Chapter 10    . Three aspects of music processing 



51 Introduction

receive special attention. First, the concept of pitch and its foundational role for 
melody and melodic processing is discussed from several vantage points. Second, 
some of the major anatomic issues are revisited, including the interesting hemispheric 
asymmetries associated with processing auditory signals as well as the controversial 
contribution of dorsal stream structures to auditory processing. Third, the fascinat-
ing issues surrounding cortical plasticity after training and cortical defi cits after 
lesion/genetic anomaly are laid out. Music processing is a domain that, in an important 
sense, illustrates how different methodologies and different concepts (object, stream, 
action–perception loop, etc.) come together to highlight the neurobiological foun-
dations of complex auditory processing. 

 Although this volume is about the human auditory cortex, it now goes without 
saying that there is a fundamental role for the other senses in auditory processing. 
The multisensory role of the human auditory cortex is the theme of   Chapter 11    . 
There, the neurophysiological foundations, to date largely based on results from 
animal studies, are outlined by van Wassenhove and Schroeder. Nevertheless, a 
growing literature in human cognitive neuroscience shows convincingly the direct 
and seemingly causal interactions in multisensory contexts. Several compelling 
psychophysical phenomena are explained, including ventriloquism and the famous 
audiovisual speech McGurk illusion. It is becoming increasingly clear that the 
notion of purely unisensory areas is highly problematic, if not entirely incorrect. 
The temporally (and anatomically) very early effects of multisensory infl uence and 
integration highlight the fact that it is very fruitful to incorporate the rich and highly 
modulatory multisensory inputs and their effects into any model. 

 In   Chapter 12    , an almost mythical area in human auditory neuroscience, the pla-
num temporale, is discussed by Hickok and Saberi. When one talks about the neural 
basis of speech and language processing, there are two brain areas that invariably lie 
at the center of the discussion: Broca’s region in the frontal lobe and planum tempo-
rale in the superior temporal lobe. These brain areas have been argued to be strongly 
lateralized in the human brain, and have been shown to correlate in important ways 
with properties of speech perception and production as well as language compre-
hension and production. Three aspects of planum temporale function are discussed 
in this chapter: its role in the analysis of spatial features of sounds and localization, 
its role for the analysis of objects, and its role in auditory motor mapping. 

 The volume concludes with   Chapter 13    , wherein Cariani and Micheyl summarize 
where we stand with respect to computational models that link the data from the 
multiple methodologies in human and animal models in an explicit way. Although 
our understanding of neural coding is incomplete and woefully inadequate, enough 
is known to begin to explore how the neural code forms the basis for auditory 
perception and cognition. This chapter serves to remind us, from many different 
angles, what some of the computational requirements and coding strictures are. 
To develop a theoretically well motivated, computationally explicit, and neurobio-
logically realistic model, linking hypotheses that are sensitive to the toolbox of 
computational neuroscience will be essential. 

 This volume constitutes a fair representation of what is currently known about 
human auditory cortex. If the topic is revisited in 10 years, where should the fi eld be? 
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Given the fantastic rate of progress—in terms of computational sophistication, 
experimental subtlety, and methodological innovations with ever better resolution—
here are some decadal desiderata. First, the anatomical characterization of human 
auditory cortex needs to be at least as granular as the specifi cations now available for, 
say, macaque visual cortex. Not just areal delineation, cytoarchitecture, and receptor 
distributions, of course, but circuit-level considerations are also necessary. Achieving 
this for the human brain in general, and for auditory cortex in particular, is a tremen-
dous challenge. 

 Second, it would be invaluable to have an inventory of the elementary operations 
(or computations) that are executed by cell groups in a given anatomic circuit or 
region. In some sense, this amounts to identifying the “atoms of hearing.” Ultimately, 
the goal will be to develop linking hypotheses between the anatomic circuitry and 
the computational primitives (or atoms). It is likely that such a mapping between 
anatomy and computational functions will be many to many; the structure of cortex 
is such that a subgroup of elements can execute different formal operations. 

 Third, it would constitute a great success to have a model of how the primitive 
operations—that are anatomically grounded—conspire to create the elementary 
perceptual attributes, as these are unlikely to be neurobiological primitives. For 
example, there are many ways to create the elementary perceptual experience of 
pitch, or of loudness, from which it follows that the underlying operations that form 
the basis for that experience are even more elementary. Some of the considerations 
outlined in the concluding chapter point toward general issues to think about in 
formulating such theories. 

 Fourth, none of this can be achieved without concomitant progress in advancing 
the resolution power of the available methodologies. It goes without saying that the 
loudness of the fMRI environment is extremely detrimental to auditory neurosci-
ence. Presumably, were the scanner to produce visual noise, MRI technicians and 
researchers would have scrambled and found a way to reduce this by now (some 
20 years after the conception of BOLD imaging); but because the scanner “only” 
produces acoustic noise, a signifi cant reduction of the acoustic noise of fMRI 
(mainly due to hardware and acquisition techniques) remains the holy grail for audi-
tory neuroscience. 

 Further, the simultaneous combination of techniques (e.g., EEG and fMRI) 
would provide an important step forward in elucidating the relationships between 
various aspects of the neural signature(s) in auditory cortex. 

 Finally, successful explanations of how the human auditory cortex provides the 
basis for the representation and processing of ecologically natural signals such as 
speech, music, or natural sounds need to be directly grounded in the anatomic and 
computational infrastructure (bottom-up constraints) while permitting the seamless 
integration with high-level representations, and the entire predictive machinery that 
is the memory system (top-down constraints). In summary, the systematic linking of 
a computational inventory with the right level of anatomic circuitry constitutes a 
goal that is ambitious but would yield great scientifi c payoff and have compelling 
clinical implications.     
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