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Zusammenfassung
Gegenstand und Ausgangspunkt dieser Arbeit sind die nur unzureichend verstandenen Mechanismen, die das mühelose Identifizieren und Kategorisieren von gesprochener Sprache im auditorischen Kortex erlauben. Sieben Studien zur Kartierung von Hirnfunktionen wurden durchgeführt, um den Einfluss von akustischen
und phonologischen Merkmalen von Vokalen und Silben auf die auditorische Hirnantwort besser zu verstehen. Etwas spezifischer fragten wir nach dem Einfluss sogenannter phonologischer Features, auf denen das Lautsystem einer jeden Sprache basiert. Hauptsächlich geschah dies mittels Magnetenzephalographie (MEG) und anschließender Quellenlokalisation der evozierten N100m-Komponente, allerdings
fand für ein Experiment auch die funktionelle Magnetresonanztomographie (fMRI)
Verwendung. Alle gesunden deutschsprachigen Versuchspersonen hörten Sequenzen von dargebotenen Vokalen oder Silben und detektierten seltene Zielreize. Eine
Gruppen- und eine Einzelfallstudie mit identischem Versuchsaufbau erbrachten Belege, dass die topographische Anordnung der kortikalen N100m-Quelle einfache
akustische Unterschiede zwischen synthetischen Vokalen intraindividuell reliabel
abbilden kann. Eine dritte Studie benutzte ein umfassenderes Set natürlicher deutscher Vokale und zeigte, dass Vokale mit einander ausschließendem Artikulationsort
(CORONAL oder DORSAL) räumlich unterscheidbare Hirnantworten entlang der posterior-anterioren Achse im auditorischen Kortex beider Hemisphären hervorriefen.
Dies bestätigte ein viertes Experiment, bei dem in Konsonant-Vokal (CV) Silben sowohl die stimmhaften Stop-Konsonanten als auch die Vokale hinsichtlich des einander ausschließenden Artikulationsorts variierten: Merkmale des Vokales führten
zum aus der vorherigen Studie bekannten topographischen Effekt, dieselben phonologischen Merkmale in den Stop-Konsonanten evozierten statistisch bedeutsame
Orientierungsunterschiede der N100m-Quellen. Die Auswertung von Hirnantworten auf zusätzliches, nicht-sprachliches Stimulusmaterial ergab, dass das aufmerksame Verarbeiten von Vokalen und Silben, wie es die N100m-Komponente abbildet,
in Arealen anterior der primären Hörrinde erfolgt. Dieser Befund stützt die Annahme eines auditorischen, eher anterioren „what“-Verarbeitungssystems und dessen
Rolle in der Analyse gesprochener Sprache. Dies ergab ebenfalls ein fMRIExperiment, in dem die genauen anatomischen Strukturen identifiziert werden sollten, welche die Extraktion von Merkmalen aus gehörten Vokalen ermöglichen. Zwei
zusätzliche Studien stellten sicher, dass die beschriebene Kartierung von einander
ausschließenden Merkmalen weder ausschließlich auf dem Aufmerksamkeitsfokus
der Versuchpersonen beruhte (eine experimentelle Manipulation der Aufmerksam-
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keit veränderte zwar den generellen Schwerpunkt der N100m-Aktivität, nicht aber
die relative Kartierung CORONALER und DORSALER Laute), noch vom Geschlecht der
Versuchsperson abhing (gefundene Geschlechtsunterschiede in der Lateralisierung
der N100m beeinflussten nicht die funktionelle N100m-Kartierung innerhalb der
Hemisphären). Konsistent fanden wir auch Einflüsse von phonologischen Merkmalen auf die Latenz maximaler N100m-Aktivität, die weitergehende Untersuchung
verdienen. Abschließend wird ein spekulatives Modell zur kortikalen Sprachlautrepräsentation vorgestellt und diskutiert, das Befunde der vorgestellten Arbeiten
integriert und das auf der funktionellen Kartierung abstrakter Merkmale statt einzelner Phoneme basiert.
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vii

Abstract
The poorly understood mechanisms by which the auditory cortex identifies and
categorizes speech constitute the focus of this thesis. Seven functional brain mapping
studies were conducted to elucidate the influence of both acoustic and phonological
properties of vowels and syllables on the auditory brain response. Specifically, the
influence of phonological features, which constitute the sound system of a language,
was tested. Both magnetoencephalography (MEG) with subsequent magnetic source
imaging of the N100m evoked field component and functional magnetic resonance
imaging (fMRI) were applied, while healthy German subjects listened to sequences
of vowels or syllables and detected rare target sounds. In a group and a single subject study with identical designs, evidence was gathered that the source topography
in auditory cortex underlying the N100m component is able to mirror simple acoustic relationships between synthetic German vowels in an intra-individually reliable
fashion. A third study, using a more comprehensive set of natural German vowels,
showed that vowels with the mutually exclusive place features CORONAL and DORSAL
elicited separate centers of N100m activity along the posterior-anterior axis within
the auditory cortices of both hemispheres. This was replicated in a fourth study,
where natural consonant-vowel (CV) syllables were used and both the voiced stop
consonants and the vowels varied with regard to mutually exclusive place features:
vowel features reproduced the separate mapping effect, while the same phonological
features in stop consonants affected the N100m source orientation. Magnetic fields
elicited by additional non-speech sounds indicated that the attentive processing of
vowels and syllables as seen in the N100m mapping is accomplished anterior of
primary auditory areas, corroborating assumptions of an auditory anterior ‘what’
stream and its involvement in speech sound processing. This was also confirmed in a
pilot fMRI study that was performed to elucidate the exact anatomical structures
involved in vowel feature extraction. Two additional studies assured that the mapping of mutually exclusive features was neither due to subject’s attentional focus (an
experimentally induced switch of attention affected only absolute N100m locations,
but not the relative mapping of CORONAL and DORSAL sounds) nor due to subject’s
gender (gender differences in N100m lateralization were independent of intrahemispheric functional N100m maps). We also consistently identified effects of phonological features on the N100m peak latency that should be further explored. A
speculative model of cortical speech sound representation, which integrates findings
of this thesis, and which is based on the mapping of abstract features rather than
single phonemes is presented and discussed.
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General Introduction
“Sieht man ab von der geschriebenen und gelesenen
Sprache, die doch erst eine verhältnismäßig späte Errungenschaft ist und auch nur von einer mäßig großen
Minderheit der sprechenden Menschen erlernt wird, so
sind es wieder zwei Bestandteile, die nun das eigentliche
Wesen der Sätze und Wörter ausmachen: Töne und Geräusche, hervorgebracht durch die Tätigkeit der Sprachorgane, und die von eben dieser Tätigkeit herrührenden
Bewegungs- und Lageempfindungen, Gehörseindrücke
also und kinästhetische oder Sprecheindrücke. […]
Mit bestimmten Sprechempfindungen sind für den Normalsinnigen allemal bestimmte Gehörempfindungen verbunden; sie gehören also zusammen.“
– Hermann Ebbinghaus, 1921, Abriss der Psychologie, 6th
ed., p. 119, Berlin: Gruyter
[“If we leave aside written and read language, which are
acquired comparably late and only by a minority of all
speaking humans, the essence of sentences and words consists of two constituents: sounds emitted by the speechorgans’ activity and the auditory and kinesthetic sensations or sensations of speech elicited by this activity. […]
For the normally perceiving, certain percepts of speech are
always associated with certain auditory percepts; thus they
belong together.”] (Accentuation by the author; translation
by J.O.)

Hermann Ebbinghaus, one of the great founding fathers of psychology, made a good
point in his statement above that is helpful to keep in mind when striving for the
neurobiological foundations of speech:
Speech is an ability which evolves in every normally developing child and which is
the supreme form of human communication. Written language, which is also omnipresent in the alphabetized world and which has long been ruling the neuroscientific
paradigms in language research, is a cultural advance that appeared later in human
phylogenesis and is not common to all human societies. Ebbinghaus also made clear
that to his understanding percepts of speech are inseparable from auditory percepts.
Although somewhat trivial, this notion is at the core of what this dissertation is
about: How is speech sound identification and representation implemented in the
human auditory cortex? What patterns are discernible in the auditory system’s responses to speech sounds? And, in turn, what can we learn about the auditory system with regard to its capability of storing and categorizing speech sound patterns?
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It appears as if such concise and circumscribed questions have not been answered
yet, and the true fundamentals of speech perception are poorly understood.
This thesis focuses on the central auditory processing of the smallest entities of spoken language, namely phonological features, phonemes, and syllables. Many other
aspects crucial to the understanding of speech therefore have to remain excluded,
e.g. the perception of prosody, the segregation of speech streams from different
speakers or from background noise, the initial access to the mental lexicon and the
successful parsing of a stream of words or sentences, i.e. meaningful utterances. It
also aims not beyond the level of auditory processing, i.e. no interactions with other
sensory modalities, with the motor output system or with prefrontal areas involved
in memory and attention functions are tested here. This array of experiments also
allows only very superficial conclusions on the controversial issue of the interaction
of productive and receptive speech functions (Liberman & Mattingly, 1985; Ru, Chi,
& Shamma, 2003). Instead, topographical and temporal characteristics of the late
auditory evoked field component N100m (see below) which is discernible noninvasively using magnetoencephalography (MEG) are analyzed as a signature of
speech sound processing on the verge of attentive and pre-attentive mechanisms, of
sensation and perception, of acoustic and cognitive processes.
1.1

Phonemes and phonological features: the molecules and atoms of speech?

What is the character of a phoneme? It is appealing to think of phonemes as the ‘atoms of speech’: the smallest entities which can be produced in isolation and which
can be perceived as such across a wide variety of speakers and acoustical circumstances. As Trubetzkoy (1939) put it, phonemes are “the smallest distinctive unit within
the structure of a given language”. More specifically, phonemes are “assumed to have
inherent properties of articulatory gestures or acoustic signals, but observed properties may
vary depending on the context” (Fujimura & Erickson, 1997, p. 84). This latter quote
from the handbook of phonetic sciences covers two points crucial to the work presented here: first, it is unclear whether a phoneme should be seen foremost as an articulatory or an acoustic entity, or both. Second, the properties of a phoneme (whatever these properties are) are subject to dramatic variation. However, speech decoding is tremendously robust against such variation: acoustic degrading such as the
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cutting of whole frequency ranges in a phone line or even the artificial reduction of
spectral content to a minimum (Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995)
can not hinder the human brain from successfully parsing the speech signal. And it
also copes admirably with acoustic variance arising from different speakers, different prosodies, different speaking rates, different degrees of phonation (quasi-periodic movement of the vocal folds; for example in whispering), to name but a few.
An additional problem for the concept of phonemes arises from coarticulation: In
running speech, single phonemes are articulated in a cascade rather than in serial
order and overlap considerably. This overlapping articulation or coarticulation may
be anticipatory (affected by upcoming sounds) as well as persevering (continued
effect of preceding sound; Farnetani, 1997). Coarticulation has dramatic effects on
the acoustic realization of an intended phoneme, especially so on consonants
(Keating & Lahiri, 1993; Sussman, Fruchter, Hilbert, & Sirosh, 1998). However, identification of the message inherent to the speech stream succeeds nevertheless, and
the lexical access is not hindered by degraded, shortened or even missing phonemes.
If phonemes surface in acoustically so variable forms, do they have an explanatory
value for our understanding of speech processing at all? And is it justified to call
them “atoms of speech”? In the 1950s, Jakobson, Fant and Halle thought of even
smaller chunks in the speech signal and introduced the concept of distinctive features (Jakobson, Fant, & Halle, 1976): phonemes share a variety of articulatory,
acoustic and perceptual features. Certain places of articulation (which part of the
tongue is positioned where in the oral cavity?), tongue body positions (various degrees of
aperture in vowel production), involvement of the lips, constrictions and closures of the
vocal tract, voice onset time, etc. in various combinations form the phonemes of a
native language. Therefore such features may be the true “atoms” of speech that
combine to a multitude of “molecules”, i.e. phonemes. Chomsky and Halle demonstrated the heuristic power of the feature concept in 1968, when they showed that the
vast variety of speech sounds common to the world’s different languages can be
constructed from a comparably small set of universal phonological features (Chomsky
& Halle, 1968; Kenstowicz, 1994).
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Table I. Overview over the phonological features under investigation in this thesis.

Place

German
German
Additional Known acousvowels
consonants
examples
tic correlates
*)
*)
**)
[a] [u] [o] [y] [ø] [i] [e] [g] [d] [b] [m] [n] [k]
+

DORSAL

+

+
+

CORONAL

+

+

+

+
+

+

F2-F1 small
F2-F1 large

Height
LOW
HIGH

+
+

+
+

NON-HIGH /

+
+

+

+

+

F1 high
F1 low
F1 intermediate

MID

Labiality
LABIAL

+

+

+

+

+

+

[no simple
acoustic correlate]

*) Used in studies reported here. **) Fant, 1962; Reetz, 1999;

Especially the features of tongue place of articulation (hereafter called PLACE) and
tongue body aperture (tongue height or HEIGHT) are under investigation here, in
combination with the feature of labiality (lip involvement). Table I summarizes these
features as well as their (known) acoustic characteristics.
This concept is effectively a production-based approach, since the features bear
names that describe the way they are realized. However, this does not imply that
features necessarily have to be re-mapped by the listener onto his own stored motor
gestures of speech production in order to perceive them correctly (as implied by the
motor theory of speech, Liberman & Mattingly, 1985; Liberman & Mattingly, 1989,
and also by recent studies on mirror neurons; Rizzolatti & Arbib, 1998). In contrast,
Fant emphasized the quest for the exact acoustic properties of features when he entitled his seminal book an “acoustic theory of speech production” (Fant, 1962).
Some features have clear acoustic correlates, for example a CORONAL place of articulation in the fronted vowels [i] or [e] is inevitably accompanied by a large distance
between first and second formant (F2-F1)1. But of the numerous features used by lin-

A formant signifies a characteristic peak in the power spectrum of a speech sound (mostly used for
steady-state signals like vowels) and reflects resonance characteristics of the oral cavity that are typi1
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guists to discover the phonological rules inherent to a language, only a minority has
known invariant acoustic correlates. Maybe the phenomenological approach of phonetic science (which parameters can be measured in the emitted speech signal?) is insufficient here, since no linear relationship between input and output characteristics of
the human auditory speech processor should be expected: crucial information that is
extracted and utilized by the central auditory system may be a complex derived or
‘calculated’ version of parameters which the peripheral auditory system delivers
(Diesch & Luce, 1997; Ohl & Scheich, 1997; Sussman, Fruchter, Hilbert, & Sirosh,
1998; Eggermont, 2001; Shamma, 2001). The next section will shortly summarize our
knowledge about speech decoding processes in the central auditory system so far.
1.2

What do we know about the neurobiology of speech sound perception?

At the latest since Wernicke’s work, an involvement of the auditory cortices in the
effortless decoding of speech is accepted. As speech is an auditory percept, this appears as trivial. But Wernicke observed that only a bilateral damage to the supratemporal gyri elicits a condition that he called ‘word deafness’ (Wernicke, 1874):
the ability to form auditory percepts of speech is harmed, while hearing of nonspeech sounds as well as speaking (and reading) are preserved. This shows that a
unilateral (left-hemispheric) damage is not necessarily sufficient to hinder successful
speech processing. It also means that the auditory cortex might play a more vital role
in perception of human speech than of other non-speech signals. But, as Sussman
asked in a rather provocative essay, has our knowledge been furthered that much
since Wernicke’s seminal work? (Sussman, 2000)
1.2.1 Clinical studies
Before and after Wernicke, studying the behavior of aphasic patients and (mostly
post mortem) their lesioned brains has been the method of choice to build concepts
on how the language faculty is implemented in the human brain – and it still is to a
certain extent: Boatman and colleagues for example used the elegant approach of
functional lesions in patients of epileptic surgery (direct application of electric currents
cal for the articulatory gesture when producing this speech sound (Peterson & Barney, 1952; Reetz,
1999); see for example study I, Table I, and study III, Fig.1.
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through subdural electrode arrays transiently disturbs normal cortical functioning), and
they consolidated the role of the left superior temporal gyrus (STG) in the perception, identification and discrimination of vowels and CV-syllables (Boatman, Lesser,
& Gordon, 1995). However, lesion studies on speech bear several limits. Foremost,
lesion studies mostly follow a localizationist approach (cognitive functions are localized
in circumscribed brain areas), but it remains unclear what the exact relation between
the lesioned site and the harmed brain function is (Nudo, 1999): for example, the
planum temporale may be involved in language functions as a computational hub
rather than as the main brain location where speech sounds are stored (Griffiths &
Warren, 2002). Then, a lesion to this area of the superior temporal gyrus may well
lead to receptive language deficits (Wernicke, 1874) but it cannot reveal the full
complexity and the functional connectivity of speech-related cortical activity. Another problem with lesion studies in speech processing is, that the very basic percepts of speech appear only rarely affected by damage to the brain tissue through
cardiovascular insults, brain tumors or removal of epileptogenic tissue. Reliable reports of receptive speech disorders on a very basic level are rare (Aaltonen,
Tuomainen, Laine, & Niemi, 1993; Romani, Granà, & Semenza, 1996), only circumscribed difficulties in stop consonant perception have been reported more frequently
(for a review see Boatman, Hall, Goldstein, Lesser, & Gordon, 1997; for a report on
productive disorders see Caramazza, Chialant, Capasso, & Miceli, 2000).
There might be several reasons for a relatively invulnerable implementation of the
native speech sound inventory: acquisition of speech sounds of the mother tongue
might start as early as the peripheral auditory system has fully developed, around
the early seventh month of gestation (Peck, 1994). This could allow a very solid representation in terms of connectivity. But other basic aspects of language that might
be acquired as early are known to be harmed frequently, e.g. prosodic comprehension (Wymer, Lindman, & Booksh, 2002). And we also know from cases of bilinguals
becoming aphasic that either the language acquired earlier or the second language or
both can be affected by neuronal damage (Fabbro, 2001), i.e., there is no rule of
thumb stating that linguistic knowledge acquired earlier is better protected.
Speech sound processing may be so robust against brain damage because it takes
place along the whole auditory pathway, not only in the auditory cortex: detection of
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spectral decomposition, spectro-temporal changes such as FM sweep-like formant
transitions and changes in amplitude start as soon as the sound pressure moves the
basilar membrane (Eggermont, 2001), and neurons in all auditory nuclei prior to
primary auditory cortex accomplish aspects of this sound analysis in a highly specialized manner.
Generally, both non-invasive studies of the functioning human brain as well as invasive studies of the mammalian auditory system have proven to be more fruitful approaches.
1.2.2 Functional brain mapping studies in humans: EEG and MEG
Since the invention of the electroencephalograph by Hans Berger in the 1920s, the
recording of electric currents (and also of the accompanying magnetic fields; see
General Methods) from the head surface has become an invaluable tool for cognitive
neuroscience research. Today, electroencephalography (EEG) and magnetoencephalography (MEG) deliver recordings of ongoing neuronal brain activity on a milliseconds basis with a satisfying spatial resolution.
Most relevant to this thesis, the auditory evoked potential/field is commonly divided into components that exhibit a typical polarity when recorded from the scalp
(denoted by an N or a P, often accompanied or replaced by an ‘m’ when referring to its magnetic field equivalent) and peak in a characteristic time range (denoted by a number). The
component most reliability elicited by virtually any auditory stimulus is the auditory
N100/N100m (Näätänen & Picton, 1987; Fig. 2A). From a psychologist perspective,
we are in need of a well-operationalized dependent variable when studying signatures of speech processing non-invasively in humans. The auditory N100/N100m
fulfills this criterion: its investigation commenced as early as 1939 (Davis, Davis,
Loomis, Harvey, & Hobart, 1939), and more than fifteen years ago, a review article
on the auditory N100/N100m cited not less than 360 studies (Näätänen & Picton,
1987).
From a theoretical point of view, the N100 response is also a good candidate to study
speech sound processing, as it most probably reflects auditory pattern recognition
and integration (Näätänen & Winkler, 1999): building a percept of speech is foremost
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an integrative function of invariant pattern recognition. The stages of auditory processing that precede the N100 time range are best described as ‘analytic’, in that
•

complex air pressure fluctuations over time hit the eardrum,

•

spectral components have to be determined in the cochlea, either by place coding
(place of maximal deflection of the basilar membrane; can only account for the low fraction of the audible frequency spectrum) or by complex functions of rate coding (firing
patterns of hair cells are phase-locked to the movement of the basilar membrane; Carney,
1999), and

•

this extracted information is transmitted separately but in a cochleotopic fashion
through the auditory nerve, the auditory nuclei in the brain stem, midbrain and
thalamus up to the various cochleotopic areas in the auditory cortex (Ru, Chi, &
Shamma, 2003). Additionally,

•

other characteristics of the complex auditory signal entering the ear are also
processed selectively: for example, neurons along the auditory pathway show
preferences for certain spectral bandwidths, periodicities, spectro-temporal
movement directions, in addition to (or: independent of) their preferred frequency (CF, characteristic frequency; Langner, Sams, Heil, & Schulze, 1997;
Rauschecker, 1997; Rauschecker, 1998; Shamma, 2001; Read, Winer, & Schreiner,
2002).

All of this highly pre-processed information has to be re-integrated and abstracted to
invariant patterns by not fully understood mechanisms to form a unitary percept of
speech, and N100m responses might partly reflect these mechanisms.
The N100m is also empirically a valuable indicator, for it is elicited reliably by vowels (Eulitz, Diesch, Pantev, Hampson, & Elbert, 1995; Diesch, Eulitz, Hampson, &
Ross, 1996; Poeppel et al., 1997; Diesch & Luce, 2000), syllables (Kuriki & Murase,
1989; Poeppel et al., 1996; Gage, Roberts, & Hickok, 2002) and even word onsets in
running speech (Sanders & Neville, 2003). In combination with source imaging techniques (see General Methods), the N100m provides at least two classes of parameters
that can give further insight into the processing of speech: N100m source configuration as a possible index of topographical coding and N100m time course as an index
of temporal coding can be analyzed.
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A robust finding is that the peak latency of the N100m is affected by acoustic correlates of speech segments such as first formant’s frequency, with N100m peaking
earliest for formant frequencies around 1 kHz (Roberts, Ferrari, Stufflebeam, & Poeppel, 2000). At the same time and more generally, it is known that the N100 peaks
earlier for frequencies the human auditory system is most sensitive to (also around 1
kHz; Picton, Woods, Baribeau, & Healey, 1976), so the degree of linguistic influence
on N100 morphology is unclear and will be an issue of this thesis (see especially
studies III, IV). The N100m source location has mostly been studied in non-speech
experiments to find extracranial evidence for a cochleotopic mapping in human
auditory cortex (Pantev et al., 1995; Lütkenhöner, Krumbholz, & Seither, 2003), and it
has also been used to investigate higher functional organization principals, such as
the orthogonal layout of periodicity and cochleotopy maps (Langner et al., 1997). But
there was limited success in revealing speech-sound specific effects so far (e.g., Eulitz
et al., 1995; Diesch et al., 1996; Poeppel et al., 1997).

Electro- and magnetoencephalographic research has also contributed another stimulating paradigm to the field of speech research with the so-called mismatch negativity
(MMN, or the magnetoencephalographic counterpart MMNm; Kraus & Cheour,
2000; Näätänen, 2001). This component of the evoked auditory potential or field
peaking approximately after 140–200 ms is elicited pre-attentively by virtually any
irregularity in an ongoing repetitive stream of auditory stimulation, and indicates
change detection in the absence of subjects’ attentive listening. This has been frequently used to manipulate features of speech stimuli. For example, whether a vowel
is part of a subject’s native language phonological system or not affects the
MMN/MMNm morphology in response to such a vowel (Näätänen et al., 1997),
even in infants one year of age (Cheour et al., 1998): a vowel not belonging to the
native speech sound system does not elicit an MMN when presented as a deviant in
the contextual stream of a native standard vowel. Eulitz and Lahiri have used the
MMN paradigm recently to probe whether the more subtle effect of phonological
features and their phonologically motivated hierarchy in the mental representation
(fully underspecified lexicon, Lahiri & Reetz, 2002) is also indexed by a pre-attentive
mismatch response. Indeed, they found evidence that the brain response is affected
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by phonological rules established in long-term memory traces at this comparably
early level of speech input analysis (around 150 ms post vowel onset; Eulitz & Lahiri,
2004): The phonological feature of CORONAL place of articulation (see Table I) has
been proposed to be not explicitly represented in long-term memory and to rather
function as an articulatory and perceptual default in German and other languages
(Lahiri & Reetz, 2002). Expectedly, when a DORSAL deviant vowel interrupted a
CORONAL context,

a later and less pronounced MMN response was elicited compared

to the reverse case of a DORSAL vowel stream being interrupted by a CORONAL vowel.
The authors argued that a standard CORONAL vowel, due to its underspecified status
(Lahiri & Marslen-Wilson, 1991; Lahiri & Reetz, 2002), cannot establish a central
sound representation (Näätänen, 2001) that in turn would tap a long-term memory
trace for this phonological feature. Although the relation between phonologically
motivated feature hierarchies (Lahiri & Reetz, 2002; Stevens, 2002; Staun, 2003) and
the neurobiological processes involved in such phonological distinctions is far from
being clearly understood, MMN studies help us probe the interaction of cognitive
and lexical top-down influences (long-term memory) and basic auditory integration of
speech input (sensory memory; Schröger, Tervaniemi, & Huotilainen, 2003).
N100 and MMN research are closely linked: Any kind of sensory memory trace must
be established first in order to detect a mismatch and to elicit a mismatch response
(Schröger et al., 2003), and – as argued above – the extracranially measured N100 is a
plausible reflection of such integrative, memory-forming sensory traces. Besides
such theoretical considerations, both components of the auditory evoked field are
strongly interdependent as the MMN is usually calculated as the subtraction of two
evoked potentials or fields, each with its own N100/P200 complex. Accordingly, the
MMN is directly affected by differences between standard and deviant condition in
N100 latency, amplitude and source topography.
1.2.3 Functional brain mapping studies in humans: PET and fMRI
The two functional brain imaging techniques most relevant to the field are positron
emission tomography (PET) and functional magnetic resonance imaging (fMRI). PET
images the distribution of metabolic activity (in cognitive neuroscience mostly the
distribution of radioactively marked water or glucose) throughout the brain that can
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be remapped onto CAT2- or MR-based anatomical images. fMRI in its most common
application mirrors the changes in blood oxygenation that accompany changes in
neuronal brain activity (cf. study V). fMRI has become the ruling imaging technique
in cognitive neuroscience due to its non-invasiveness, its spatial resolution in the
millimeter range and the general availability of gradient-upgraded MR scanners.
The blood oxygenation level-dependent [BOLD] effect has been described by Ogawa
and colleagues (Ogawa, Lee, Kay, & Tank, 1990; Ogawa et al., 1992), and more recently, the functional contiguity between massed neuronal activity and the change in
BOLD

signal has been confirmed (Logothetis, Pauls, Augath, Trinath, & Oeltermann,

2001). MRI acquisition is accompanied by tremendous acoustic noise levels which
have long been posing a problem to the investigation of auditory functioning using
fMRI (Ulmer et al., 1998; Shah, Jäncke, Grosse, & Müller, 1999). Recently however,
sparse sampling procedures that are characterized by clustered volume acquisitions
and silent intervals of several seconds for stimulus presentation have furthered auditory and speech fMRI research (Hall et al., 1999; Belin, Zatorre, Hoge, Evans, & Pike,
1999).
What have the brain imaging techniques fMRI and PET contributed to our understanding of the processes that enable the robust and effortless speech perception in
the auditory cortex and beyond? For this thesis, the most important thread of research comprises studies that contrast speech sounds or running speech with unintelligible speech, backward speech or non-speech sounds. What has been consistently found is a greater responsiveness of the temporal cortex to speech compared
to non-speech sounds (greater in terms of spatial distribution and BOLD signal
change; Binder et al., 1997; Binder et al., 2000; Scott, Blank, Rosen, & Wise, 2000;
Jäncke, Wüstenberg, Scheich, & Heinze, 2002). In general, the auditory cortex appears to be increasingly activated through increasingly complex, that is, natural
stimuli: frequency modulated tones and broadband stimuli activate larger cortical
patches than pure tones (Binder et al., 2000; Wessinger et al., 2001; Hart, Palmer, &
Hall, 2003), and intelligible speech sounds elicit more distributed activity than acous-

2

CAT, computed axial tomography.
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tically as-complex but unnatural backward speech or otherwise distorted speech
(e.g., Scott et al., 2000; Jäncke et al., 2002; Crinion et al., 2003).
There are few studies that have utilized fMRI to scrutinize the mapping of the native
speech sound inventory in the auditory system. Jäncke and colleagues for example
compared vowels and consonant vowel syllables to pure tones and white noise in
order to identify brain regions specifically involved in phonetic perception (Jäncke et
al., 2002). The phonetically systematic contrasts they investigated were namely a
comparison between voiced (e.g., [da]) and unvoiced ([ta]) stop consonant syllables
(which led to an amplitude preponderance for unvoiced syllables in the planum
temporale, PT) and a comparison of syllables to the vowel [a] (left STS and bilateral
PT exhibited stronger responses to syllables). Another recent study by Zielinski and
Rauschecker also compared stop consonant syllables to scanner noise only (Rauschecker & Tian, 2000; Zielinski & Rauschecker, 2000) and identified differences between syllable categories that activated contagious but overlapping areas in the anterior STG. Study V of this thesis reports a pilot experiment where the functional anatomical correlates of phonological feature extraction (see above) in the auditory cortex shall be scrutinized.
1.2.4 Other threads of evidence
Besides the direct evidence from studies of human speech perception, we can learn
about possible mechanisms of speech decoding from at least two other fields: (i) invasive animal research on central auditory pathways, and (ii) developmental and
plasticity research.
Although neither rodents nor cats nor marmosets seem to exhibit the wealth and
variety of species-specific vocalizations that are typical for human speech, their auditory system’s basic architecture is close enough to the human one to allow careful
comparisons (Rauschecker, 1997), and their vocalizations, foremost those of primates, bear resemblance to the spectro-temporal properties of human speech
(Rauschecker, 1998; Wang, 1998). Marmoset vocalizations have been used to study
the semantics of these calls (Hauser, 1996), their behavioral relevance (Ghazanfar &
Hauser, 2001), but also the response of auditory cortical neurons (Wang, Merzenich,
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Beitel, & Schreiner, 1995; Tian, Reser, Durham, Kustov, & Rauschecker, 2001; Wang
& Kadia, 2001).
In the 1970s, behaviorally relevant calls were thought to be encoded through individual ‘call detector’ neurons (Wollberg & Newman, 1972; Newman & Wollberg,
1973; Winter & Funkenstein, 1973) – just as one might speculate about phonemespecific neurons in the human auditory cortex. But, as more different calls and larger
numbers of neurons were tested, the estimate of percentage of such ‘call detectors’
decreased, and no further evidence for their existence was gathered (Wang, 1998).
New studies in the 1990s showed that neurons in the anterolateral belt areas of the
auditory cortex are responsive to ‘features’ (Xiaoqin Wang) of specific communication calls, i.e. they commonly respond to classes of sounds (Wang et al., 1995; Wang,
2000; Tian et al., 2001). Generally, the idea of neurons or neuron populations that
exclusively code single vocalization- or speech-sounds (cf. ‘call detectors’) has been
abandoned. More plausibly, individual communication sounds are coded by the
concomitant firing of neuron populations most sensitive or specialized to invariant
features typical for these sounds (Wang, 2000). It is helpful to keep in mind the constructivist nature common to recent approaches in auditory neuroscience on the one
hand (see this section) and phonetics and phonology on the other hand (see section on
phonological features): Not only perceptual entities, but the combination of features
which constitute the percept are of increasing interest.
Based on the evidence from species-specific vocalizations and a whole series of other
auditory systems studies, Rauschecker has proposed a widely accepted model of
functional segregation within the auditory system which could be vital to our understanding of speech processing: In close correspondence to the well-established model
of visual information processing in separate ‘what’ and ‘where’ streams (Ungerleider, Mishkin, & Macko, 1983), he argued for the split processing of auditory spatial information (locating sound sources and tracking moving sounds; ‘where’,
propagating from auditory core regions to posterior regions) and information on the
spectro-temporal properties of auditory objects (identifying auditory objects; ‘what’,
propagating to anterior and lateral regions). This has been shown by neuroanatomical and functional studies in macaques (Rauschecker, 1998; Kaas & Hackett,
1999; Romanski et al., 1999; Rauschecker & Tian, 2000) and has been substantiated in
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humans (Clarke, Adriani, & Bellmann, 1998; Alain, Arnott, Hevenor, Graham, &
Grady, 2001; Warren, Zielinski, Green, Rauschecker, & Griffiths, 2002; Ducommun et
al., 2002).
What are the implications of such a model of auditory processing for experiments on
basic speech sound processing? As has been shown above, speech sound perception
is primarily the analysis of features of the auditory signal and the integration of
these features to percepts of speech. This notion is justified both through neuroscientific and linguistic speech research. We therefore expect the processing of vowels and
basic speech elements to be a specialized task of the auditory ‘what’ system, and we
would expect the fine-grained analysis of spectral and temporal characteristics to be
implemented predominantly in anterolateral portions of the temporal lobe (e.g.,
planum polare, superior temporal sulcus) rather than in the ‘classic’ language regions, namely the planum temporale. The experiments performed for this thesis
should allow further conclusions on the role of the auditory ‘what’ stream in speech
processing.
Besides the unrevealed exact mechanisms that allow the recognition of speech
sounds, how is the incoming speech signal initially mapped or engraved in cortical
tissue? A key mechanism appears to be the self-organization of neuronal networks.
An input-driven mechanism that establishes or changes patterns of intra-cortical
connectivity by simple rules of correlation learning (Hebb, 1949) can account for a
variety of experimental findings (Buonomano & Merzenich, 1998; Kilgard & Merzenich, 1998; Rauschecker, 1999; Kilgard et al., 2001). Highly relevant to speech sound
implementation, a newborn’s native ability to distinguish all kinds of acoustically
feasible phoneme category contrasts and the gradual loss of those contrasts that do
not occur in its native language can be best explained by such input-driven cortical
plasticity. This warping of the perceptual space has been demonstrated manifold
(Polka & Werker, 1994; Kuhl, 2000), and it is commonly explained as the sensitivity
of an infant’s auditory system to the distributional properties of the acoustic signal
(Stager & Werker, 1997; Aslin, Werker, & Morgan, 2002; Maye, Werker, & Gerken,
2002). Analogous mechanisms have been proposed to form an infant’s sense of
word-boundaries in the continuous speech signal (Jusczyk, 1999; Pena, Bonatti, Nespor, & Mehler, 2002). For the work presented here, it is most important to keep in
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mind that the appearance of phonological features in the speech signal also follows
distributional laws: A speaker simply cannot produce CORONAL sounds (with the tip
or the blade of the tongue) and DORSAL sounds (with the back of the tongue) at a
time. They will consequently appear temporally distinct, and their spectral consequences (mainly a shift along the F2 or F2-F1 dimension) will most likely yield a multimodal distribution. In contrast, other features, such as voicing or lip rounding can
co-occur with both places of articulation and are therefore theoretically and statistically orthogonal. One of the principles of synaptic plasticity is that repeated synchronous input to cortical areas (i.e., repeated synchronous firing of neurons) will
merge their receptive fields and ultimately form an new emergent response property: “Detection of temporally correlated inputs provides a mechanism for the formation of
topographic maps and for cortical cell assemblies that specifically represent learned stimuli”
(Buonomano & Merzenich, 1998, p. 153). Inversely, consistently separate input –
such as bimodally distributed speech sounds along a certain feature dimension – will
increase the likelihood of distinct cortical responses, either in topographical or in
temporal firing patterns. Unsupervised learning algorithms which are at best a very
crude approximation of cortical functioning have proven that the spectro-temporal
cues present in the continuous speech signal and the laws inherent to the distribution of these cues are sufficient to group phonemes such as that a “phonemotopic”
map emerges (Kohonen & Hari, 1999; Nadeau, 2001; for a connectionist model incorporating phonological features see Dell, 1986).
1.3

Outline

This thesis presents several experiments that test ideas derived from the lines of research presented in the previous short overview. Taken together, this thesis shall
•

integrate previous results from linguistic reasoning and psycholinguistic behavioral experiments, human functional brain mapping of speech, developmental
and plasticity research, and animal studies on auditory processing of speciesspecific vocalizations;

•

probe the linguistic concept of phonological features as a worthwhile tool for understanding speech processing in the human brain; and finally
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contribute a modest progress in our understanding of the neurobiology of speech
sound perception.

It combines seven studies and two appendices. The rationale behind the sequence of
studies is as follows:
The main evidence sections are devoted to conditions of speech sound representation
in the auditory cortex, and use stimulus sets of German vowels and syllables to
measure auditory evoked activity. The goal is to reveal functional principles in
speech sound decoding, and to test the explanatory value of phonological features.
The focus is on the cortical generators and the peak timing of the N100m component,
but one pilot study exploring functional organization of vowels in fMRI is also presented. Two additional evidence studies flank this research by ruling out notorious
confounds and influences on functional brain mapping studies: namely, allocation of
attention and the gender of subjects.
Each study is accompanied by a short abstract and sub-divided in specific Background, Methods, Results, and Discussion sections. The latter two are combined in
study V and in the appendices to studies III and IV. The specific Background and Discussion sections shall report and interpret previous experimental findings in a more
elaborate way, while they were only mentioned in the General Introduction.
1.3.1 Main evidence: speech sound representation
Study I approached the question of an orderly mapping of speech sounds (Diesch et
al., 1996; Ohl & Scheich, 1997; Kohonen & Hari, 1999), thereby analyzing only pure
acoustic correlates of the vowels used: Would the spectral dissimilarities that characterize different German vowels (i.e., formant frequencies) surface in topography and
timing of the auditory evoked field? We performed magnetic source imaging for
three synthetic German vowels, and relative topographical displacement (using subject-wise Euclidean distances), amplitude and latency of the N100m were screened
for effects of vowel category.
Study II used the identical design, but tested the reliability of spectral dissimilarity
effects in a tenfold repeated measure in one female subject. Additionally, the source
location of a non-speech tone source was determined as a relative functional landmark for basic auditory processing.
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Study III was conceived as an extension and generalization of studies I and II. We
used a more comprehensive set of natural German vowels (seven vowel categories)
that were quasi-orthogonal in terms of the features place of articulation and tongue
height. Acoustic variability was introduced to force subjects in a phonological processing mode, abstracting from mere timbre differences that may have been sufficient
to accomplish the task in studies I and II. Topographical displacement and latency of
the N100m were tested specifically for effects of the phonological features PLACE and
HEIGHT.

Additional analysis of Euclidean distances between vowel sources was also

performed to confirm the results from studies I, II.
Study III appendix reports a short re-analysis of the study III data set using a spatiotemporal source model, in order (i) to replicate the main finding using a different
approach, and (ii) to scrutinize the interaction of N100m latency and source topography by estimating both parameters at the same time.
Study IV turned from isolated vowel stimuli to consonant-vowel (CV) syllables. The
idea here was to test the explanatory value and the universality of phonological features in coarticulated voiced stop consonants and vowels. Rather unparalleled in
neuroimaging research, we selected German syllables such as that a place variation
not only in the stop consonant but also in the vowel was evident, yielding six different categories of CV-syllables. Would the mapping principle revealed in study III
also hold for stop consonants with differing places of articulation? Would there be
either congruency or contrast effects of place information in the consonant and the
vowel (e.g., in [go] where a DORSAL consonant hits upon a DORSAL vowel, or in [do]
where a DORSAL vowel is preceded by a CORONAL stop)? A passive listening condition with band-passed noise was also employed, again to determine a functional
landmark for auditory core and belt areas.
Study IV appendix reports a behavioral gating study that became necessary for two
reasons: First, in order to argue about influences on the N100m of vowels embedded
in CV-syllables one needs to assure that the vowel information is available to the
listener in a time window that can affect the N100m process (Gage, Poeppel, Roberts,
& Hickok, 1998). Second, we wanted to scrutinize whether the different features present in the syllables yield different time courses of identification by the subjects.
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As noted above, Study V was set up to test the processing of the feature dimensions
place of articulation and tongue height in the MR scanner. In a pilot fMRI setup, subjects listened to streams of vowels cycling exclusively along one or the other feature
dimension, and vowel-evoked changes in regional blood oxygenation relative to the
processing of non-speech band-passed noises were explored. The main goal was to
identify the auditory regions involved in phonological feature processing in an anatomically more precise manner than it had been possible using MEG.
1.3.2 Additional evidence: influence of possible confounds
Study VI was devoted to the possible influence of the focus of attention (Braun et al.,
2002) on the speech sound effects reported in studies I-IV. Whereas these studies
were all performed with subjects attending the phonological properties of the stimulus material, this study tried to manipulate the focus of attention experimentally.
Subjects again listened to sequences of natural German vowels, but they either attended a non-phonological feature, namely the gender of the speaker (male or female) irrespective of the vowel category, or they monitored – as in the previous studies – the vowel categories (DORSAL or CORONAL) irrespective of the speaker. Possible
task effects and interactions of the shift of attention with the previously found phonological feature mapping were tested. Although lacking a completely passive
listening condition, robustness of the vowel mapping previously found would
strongly argue for a rather task-independent speech sound decoding in human
auditory cortex.
Study VII approached the question whether the (frequently uncontrolled) gender of a
subject affects the mechanisms by which speech sounds are decoded as seen in the
N100m (Obleser, Eulitz, Lahiri, & Elbert, 2001). Using the data set of study IV, we
analyzed the performance of male and female subjects in a syllable fragment categorization task and tested effects of gender on N100m laterality as well as on the feature effects previously seen in this data set (study IV). Again, an influence of subjects’
gender on the differential mapping of phonological features as reported in studies III,
IV would question the universality of our previous results. Inversely, the absence of
gender-dependent speech sound mapping would allow a mild generalization of the
effects reported throughout this study.

2 General Methods

2

General Methods

2.1

Magnetoencephalography and magnetic source imaging

19

Magnetoencephalography (MEG) is a non-invasive and silent technique to record
the magnetic fields that accompany the electrical activity of the brain. The detection
of magnetic fields so small in magnitude (108 to 109 times smaller than the Earth’s
geomagnetic field; Lounasmaa, Hämäläinen, Hari, & Salmelin, 1996) has become
possible through the development of super-conducting quantum interference devices (SQUIDs), a technique applied to measuring brain activity as early as 1972
(Cohen, 1972).
The intracellular current flowing between the dendrite tree and the soma of a neuron
creates a correspondent magnetic field. The MEG signal results from the synchronous activity of tens of thousands of neurons (Elbert, Junghöfer, Rockstroh, & Roth,
2001). MEG is especially sensitive to tangential currents relative to the head surface
and virtually blind to radial ones (which is in part due to the spherical volume conductor model most frequently used) while the EEG exhibits no such suppression of
the radial components. Also in contrast to EEG signals, magnetic signals are not subject to distortion when passing the meninges, the cerebrospinal liquor and the skull
bone. This has several implications: first, results derived from EEG and MEG are not
necessarily fully corroborant and should be ideally compared within subjects or even
acquired simultaneously (Pantev et al., 1995; Ishii et al., 2003). Second, MEG is especially suited to study auditory brain functioning: auditory evoked fields emerge
mainly from the supratemporal plane, and the expected generators of activity produce strong tangential currents and are located rather superficially. Therefore, recording of auditory evoked fields (AEFs) allows an excellent signal to noise ratio and
a satisfying spatial resolution (< 5 mm) for magnetic source imaging (MSI; Pantev,
Gallen, Hampson, Buchanan, & Sobel, 1991; Hämäläinen, Hari, lmoniemi, Knuutila,
& Lounasmaa, 1993).

The MEG contributes a variety of parameters that are of interest in the analysis of
speech processing. Conerning the N100m, its peak latency, its amplitude and its
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source configuration (location and orientation of a modeled underlying source) are
usually analyzed and also reported in this thesis.
First, since the MEG sensors deliver an analogue signal, the temporal resolution is
limited by characteristics of the A/D converter used and the chosen sampling frequency, in most studies reported here around 600 Hz. Thus a temporal resolution < 2
ms is achieved and allows minute examination of the time course of evoked activity.
It also allows the identification of different processes in time: We are able to detect
the N100m component (see General Introduction) in each subject and condition, determine the peak latency and compare these peaks on a milliseconds basis.
N100/N100m peak latency has been extensively considered as a variable of interest
in cognitive neuroscience (Näätänen & Picton, 1987; Roberts, Ferrari, Stufflebeam, &
Poeppel, 2000; Gage, Roberts, & Hickok, 2002) and was a core dependent variable in
the studies reported here.
Second, the amplitude of a brain wave component is traditionally a parameter of
importance. Amplitude differences between two conditions are easy to discern, and
have been investigated long before any inference about underlying sources was possible. In this study, N100m amplitude was calculated as the root mean squared amplitude
n

∑b
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2

i =1

n

over groups of n (here n = 34) channels approximately covering either the left or the
right hemisphere, where bit is the amplitude in fT at the ith channel at time point t.
However, raw amplitudes that are not corrected for the head’s position relative to
the MEG sensors are not conclusive. For example, effects of hemispheric preponderance can emerge due to systematic errors in subject positioning within the sensor.
Inversely, true effects may be blurred by the high variance of head position across
subjects and experimental runs.
Therefore, source modeling is performed after the raw sensor space data have been
transformed to a three-dimensional head-referenced source space (Fig. 1A). The
source modeling approach used throughout this thesis was the time-point-wise
(moving) fitting of equivalent current dipole (ECD) sources in a spherical volume
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conductor (Sarvas, 1987). A local sphere was fitted to the regional surface of the digitized head shape (see 2.3 Experimental Setup below) covered by a subset of channels.
Here, this was done separately for groups of channels covering either the left or the
right cranium, and we used the same sets of 34 channels used for RMS calculation
(see above). A plausible source configuration for each time point becomes available
•

by solving the inverse problem by means of a least squares fitting procedure (i.e.,
finding the current source that accounts for the measured magnetic field distribution – a problem with a theoretically infinite number of solutions; Helmholtz,
1853), and

•

by applying additional physiological and anatomical constraints (see 2.4 Data
recording and reduction below).

Figure 1. A. Illustration of the three-dimensional source space the N100m sources are assigned positions in (source: Magnes 2500 WH manual). B. One schematic ECD source with
its dipole moment |Q| (black solid arrow), and displacements in all three dimensions (gray
dashed arrows) as tested throughout the thesis is shown. C. Translocation (black solid arrow)
of an ECD source and rotations (gray dashed arrows) in the sagittal and coronal plane are
illustrated.
The equivalent current dipole is characterized by three location parameters x, y, z
that express the ECD’s position relative to the source space origin3 (Fig. 1A,B), and
three current vectors Qx, Qy and Qz. The resulting current vector is the dipole moment |Q| which roughly reflects the number of neurons that are synchronously active and is usually expressed in nano Ampere meter (nAm). In a single-subject

The source space origin is the middle between the left and the right preauricular point and is determined when digitizing the subject’s head: the x axis is positive to the nasion, the z axis is positive
through the vertex and perpendicular to the plane spanned by nasion and preauricular points, while
the y axis runs through the left and right preauricular points being positive to the left.

3
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measurement with reasonably good data quality, condition differences evident in
the dipole moment |Q| of the N100m should be consonant with amplitude measures from sensor space. Thus, the dipole moment |Q| (also referred to as source
strength) serves as a measure of evoked N100m activity that is corrected for head
position (if the confounding factor of ECD location depth is also taken into account,
cf. Hämäläinen et al., 1993)4.
While the exact location of an ECD source gives us an impression about the center of
gravity of the active cortical patch, its orientation allows us to draw conclusions
about the involvement of differentially oriented cortical patches. The orientation in
the various planes can be easily deduced by calculating the four-quadrant inverse
tangent from the current vectors Qx, Qy and Qz (Fig. 1C).

Of course there are other source modeling approaches for modeling focal dipolar
sources such as the auditory evoked N100m. In contrast to moving source models
which fit single equivalent current dipole sources to field distributions time point by
time point, an opposing source modeling approach integrates temporal and spatial
information: spatio-temporal source models try to account for a measured time interval of data using a spatially stationary source with varying source strength over time
(Scherg, 1990; Scherg, Vajsar, & Picton, 1990; applications of this model are reported
in study II and the appendix to study III). The physiological plausibility of one or the
other model is an issue of debate (Elbert et al., 2001), but the stringent application of
the identical modeling approach across studies (see below) should ensure comparability throughout this thesis.
2.2

Subjects

All subjects taking part were healthy students or research staff without any neurological, psychiatric or otological illness. It was assured that only monolingual speakers of German were included. Only right-handers displaying a handedness score of
(R-L) divided by (R+L) greater than 0.9 were included in data analysis, as ascertained by the 10-item Edinburgh Handedness Questionnaire (Oldfield, 1971). All

4

for |Q| as an N100m amplitude measure see studies I, III appendix, VI, and VII.
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participants were debriefed about the nature of the experiment and the MEG measurements in writing as well as by the principal investigator (J.O.; in study VI this
was accomplished by a research assistant). They signed an informed consent form
and were paid dependent on the experiment’s duration (see specific Methods sections). All studies were conducted in compliance with the Declaration of Helsinki
and the standards established by the local ethics committee5.
2.3

Experimental setup

All studies were conducted using a 148-channel whole head magnetometer (Magnes
2500 WH, 4D Neuroimaging, San Diego)6 installed in a magnetically shielded chamber
(Vaccumschmelze, Hanau) at the Reichenau Center for Psychiatry, University of Konstanz. The MEG sensors form a helmet-shaped pickup surface, and they are arranged in a uniformly distributed array spaced by 28 mm that covers the entire cranium. All measurements were performed while subjects rested comfortably in a supine position. Prior to recording, subjects’ heads were digitized by (i) registering localizer coils placed on the nasion, the preauricular points and the forehead (which
were subsequently also used to record the head-to-sensor position), and (ii) sampling the head shape with a digital tracking stylus (Fastrak™, Polhemus, Colchester).

All acoustic stimuli were delivered using customized stimulation software (ASG-BTi
software and amplifier, 4D Neuroimaging, San Diego; Windows 95/ 98 PC; Soundblaster16™ soundcard, Creative, Singapore) and a plastic tube sound delivery system
with plastic ear plugs (tube length 6 m, harmonized for frequency non-linearity and
hence allowing almost linear frequency transmission between 200 and 4000 Hz). Due
to a constant sound conductance delay of 19 ms in the tube delivery system, all brain
response latencies were corrected afterwards.
Stimulus presentation intensity was set to 50 dB SL in all experiments. Subject-wise
hearing thresholds were determined individually for both ears. In studies I, II and

In study V, an alternative consent form approved by the local ethics committee of the Technical University of Munich was used, and subjects were debriefed about MR measurements by a physician.
6 except for the appendix to study IV (behavioral study only) and study V (conducted on a 1.5 T Siemens Symphony Magnetom MR scanner). All methodological information concerning the appendix
to study VI and to study V are given in the respective sections.
5
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VI, hearing thresholds were determined for all stimulus exemplars and stimulus intensity was corrected to ensure 50 dB SL presentation. Due to the large number of
acoustically variant exemplars in studies III, IV, and VII, either the hearing threshold
to the vowel category which yielded average hearing thresholds in a pilot experiment (study III) or the hearing threshold of the syllable category showing the most
insensitive hearing threshold (studies IV, VII) was used.

Also common to all studies, subjects attentively listened to the auditory stimuli and
pressed a button with their right index finger in response to a target vowel (studies I,
II), to a set of target vowels (studies III, VI) or target syllables (studies IV, VII).
Before running a recording session either in MEG or fMRI, correct identification of
the stimuli as the intended German speech sounds and task comprehension were
ensured by playing short test sequences to all subjects. Sound pressure level was also
slightly re-adjusted if necessary to ensure that subjects perceived the speech sounds
in the head midline.
In all MEG studies except for the short experiment reported in study VI, subjects
watched silent videos (movie, documentary, traveling, cartoons) in order to maintain
constant alertness and to reduce excessive eye movements. Videos were presented
via a VHS video player, an LCD beamer and a mirror system projecting onto the
chamber’s ceiling (approximate distance 140 cm, maximally 8° viewing angle eccentricity).
2.4

Data recording and reduction

Auditory magnetic fields (AEFs) were recorded in epochs of 800 ms including a 200
ms pre-trigger baseline (due to their explorative character, studies I and II employed
a 1200 ms epoch length). Data were digitized with 678.17 Hz and a pass band of 0.1
to 200 Hz (study III: 508.63 Hz, pass band 0.1 to 100 Hz). If the peak-to-peak amplitude exceeded 3.5 pT in one of the channels or the co-registered vertical or horizontal
EOG signal was larger than 100 µV, epochs were rejected. Epochs of targets as well
as epochs containing false-positive button presses were excluded7. All resulting av-

7

except for study VI where button presses occurred in 50% of trials due to the nature of the task.

2 General Methods

25

erage waveforms were low-pass filtered with a 20 Hz low-pass filter (Butterworth 12
dB/oct, zero phase shift)8. For the number of entered single trials, please consult the
study-specific Methods sections.
Analyses reported here were confined to the rising slope of the N100m (Fig. 2B),
since the underlying source configuration is assumed to change in the peak and in
the decreasing slope (Scherg et al., 1990). It was defined as the prominent waveform
deflection in the time range between 90 and 160 ms (Fig. 2A). Isofield contour plots
of the magnetic field distribution were visually inspected, and great care was taken
that the N100m and not P50m or P200m was analyzed.
N100m peak latency was defined as the sampling point in this latency range by
which the first derivative of the Root Mean Square (RMS; see above for calculation)
amplitude equaled its minimum and second derivative was smaller than zero.

Figure 2. A. A typical magnetic response from a channel over the right hemisphere is shown.
The N100m is the most prominent response, appearing approximately 100 ms after syllable
or vowel onset (syllable stimulus waveform in gray). Plausible source models can then be
derived from the magnetic field distribution of the N100m. B. An illustration of the ECD
selection applied in all studies is shown: a median ECD is calculated from a succession of
ECDs centered around the sampling point with the best goodness of fit.
The N100m equivalent current dipole (ECD) parameters that were submitted to further analysis were determined as follows: the median of a number of successive ECD
solutions in the rising slope of the N100m centered around the best ECD fit, i.e. the

As this procedure was used throughout all MEG studies, it was ensured that the sequence of first
averaging and then applying a zero phase shift low-pass filter did not affect the N100m topography:
dipole fitting was explanatorily performed using both sequences of data analysis steps on a single
subject’s data set displaying average signal to noise ratio. Both low-pass filtered averages and averages of low-pass filtered continuous data yielded identical N100m dipole solutions, and resulting
average waveforms were perfectly congruent.
8

2 General Methods

26

one with the highest goodness of fit, was calculated (Fig. 2B). However, studies differed in the number of sampling points used for median calculation. Whereas the
first study used a variable and large number of ECDs (dependent on a subject’s data
quality ranging from 11 to 21 sampling points), three to five sampling points were
considered as sufficient from study II onward.
The resulting ECD solution should represent the center of gravity for the massed
and synchronized neuronal activity. To be included in this calculation, single ECD
solutions had to meet the following criteria: (i) goodness of fit – indicating the congruence between measured and modeled field distribution and ranging from 0 to 1 –
greater than .90, (ii) ECD located more lateral than 1.5 cm from the center of source
space and 3-8 cm in superior direction, measured from the connecting line of the
preauricular points, and (iii) ECD orientation vector pointing inferior and posterior.
An additional important parameter to judge the quality of an ECD fit is its confidence volume, an ellipsoid that contains the fitted source of activity with 95% certainty. Often ECDs are only considered as valid if the volume of the confidence ellipsoid does not exceed 1000 mm3 (e.g., Pantev, Roberts, Elbert, Ross, & Wienbruch,
1996). However, the size of the confidence volume depends strongly on the noise
level in the baseline and was used here only as a ‘soft’ criterion, i.e. confidence volumes larger than 1000 mm3 were admitted if the other criteria described above indicated a plausible and stable ECD solution. Where applicable, mean confidence volumes are reported at the beginning of the specific Results sections.
2.5

A word on statistical analyses

All statistical analyses were performed with SAS 8.0 and Statview 5.0 (SAS Institute,
Cary). Specific designs that were tested are described in the specific Methods sections.
The approach most widely used to assess effects of qualitative independent variables
on quantitative measures is the analysis of variance (ANOVA), which is a subtype of
the general linear model (Y = β0 + β1X + ε) and which returns an F-distributed ratio of
explained to total variance as a test statistic. All observations are required to be normally distributed and to be independent of one another. In psychophysiological research however, most factorial variables are conceptualized as within-subject or repeated measures: different levels of the independent variable are not measured in
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independent samples (i.e., DORSAL vowels are not measured in other subjects than
CORONAL

vowels, left hemispheres not in other subjects than right hemispheres).

This is an important alteration and requires additional assumptions for the F test to
be valid. The most important and most frequently violated assumption of the repeated measures ANOVA (besides normality and independence of subjects) is the
homogeneity of the covariance matrix (sphericity, that is, equally distributed means
of differences between the repeated measures levels). With increasing deviance from
sphericity, the F test is notorious to become too liberal (Keselman, 1998). In psychophysiological research, investigators commonly account for this problem by applying Greenhouse and Geisser’s sphericity estimate ε in order to reduce the degrees of
freedom. This has been also accomplished in several studies of this thesis (studies IIII).
However, the Greenhouse-Geisser (and also the Huyn-Feldt) correction is only the
second best alternative. With growing computing power, multivariate ANOVA approaches has become an alternative to univariate testing, as they do not require
sphericity among repeated measures levels (Keselman, 1998). Furthermore, multivariate approaches have been shown to be more sensitive to repeated measures effects than univariate approaches (Davidson, 1972) for typical samples sizes and effect magnitudes in psychophysiological research, although other statisticians recommend univariate testing whenever viable (Tabachnick & Fidell, 1996; W. Nagl,
personal communication). Therefore, from the appendix of study III on, the following testing rationale was adopted: First, the data matrix was tested on violations of
sphericity using Mauchly’s criterion. If no violation was indicated, no correction of
degrees of freedom was necessary and hence, uncorrected results of univariate
ANOVA were reported (given the exploratory nature of this doctoral thesis, an
overly conservative a priori correction was not indicated). Second, if sphericity assumption was invalid, the multivariate test using a Wilks λ-approximated F ratio
was considered and reported.
The progress from commonly used a-priori Greenhouse-Geisser correction to a more
sophisticated sphericity-dependent strategy is also in accordance with recently published methodological guidelines for psychophysiological research (Picton et al.,
2000).
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Another unsolved problem in factorial designs as the ones presented throughout this
thesis is the multiple testing procedure: As we perform a multitude of specific means
comparisons (e.g., following a significant main effect of PLACE OF ARTICULATION directly comparing CORONAL, DORSAL, and CORONAL-LABIAL places with each other),
how to control for the inflated risk of a type I error (that is, to falsely reject the null
hypothesis of no difference; Miller, 1981)? This issue is far from being resolved. Approaches vary from very rigid ones that tentatively reduce the power to detect true
experimental effects (e.g. the Bonferroni adjustment of the overall significance level
that divides a single comparison’s significance level by the number of comparisons
performed, cf. Perneger, 1998) to overly liberal ones (e.g., Newman-Keuls correction;
Miller, 1981). This inhomogeneity is partly reflected in this thesis. Whereas study IV
adopted a sophisticated rank-based dynamic Bonferroni correction procedure
(Holland & Copenhaver, 1988)9 or the empirically concordant Tukey-Kramer adjustment (study IV appendix) for post-hoc testing, most studies in this thesis were
analyzed using the following principle: Only comparisons resulting from a significant omnibus F test were considered. Then orthogonal F contrasts rather than posthoc t tests were calculated in reduced ANOVA designs to further explore significant
effects. This approach not necessarily resolves the issue of type I error inflation (it
rather avoids the decision between different correction methods with differential
outcome), but it both allows comparability of the studies reported here and serves
the explorative scope of this thesis.

all p values of simultaneous comparisons are ranked such as that the most significant p value ranks
first. Then, each p value is judged on an α (divided by its rank) significance level iteratively until a
non-significant p value yields.
9
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3

Results

3.1 Study I –
Cortical Representation of Vowels Reflects Acoustic Dissimilarity Determined by Formant Frequencies10
We studied neuromagnetic correlates of the processing of German vowels [a], [e] and [i]. The aim was
(i) to show an influence of acoustic/phonetic features on timing and mapping of the N100m component and (ii) to demonstrate the retest reliability of these parameters. To assess the spatial configuration of the N100m generators, Euclidean distances between vowel sources were computed. Latency,
amplitude, and source locations of the N100m component differed between vowels. The acoustically
most dissimilar vowels [a] and [i] showed more distant source locations than the more similar vowels
[e] and [i]. This pattern of results was reliably found in a second experimental session after at least 5
days. The results suggest the preservation of spectral dissimilarities as mapped in a F1-F2 vowel space
in a cortical representation.

3.1.1 Background
The present study further addresses and tests the idea of an orderly phonemotopic
representation of vowels in human auditory cortex. The functional organization of
the auditory cortex has been studied extensively in animals (Steinschneider, Reser,
Schroeder, & Arezzo, 1995; Rauschecker, 1998; Schreiner, 1998; Kaas, Hackett, &
Tramo, 1999) as well as in humans (Pantev et al., 1995; Langner, Sams, Heil, &
Schulze, 1997; Wessinger et al., 2001) for which tonotopic maps comprise the most
robust finding. In the representation of speech sounds, i.e. vowels, consonants and
CV-syllables, tonotopy as well as various other mapping principles have been proposed and tested: In an awake monkey, Steinschneider et al. (Steinschneider et al.,
1995) found the maximal cortical activity in response to three different CV-syllables
to be closely linked to the absolute spectral peak of these syllables and interpreted

Data presented in this section were part of the diploma thesis of Jonas Obleser, “Zur Stabilität der
Neurotopographie von Vokalen: eine MEG-Studie” and were published in Cognitive Brain Research,
2003, 15(3):207-213 (co-authored by Thomas Elbert, Aditi Lahiri and Carsten Eulitz). The authors wish
to thank Michaela Schlichtling, Ursula Lommen and Isabella Paul for their help in data acquisition.We
especially thank Eugen Diesch for supplying the stimulus material.
10
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this in favor of a tonotopic phoneme representation that mirrors the maximal spectral peak. In contrast, Schreiner (Schreiner, 1998), investigating cats, reports distinct
cortical patches for the formants F1 to F3 that corresponded to locations of the formant frequencies along a tonotopic gradient. Using Magnetoencephalography to
study vowel representation in human subjects,, Eulitz et al. (Eulitz, Diesch, Pantev,
Hampson, & Elbert, 1995), Diesch et al. (Diesch, Eulitz, Hampson, & Ross, 1996), and
Poeppel et al. (Poeppel et al., 1997) did not find main effects of vowel type along the
medial-lateral axis (which reflects tonotopic organization in humans, cf. Pantev et al.,
1995; Langner et al., 1997). However, this does not rule out a formant extraction
principle as proposed by Schreiner (Schreiner, 1998): If the perceptually relevant
(Peterson & Barney, 1952; Hose, Langner, & Scheich, 1983; Ohl & Scheich, 1997) formant frequencies F1 and F2 are extracted and mapped onto a tonotopically structured
cortical patch, this does not necessarily lead to extracranially detectable differences
in generator location. Furthermore, a variety of tonotopically organized maps with
differentially ordered isofrequency areas have been shown in the auditory cortex
(Rauschecker, 1998; Kaas et al., 1999).This rather rules out differences between
speech sound representations only along one spatial dimension according to their
spectral properties.
Diesch and Luce (Diesch & Luce, 1997) also demonstrated that tonotopic organization is insufficient to explain phoneme representation in the human cortex: When
applying magnetic source imaging to the N100m component in response to twoformant vowels and to their decomposed formants alone, they did not find the
vowel source location to be a linear superposition of formant source locations. Here
and in a following study (Diesch & Luce, 2000), the authors suggested reciprocal
formant inhibition as an important mapping principle: Vowel formants F1 and F2
may interact at one or more early stages of auditory processing. As neurons along
the auditory neural pathway respond best to narrow bands of preferred frequencies
and feed narrow-band information to higher processing stages, cortical mapping of
complex stimuli might mirror interactions of the extracted prominent peaks in the
frequency spectrum. Ohl and Scheich (Ohl & Scheich, 1997) collected further evidence for such a mapping of formant inhibition when they stimulated gerbils with
four vowels differing in the F1-F2 distance. The size of the activated cortical patch
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was largest for the vowel [i], which was characterized by a F1-F2 distance of more
than 2000 Hz and smallest for [o] with a respective distance of less than 500 Hz. Furthermore, the authors found this activation extended along isofrequency stripes and
orthogonal to a tonotopic gradient – again consistent with Diesch and Luce’s suggestion.
Previous research on the functional organization of speech sounds in the human
auditory cortex has suffered from several methodological problems: Invasive animal
research working with human speech sounds lacks external validity and cannot be
related to perceived qualities of the stimulus material, whereas non-invasive research in human subjects suffers from lack of spatial precision and failure to deal
with an obviously high interindividual variability. Diesch et al. (Diesch et al., 1996)
addressed the latter problem by calculating Euclidean distances between vowel
sources on an individual basis (see also Elbert et al., 1994 for an application of this
method in the somatosensory modality). As a result, the distance between sources
representing [u] and [i] was larger than the distance between [a] and [ε] in more than
60% of all experimental conditions (i.e., tested hemispheres, components and stimulus lengths). This can be considered indicative for a cortical map related to spectral
dissimilarities of speech input. But, still, the main finding of this study was a high
variability across subjects.
If extraction of spectral information, tonotopically organized cortical patches with
different preferred stimulus characteristics and reciprocal inhibition of spectral
peaks coincide along the neural pathway, an orderly representation of phonemes is
most likely. It is well-known from other sensory modalities as well as from lower
levels of the auditory modality that such maps exist, that they differ in their degree
of abstractness, and that they are shaped by experience (Buonomano & Merzenich,
1998). Kohonen and Hari (Kohonen & Hari, 1999) were able to demonstrate that selforganizing systems that model cortical functioning, when trained with Finnish
speech, build up a phonemotopic representation that reflects spectral dissimilarities
of the input signals. It is then not surprising that an animal study that used speciesspecific vocalizations (Wang, Merzenich, Beitel, & Schreiner, 1995) reported spatially
distributed neuronal discharge patterns in marmosets’ primary auditory cortex in
response to behaviorally relevant vocalizations.
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By and large, evidence suggests that phonemotopic organization in the perisylvian
regions of the brain is a hypothetical concept that is worth further examination. The
present experiment was set up to test this hypothesis, by locating the cortical representational centers of three different unrounded German vowels, selected to have
largest and smallest differences in their spectral and phonological characteristics. If
the phonemotopic concept holds, larger spectral and phonological dissimilarities
should be reflected by larger Euclidean distances between neural generators activated by the vowels. In this study the N100m component of the brain’s neuromagnetic response to acoustically presented vowels was used. Every subject participated
in the same experimental session twice, in order to assess test/re-test reliability and
thus to detect intraindividual stability of features in the functional organization of
vowel representation.
3.1.2 Methods
Subjects
Twelve subjects (six females) participated in the experiment, with a mean age of
25.6±2.3 years (M±SD). Subjects gave written informed consent and were paid €25
for participation.
Stimulation
The cortical representations of the three German vowels [a], [e] and [i] were explored. [a] and [i] span a great distance in the F1-F2-vowel space, [e] has an intermediate position (Fig.3b). It was expected that this relationship in vowel space is reflected in the location of the respective cortical representational foci. A fourth vowel,
the central vowel schwa, was selected to assure that subjects attended constantly to
the stimuli: In a target detection task, subjects listened to pseudo-random sequences
of the four synthetic realizations (Klatt, 1980) of the German vowels [a] (as in “father”), [e] (similar to “bait” or “bay” but not diphthongized), [i] (as in “beat”), and a
long schwa. When the three non-target vowels were presented every subject easily
identified them as the correspondent German vowel. Stimulus duration was set at
600 ms and all stimuli had a fundamental frequency F0 of 129 Hz, falling linearly to
119 Hz (sampling rate 10 kHz, resolution 16 bit). Stimuli differed in formant fre-
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quencies F1 to F3, as depicted in table 1. F4 (3900 Hz), and F5 (4700 Hz) were held constant across stimuli, as were on- and offset characteristics (50 ms Gaussian onset
ramp, 150 ms Gaussian offset ramp).
Each of the three vowel sequences consisted of 520 stimuli presented with a randomized stimulus onset asynchrony of 2.0±0.2 s and a target probability of 7%. Subjects
were instructed to press a button with their right index finger when detecting the
target vowel. In every subject the experimental session was repeated after one week
with the sensor-to-head position and the resting position held constant across sessions.
Table I. Frequencies of the first three formants of all vowels are shown. Details of fixed frequencies F0, F4 and F5 are given in the text.
F1(Hz)

F2(Hz)

F3(Hz)

[a]

780

1250

2600

[e]

370

2250

2800

[i]

250

2700

3400

schwa

350

1400

2500

Data reduction and statistical analyses
Between 250 and 480 artifact-free epochs that remained for every subject and nontarget vowel were averaged after off-line noise correction.
N100m RMS peak latency and amplitude, ECD source strength and location of the
N100m were submitted to a 3-factorial analysis of variance (ANOVA) with the repeated measurement factors vowel type ([a], [e], [i]), hemisphere (left, right) and session (first, second). To elucidate relative source configurations, we calculated Euclidean distances between the three vowel ECD sources separately for each hemisphere,
each experimental session and each subject. The distance [a]-[i] was statistically
compared to the distance [e]-[i] in a 3-factorial analysis of variance (ANOVA) with
the repeated measures factors hemisphere (left, right), session (first, second) and distance ([a]-[i], [e]-[i]). Significant effects were further explored by means of contrast
analyses. Where appropriate, p-values were Greenhouse-Geisser corrected.

3 Study I – Cortical Representation reflects Acoustic Dissimilarity

34

3.1.3 Results
Peak latency, amplitude and source strength
Peak latency, amplitude and source location of the N100m component differed systematically between the three different vowels, supporting the notion of vowelspecific cortical responses (Figs. 1, 2a).
Statistical analysis of the peak latency of the N100m component revealed a main effect of vowel type [F(2,20)=13.91, ε=0.81, p<.001]: The vowel [a] elicited the fastest
N100m response (121.4 ms). As certified by contrast analyses, this was earlier than [i]
(130.1 ms, p<.001) and [e] (122.6 ms, at trend-level p=.07).

Figure 1. Grand average amplitudes (RMS) for the vowels [a], [e] and [i] are shown for the
left and right hemisphere, respectively. Analyses reported here were confined to rising slope
and peak of the N100m deflection.
RMS peak amplitude of the N100m component also yielded a main effect of vowel
type [F(2,20)=12.58, ε=0.89, p<.001]: N100m amplitudes in response to [a] (116 fT)
were significantly attenuated compared to [e] (141 fT, p<.001) and [i] (138 fT, p<.01)
(Fig.1). This amplitude difference was reproduced by statistical analysis of the ECD
sources fitted to the N100m component: the source strength |Q| showed a main effect of vowel type [F(2,20)=5.08, ε=0.81, p=.02]. It was strongest for [e] responses
(20.3 nAm) and differed significantly from [a] source strength (16.6 nAm, p=.03).
Mean source strength of [i] responses amounted to 18.0 nAm and did not differ from
[a] and [e] in contrast analyses.
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Figure 2. a. Mean source locations for the vowels [a], [e] and [i] projected onto a standardized brain are shown for the left auditory cortex of a single subject. b. Vowel source maps in
the sagittal plane of the left hemisphere (first session black, second session gray) are shown for
two representative subjects (circles and triangles) and the group mean (diamonds).
Source locations
For eleven subjects, statistical analysis of source locations was performed11. Group
data and data for two individual cases are illustrated in Fig. 2b. Source locations
along the medial-lateral axis did not show any significant effects of vowel type,
hemisphere or experimental session. A main effect of vowel type on inferior-superior
source location was found [F(2,18)=4.48, ε=.74, p=.04]: The [a] source was located
most superior (5.77 cm), significantly superior to the [e] source (5.54 cm, p=.04),
whereas the [i] source (5.63 cm) was located in-between.
A number of error sources add to the variance in absolute source location. The systematic errors can be reduced when comparing relative distances. Therefore, individual maps of vowel sources that reflect relative distances between the different
vowel representations prove to be more reliable than absolute locations within the
head frame.

due to a technical error in head shape acquisition, one female subject had to remain excluded from
statistical analysis of source location parameters that included the factor experimental session (but not
from calculation of Euclidean distances).

11
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Euclidean distances
Euclidean distances between individual [a], [e] and [i] source locations were submitted to a repeated measures ANOVA with factors hemisphere (left, right), experimental session (first, second) and source distance type ([a]-[i], [e]-[i]).
The representational centers of the two vowels with the greatest distance in F1-F2space, i.e. [a] and [i], showed the largest Euclidean distances (M±SD 0.86±0.59 cm).
[e] and [i] with a smaller distance in a F1-F2-space had also closer representational
foci (0.65±0.47 cm) in the cortex [F(1,10)=5.8, p<.05] (Fig.3a). This difference in generator distances was also significant when only the projections on the sagittal plane
were entered into the analysis [F(1,10)= 6.8, p<.05]. This effect did not interact with
the hemisphere tested and was equally present in both experimental sessions: The
re-test reliability of distances between the locations of vowel representation in the
sagittal plane was strong and statistically significant across experimental sessions
(.62 < rSPEARMAN < .87, all p<.05)(Fig. 3b). That is, subjects reproduced a highly similar
pattern of vowel source distances in the second experimental session even when deviating from the expected pattern.

Figure 3. a. Mean Euclidean distances (± SEM) of [a]-[i] and [e]-[i] in the sagittal plane are
displayed separately for both hemispheres and experimental sessions. b. A comparison of
spectral dissimilarity (gray dashed line) of the stimuli and measured ECD distances for both
experimental sessions.
3.1.4 Discussion
Main rationale of our study was to further test topographic mapping of vowels on
the cortical surface by means of magnetic source imaging. Specifically, we tested the
hypothesis that larger spectral and phonological dissimilarities would be mirrored
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by larger Euclidean distances between dipole sources fitted to the N100m component of the brain magnetic response.
Our results yielded main effects of vowel type on RMS peak latency, RMS peak amplitude, dipole source strength and inferior-superior dipole location. The peak latency findings are consistent with earlier work (Eulitz et al., 1995; Poeppel et al.,
1997; Roberts, Ferrari, Stufflebeam, & Poeppel, 2000). In particular, Roberts et al. argued that a fast-peaking N100m in response to the vowel [a] might reflect the
vowel’s typical spectral pattern with two formant peaks around 1 kHz – the frequency band to which the human auditory system is most sensitive. An attenuated
amplitude in response to [a], as presently observed, has not been reported previously, but when applying principles of formant inhibition as proposed by Ohl and
Scheich (Ohl & Scheich, 1997) as well as Diesch and Luce (Diesch & Luce, 2000), the
closely neighbored formant peaks F1 and F2 in [a] could be expected to elicit an extracranially weaker amplitude than vowels like [i] with large F1-F2 differences.
The present source analysis indicates that the distances in phonological space are
mirrored in the arrangement of the cortical representational centers. A number of
reasons may have contributed to the present finding: first, a relatively large number
of trials (up to 480 epochs) were averaged. Second, alertness and arousal were well
controlled and identical for the different vowel presentations. Both effects improve
the signal-to-noise ratio. Third, the analysis of Euclidean distances looks at the distances between cortical centers irrespectively of their orientation with respect to the
anatomy, i.e., it might yield results even if the cortical phonemotopic map is rotated
with varying degrees in different subjects (Diesch et al., 1996). While the results are
consistent with the notion of a phonemotopic arrangement of vowel representations
in the human cortex, they, of course, do not fully prove the existence of such a map.
However, if these maps exist, they may differ individually in their orientation with
respect to cranial landmarks. Euclidean distances account for such individual variations and consequently, the distance between the cortical representations of the dis-
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similar vowels [a] and [i] was found to be statistically larger than between the representations of the phonologically more similar vowels [e] and [i]12.
While the particular spatial configurations of cortical vowel representations vary
across subjects, a high re-test reliability of this map suggests an individually stable
phonemotopy that reappears at different days of testing. Various sources of noise
(biological as well as technical) contribute to variations in single ECD locations (see
Fig. 2b). As some of the error is systematic (like determining the exact positioning of
the cranium), differences in ECD locations are less reliable than relative distance patterns.
The representation of distance patterns (great vs. small spectral dissimilarities) may
allow for the high variance in the speech signal a listener encounters: changes in
loudness, pitch or speaker identity influence absolute topography and timing of the
auditory brain response (Romani, Williamson, & Kaufman, 1982; Langner et al.,
1997; Titova & Näätänen, 2001). A specific phoneme can therefore not be expected to
activate always a circumscribed hard-wired cortical patch. In contrast, preserved
relative distances between cortical centers could enable identification of invariant
characteristics and further processing of speech sounds in a vast variety of acoustic
conditions. This view is supported by the work of Ohl and Scheich (Ohl & Scheich,
1997) implying that the parameter mapped onto the cortical sheet is F1-F2 distance,
and that there seem to be no isolated cortical patches that are specifically activated
by a particular vowel. The present observation of a significant vowel distance difference in the sagittal plane is also in line with Ohl & Scheich’s as well as Diesch &
Luce’s notion of a F1-F2 difference mapping perpendicular to a tonotopic gradient
(Ohl & Scheich, 1997; Diesch & Luce, 2000), which in humans is typically greatest
along the medial-lateral axis. If vowels with varying F1-F2 differences activate cortical patches of varying size along the isofrequency stripes, this could result in different dipole locations (which reflect the center of activity) that should vary to a great
extent perpendicularly to the major tonotopic axis.

As the remaining distance [a] to [e] is fully determined when knowing both other distances in this
vowel triangle, the statistical tests were confined to comparing the hypothetically largest with the
hypothetically smallest distance.

12
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Our finding of high interindividual variance in absolute ECD locations matches the
results of recent studies in language acquisition (Polka & Werker, 1994; Cheour et al.,
1998; Kuhl, 2000) that underline the experience-dependent shaping of phoneme representation in early childhood. When representations of stimuli are formed in sensory systems, gross anatomical substrates are probably predetermined by genetic
programs and the brain’s architecture (e.g., the preference of belt and parabelt areas
in auditory cortices for spectrally complex sounds and the distinction of a “what”
and a “where” system, cf. Kaas et al., 1999; Wessinger et al., 2001). In contrast, highly
experience-dependent representations like the distinction of different phonemes develop individually and self-organizing in the maturing brain (for a review see
Rauschecker, 1999).
While our results indicate reliable spatial arrangements of cortical vowel representations, we cannot address the question whether the spectral, the phonological
or both characteristics are the major determinants of this phonemotopic map: formant frequencies are strongly correlated with phonological features such as place of
articulation (corresponds to F2) and tongue height (F1). Our finding of a greater [a][i] distance for N100m source topography is compatible with a purely spectral extraction algorithm as well as with a more language-influenced phonological feature
extraction algorithm, as the German vowels [a], [e] and [i] cluster in a similar manner
when applying a spectral or a phonological categorization. The question arises
whether non-native phonemes would fit into a N100m map as we found it by solely
mirroring their spectral properties or whether auditory processing as early as the
N100m is shaped by learned phonological feature categories (as implied by
Näätänen et al., 1997; Cheour et al., 1998). If the latter holds true, one would expect
that the extraction of a feature from the auditory signal predicts the place a phoneme
is assigned to in a cortical map (Lahiri & Reetz, 2002).

In sum, N100m peak latency, amplitude and generator location demonstrate that
different vowels elicit differential brain responses. The representational centers of
the auditory N100m component – determined via an ECD model – revealed relative
distances that resemble a F1-F2-vowel space and indicate a phonemotopic organization in the supratemporal plane. Our findings suggest a cortical map of vowels that
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mirrors spectral dissimilarities and corresponds to abstract phonological features.
Over repeated measures, the relative distances in this cortical vowel topography are
preserved. Further studies of additional vowels may examine whether the N100m
location differences reflect primarily spectral or phonological representations or a
mixture of both.
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3.2 Study II –
Intra-subject Replication of Brain Magnetic Activity during the Processing
of Speech Sounds13
The present study examined the cortical activity during processing of vocalic segments by means of
whole-head magnetoencephalography to see whether respective cortical maps are stable across repeated measurements. We investigated the spatial configuration and temporal characteristics of the
N100m generators of the auditory evoked field during the processing of the synthetic German vowels
[a], [e] and [i] across 10 repeated measurements in a single subject. Between vowels, N100m latency as
well as source location differences were found with the latency differences being in accordance with
tonochronic principles. The spatial configuration of the different vowel sources was related to differences in acoustic/phonological features. Vowels differing maximally in those features, i.e. [a] and [i],
showed larger Euclidean distances between N100m vowel sources than [e] and [i]. This pattern was
repeatable across sessions and independent of the source modeling strategy for left-hemispheric data.
Compared to a pure tone control condition, the N100m generators of vowels were localized in more
anterior, superior and lateral parts of the temporal lobe and showed longer latencies. Being aware of
the limited significance of conclusions drawn from a single case study, the study yielded a repeatable
spatial and temporal pattern of vowel source activity in the auditory cortex which was determined by
the distinctiveness of the formant frequencies corresponding to abstract phonological features.

3.2.1 Background
Magnetoencephalography (MEG) is a useful method to describe cortical activation
with good spatial and an excellent temporal resolution (Pantev, Gallen, Hampson,
Buchanan, & Sobel, 1991; Hari, Levanen, & Raij, 2000; Virtanen, Ahveninen, Ilmoniemi, Näätänen, & Pekkonen, 1998). A considerable amount of MEG studies is
therefore aimed at identifying cortical neural networks supporting circumscribed
cognitive processes and describing the spatio-temporal pattern of activation. In the
case of speech perception, auditory-evoked magnetic fields (AEF) have been studied

This section in modified form is in press in Cognitive Brain Research (authored by Carsten Eulitz,
Jonas Obleser, and Aditi Lahiri). Jonas Obleser contributed to the experimental setup, data analysis
and statistical analysis, and drafted the methods and results sections. The authors wish to thank
Michaela Schlichtling, Valerie Zitzlsperger and Ursula Lommen for their help during data acquisition.
We especially thank Eugen Diesch for supplying the stimulus material, one anonymous reviewer for
the proposal of a jackknife analysis, and Willi Nagl for helpful comments on statistical analyses.
13
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during all processing levels down to the acoustic-phonetic level. The latter, in particular the processing of vowels has been studied in numerous experiments (Eulitz,
Diesch, Pantev, Hampson, & Elbert, 1995; Diesch, Eulitz, Hampson, & Ross, 1996;
Poeppel et al., 1997; Roberts, Ferrari, Stufflebeam, & Poeppel, 2000; Vihla, Lounasmaa, & Salmelin, 2000). An interesting question in ongoing research is which neurophysiological mechanisms and parameters are utilized by the brain to extract linguistically relevant information which is then used for the lexical access. As suggested by Näätänen and Winkler (Näätänen & Winkler, 1999), the AEF component
N100m, occurring around 100 ms after stimulus onset, might be the earliest component of interest to study such questions. A strong argument is that this component is
the earliest to show habituation across several seconds thus being able to index information about previously perceived acoustic features for a longer period.

Earlier studies have shown that timing (tonochrony) and topography (phonemotopy) of the N100m may reflect differences in the quality of vowels. The tonochrony hypothesis (for a review see Roberts et al., 2000) suggests the peak latency of
the N100m to be a relevant parameter reflecting the encoding of acoustic features of
the incoming auditory signal. Although this piece of information is achieved at a
pre-linguistic level of processing it might among others index the quality of vowels.
As a further mechanism for encoding the quality of vowels, the activation of specialized neural networks in the vicinity of the auditory cortex (phonemotopy hypothesis) has been discussed (Eulitz et al., 1995; Diesch et al., 1996; Obleser, Lahiri, & Eulitz, 2004). Earlier MEG studies have shown that at least some of the N100m source
parameters, such as orientation of the equivalent current dipole (ECD) source are
different during the processing of vowels as compared to a sine tone stimulus (Eulitz
et al., 1995; Vihla et al., 2000). Support for the phonemotopy hypothesis (but not for
the N100m as the relevant ERP component) comes from animal studies showing differential firing patterns for different behaviorally relevant utterances (Tian, Reser,
Durham, Kustov, & Rauschecker, 2001; Wang, Merzenich, Beitel, & Schreiner, 1995)
and even the processing of learned vowels in gerbils (Ohl & Scheich, 1997). With respect to the N100m, comparisons between different vowels have demonstrated that
the number of distinctive acoustic and phonological features is correlated with the
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Euclidean distance between ECD sources (Diesch et al., 1996; Obleser et al., 2004).
Obleser et al. (Obleser, Elbert, Lahiri, & Eulitz, 2003a) have also demonstrated the
reliability of such distance patterns in a repeated measurement14. It has been often
argued that large interindividual differences are caused by variability of vowelsensitive neural substrates because the perception of phonetic stimuli is optimized in
the course of language learning and the specialized neural networks supporting
these functions are shaped individually. Therefore it is reasonable to measure spatial
distinctiveness of sources independently of interindividual differences in the spatial
configuration of sources by means of Euclidean distances. Nevertheless, one has to
be aware of the fact that the Euclidean distance is a measure of variability as well, i.e.
a less confident source location in one condition can mimic a larger distance relative
to other conditions. Consequently there are two ways to interpret a larger Euclidean
distance, (i) spatially more distinct sources with an interindividually different neuroanatomy and neurophysiology underneath or (ii) just a less confident source location in a particular experimental condition for whatever reasons. One way to demonstrate and quantify the repeatability of vowel source configurations is a single case
study. Factors like interindividual differences in the neuroanatomy or the location of
neural structures for speech sound processing will not affect the results. The present
study was designed to test which of the above mentioned interpretations for differential Euclidean distances are more plausible.
To compare the results for the processing of vowels with earlier replicability studies
with tonal stimuli (Pantev et al., 1991; Virtanen et al., 1998), and to have additional
information about activational differences during the processing of pure tones and
acoustically complex stimuli (thus extending the scope of conditions compared to
Obleser et al., 2003a), a tone condition was introduced. The present study examined
a variety of signal- and source-space parameters to test the repeatability of the
N100m peak-latency and the ECD source location differences across 10 MEG measurements during the processing of the German vowels [a], [e], [i] as well as a 1kHz
sine tone for reference.

14

see also study I in this thesis.
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3.2.2 Methods
Subjects
One 26 years old, female right-handed subject without any history of neurological,
psychiatric, or otological disorders participated in the experiment. The subject gave
written informed consent after the nature of the experimental procedures was explained and was paid €250 for participation.
Stimulation
The critical stimuli were the three German vowels [a] (as in “father”), [e] (similar to
“bait” or “bay” but not diphthongized) and [i] (as in “beat).
The vowel stimulus material as well as the vowel stimulation setup were exactly
concordant with the experiment described in study I. However, after each sequence
of vowels comprising 520 trials, 50 trials of a 1 kHz sine tone (i.e., 150 for the whole
experimental session) were presented using the same ISI to in order to spatially relate vowel-evoked brain responses to a functional reference known to be localized in
the auditory cortex. All stimuli had a duration of 600 ms, a 50 ms Gaussian onset
ramp and a 150 ms Gaussian offset ramp.
Exactly the same experimental session was repeated 10 times, one session every two
days. Great care was taken to keep experimental conditions as constant as possible.
All measurements were conducted by the same research assistant and were obtained
in a supine position in order to minimize movement artifacts. The positioning of the
sensor relative to the subject’s head and the resting position were held as equal
across sessions as possible using a mechanical reference system mounted to the dewar. The recordings were always made between 10 am and noon.
Data reduction and statistical analyses
Data recoding, artifact rejection, averaging, filtering and N100m determination was
accomplished exactly as in study I. The source space results were derived in two different ways, using a one-dipole model as well as a spatio-temporal four-dipole
model. First, an equivalent current dipole (ECD) in a spherical volume conductor
(fitted to the shape of the regional head surface) was modeled at every sampling
point separately for the left and the right hemisphere. As the signal power of the
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N100m over the right hemisphere was considerably smaller than over the left hemisphere (especially for the vowels), the source modeling with a single ECD model did
not deliver satisfactory results for the right hemisphere. As a consequence, we used a
more general source model, i.e. a spatio-temporal four-dipole model (BESA™; MEGIS, Gräfelfing). The four ECDs were used to simultaneously explain the activity
from 100 to 240 ms post stimulus onset in both hemispheres. First, two dipoles were
introduced to account for the activity from 100 to 140 ms, i.e. the N100m onset. These
two dipoles were then fixed in location and orientation and the two other dipoles
were introduced to model the residual activity for the whole latency range. Finally,
all four dipoles got all degrees of freedom and had to account for the activity in the
latency range from 100 to 240 ms. The outcome of this final analysis, in particular
that of the two N100m sources, was used for further analyses.
To test the repeatability of temporal and spatial characteristics of the N100m, peak
amplitude and latency results from all ten observations were submitted to repeated
measures 2x4 ANOVA with factors hemisphere and stimulus (1kHz tone, [a], [e], [i]).
Single ECD source strength and locations of the left hemisphere only were submitted
to an univariate analysis with repeated factor stimulus (1kHz tone, [a], [e], [i]).
Furthermore, the relative source configurations were evaluated by calculating the
Euclidean distances between the three vowel ECD sources separately for each hemisphere and each experimental session. The comparison of Euclidean distances was
additionally employed to elucidate invariant spatial relationships between vowel
sources irrespective of absolute localization errors (Diesch et al., 1996)15. As a specific
test for session to session variability, jackknifed ANOVAs were performed for the
critical comparison of the hypothetically large distance [a]-[i] to the hypothetically
small [e]-[i]: F tests comparing the two conditions were performed while omitting
one of the ten session at a time (Fig. 5b).
Significant differences were further explored by means of contrast analyses: For all
dependent variables, the tone condition was contrasted with the mean of all three
vowel conditions, and vowel conditions were compared to each other in pair-wise
contrasts. Where appropriate, p-values were Greenhouse-Geisser corrected.

15

see also study I in this thesis.
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3.2.3 Results

Figure 1. Waveforms from channels measuring maximum ingoing and maximum outgoing
field are shown. Results of all ten sessions are plotted separately for each condition (panels)
and each hemisphere. The right column shows isofield contour plots for the N100m peak latency for each condition using a contour step of 10 fT.
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Signal space results
A summary of the averaged waveforms for all experimental conditions and all sessions is shown in Fig. 1. The two channels with maximum ingoing and outgoing
magnetic field flux over the left and the right hemisphere were chosen. Across sessions and vowel conditions, the same channels were selected. For the tone condition,
the maximum field strength was obtained over neighboring channels which were
also used to present the waveforms across sessions (Figure 1). The slight shift in
N100m topography is also seen in the isocontour map for that particular component
which is shown in the left column. Peak latency and amplitude of the N100m was
similar across sessions. There was one session differing slightly from all others but
the difference was more marked for the P200m. As the same magnetic sensor was
chosen for all sessions, marginal differences in positioning of the subject’s head may
have led to such differences. Analyses in the source space are more robust against
the variability in the positioning.
The N100m amplitude in the vowel conditions was larger over the left as compared
to the right hemisphere. This interhemispheric difference was not as strong for the
tone condition: An interaction of hemisphere and stimulus type emerged
[F(3,27)=108.86, ε=0.86, p<.0001]. If referring to the N100m/P200m amplitude difference this interhemispheric difference was even more pronounced for the vowel conditions and the tone condition showed a right-hemispheric preponderance. Looking
at the left hemisphere only, the vowel conditions showed a larger N100m amplitude
than the tone condition [F(3,27)=146.56, ε=0.75, p<.0001] – contrast analyses proved
the tone response to be significantly weaker (p<.0001). The reverse was true when
analyzing the right hemisphere only: the ANOVA also revealed a main effect of
stimulus type [F(3,27)=15.51, ε=0.75, p<.0001], but tone responses were stronger than
mean vowel responses (p<.0001; see Fig.2).

The N100m latency was markedly shorter for the tone condition [main effect of condition: F(3,27)=124.4, ε=0.72, p<.0001; tone vs. mean vowel contrast p<.0001] in both
hemispheres. Furthermore, the latency of N100m in the right hemisphere was
shorter than that in the left hemisphere for all conditions. Among the vowel conditions, the N100m latency was markedly longer for the [i] ([i] vs. mean other condi-
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tions p<.01) in both hemispheres (see Fig. 2). However, the latency differences between vowel conditions were overall not symmetric across hemispheres. In the left
hemisphere the latency of the [e] was close to the latency of [i] (contrasts: [e] vs. [i]
ns.; [e] vs. [a] p<.001) whereas in the right hemisphere it was close to the latency of
[a] (contrasts: [e] vs. [a] ns.; [e] vs. [i] p<.001; see also Table II).

Figure 2. N100m RMS peak latency (upper panel) and peak amplitude (lower panel) for all
ten sessions are plotted separately for both hemispheres (left and right column). Note the earlier N100m latency in both hemispheres and the less asymmetric RMS amplitude in the tone
condition (open circles).
Source space results
Source analyses with a single ECD model applied separately for the left and righthemispheric data revealed reasonable results only for the left-hemispheric data (obviously the signal power for right-hemispheric data was too small). Therefore the
presentation of results will be confined to left-hemispheric results. The mean ECD
locations and orientations overlaid onto the individual Magnetic Resonance images
are shown in Fig. 3. The center of activity is located in the vicinity of the auditory
cortex but is rather close to the superior temporal sulcus than to the Sylvian fissure.
Fig. 4 summarizes the source space results for the N100m (see also Table II). As
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demonstrated by the goodness of fit and the confidence volume, the source localizations were reasonably good across all sessions. The slightly worse data for the tone
conditions illustrates the sensitivity of the applied source localization technique to
the signal power of input data.

Figure 3. Mean left-hemispheric ECD solutions across sessions for the tone (filled circle) and
vowel (open symbols; circle for [a], square for [e], triangle for [i]) conditions are projected
onto the subject’s magnetic resonance image. Note the spatial separation and differential orientation of the vowel sources compared to the tone source.
The dipole moment was systematically higher for [i] compared to all other conditions. The dipole moment in the tone condition was not different from the [a] and [e]
conditions, however, the location was different – thereby explaining the differences
between these conditions seen for the (channel-selection dependent) RMS data. The
ANOVA for the dipole moment confirmed overall stimulus differences
[F(3,27)=20.57, ε=0.50, p<.001] and proved the [i] source to be significantly stronger
than all three other conditions (p<.01).
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Figure 4. For the left hemisphere, ECD solutions for all ten sessions are displayed. The left
column depicts source location parameters in posterior-anterior (upper panel), medial-lateral
(middle panel) and inferior-superior direction (lower panel). The right column shows the
ECD source strength |Q| (upper panel), the goodness of fit (middle panel) and the confidence volume (lower panel).
The ECD location parameters all exhibited significant main effects of stimulus type.
Along the posterior-anterior axis [F(3,27)=19.04, ε=0.63, p<.0001], the tone source
was more posterior than all three vowel sources (p<.001). The most posterior vowel
source [e] was significantly more posterior than [a] and [i] sources (both p<.02). The
[a] and [i] sources did not differ significantly. Along the medial-lateral axis
[F(3,27)=6.46, ε=0.60, p=.01], the tone source was located deepest (Table I), differing
significantly from the mean across vowel sources (p<.05). Furthermore, a significant
difference between the depth of [a] and [i] sources was found (p<.01).
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The inferior-superior axis [F(3,27)=23.76, ε=0.65, p<.0001] differentiated tone from
vowel sources (p<.01), but also revealed differences between all three vowel sources
with [a] more superior than [e] as well as [e] more superior than [i] (all p<.01).
The orientation of dipoles differed between conditions in the sagittal [F(3,27)=29.63,
ε=0.60, p<.0001], the axial [F(3,27)=60.01, ε=0.69, p<.0001], as well as the coronal
plane [F(3,27)=37.20, ε=0.45, p<.0001]. The orientation differences were most pronounced between tone and the vowel conditions. Among vowel sources, the [a]
source differed from both the [e] and [i] sources.
Table I. Descriptive statistics for N100m latency and left-hemispheric ECD source parameters (Mean±SD).
parameter

[a]

[e]

[i]

1 kHz tone

latency left (ms)

108.8±2.00

112.0±1.93

112.6±3.91

98.5±3.69

latency right (ms)

102.4±4.50

103.1±2.51

109.4±3.17

90.9±2.13

posterior–anterior (cm)

1.37±0.19

1.23±0.15

1.40±0.18

0.95±0.31

medial–lateral (cm)

5.48±0.33

5.32±0.17

5.18±0.28

4.99±0.54

inferior–superior (cm)

6.87±0.24

6.57±0.23

6.44±0.27

6.18±0.35

|Q| (nAm)

27.38±3.46

30.23±3.97

41.21±5.08

28.49±7.02

As illustrated in Fig. 4, despite the quite consistent differences between conditions,
the source localization results showed a considerable variance across sessions. To
describe the consistency of the source location pattern, Euclidean distances between
vowels were calculated (Fig. 5a). A significant distance difference was revealed
[F(3,18)=8.27, ε=0.77, p<.01], with [a]-[i] (0.67 cm) being significantly larger than [e][i] (0.39 cm) across sessions (p<.001). The third, fully-determined distance [a]-[e]
amounted on average to 0.48 cm and was also significantly smaller than [a]-[i]
(p<.01) but did not differ from [e]-[i].
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Figure 5. a. Euclidean distances between N100m sources (single ECD model) of the acoustically most dissimilar vowels [a] and [i] (filled diamonds) and of the more similar vowels [e]
and [i] (open squares) is shown for all ten sessions. The distance [a]-[i] is systematically larger than the distance [e]-[i]. b. F (black dots) and p (open circles) values of a jackknife analysis are shown where the statistical comparison of both distances was performed ten times
while omitting one session at a time (x axis). This procedure confirms the reliability of the
distance effect and identifies the fourth session as the only evident drop-out (cf. Fig. 6).
As an alternative way of source analysis, a spatio-temporal model was used to explain the magnetic field distributions using all recording channels for a selected latency range in both hemispheres simultaneously. Fig. 6 demonstrates that with this
source localization technique the [a]-[i] distance was also larger than [e]-[i] in most of
the sessions. This distance pattern was seen for both hemispheres. The larger variability of the Euclidean distances across sessions in the right hemisphere compared
to the left one illustrates again the sensitivity of this measure to the signal power of
the AEF data.
Besides a main effect of hemisphere [F(1,9)=78.33, p<.001] with right hemispheric
distances being larger, a main effect of distance emerged [F(2,18)=6.17, ε=0.63,
p<.03]. Contrast analyses proved the [a]-[i] distance (left hemisphere 0.46 cm, right
hemisphere 1.33) again to be larger than that of [e]-[i] (left hemisphere 0.31 cm, right
hemisphere 0.77 cm)(p<.01). The hemisphere by distance interaction was not significant.

3 Study II – Intra-subject Replication

53

Figure 6. Euclidean distances between N100m sources (spatio-temporal model) of [a] and [i]
vs. [e] and [i] are shown for all ten sessions (for symbols see Fig. 5).
3.2.4 Discussion
The repeatability of the N100m peak-latency and the ECD source location differences
across 10 MEG measurements in one subject was analyzed to cross-check the plausibility of the tonochrony and phonemotopy hypotheses about the functional organization of the auditory cortex. Both the latency and the source parameters of the
N100m delivered support for these hypotheses, but also indicated the limitations of
the MEG technique to study these questions. First, we discuss the differences between tones and vowels in general, showing that processing of speech sounds takes
place at least partly in different brain regions than processing of pure tones – at least
in German where pitch (corresponding to tone in a linguistic sense) is not a linguistic
feature to distinguish between lexical items. Second, we discuss the differences between vowels to draw conclusions with respect to the hypotheses mentioned above.
Before doing so, let us briefly comment on the consistently left-lateralized N100m
amplitude and source strength in the vowel condition which was not as strong for
the tone condition. Previous studies often failed to show hemisphere-specific effects
for speech segments on early components such as the N100 (Eulitz et al., 1995; Poeppel et al., 1997). However, the reason for this could have been the mixing (near to
balance) of the gender of subjects. A recent study by Obleser et al. (Obleser, Eulitz,
Lahiri, & Elbert, 2001) indicated that the hemispheric asymmetry of the N100m is
dependent on subject’s gender, i.e., only female subjects showed a left-hemispheric
dominant N100m amplitude. The data of the present subject also fits into this domi-
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nance pattern. The fact that the dominance pattern was not paralleled by the tone
condition (which was absent in Obleser’s et al. study) supports the notion that the
left-dominant pattern is stimulus specific, at least specific to spectrally complex
sounds. It may even be specific to speech sounds which has to be tested in further
experiments with spectrally complex non-speech sounds.
Tone-vowel differences
Contrary to earlier studies (Eulitz et al., 1995; Diesch et al., 1996), pure tones of the
control condition were presented in separate blocks to avoid interference with the
processing of speech sounds which were task-relevant as well. The purpose of the
tone condition to serve as an anatomical and functional landmark was assumed to be
best fulfilled using this block design. The N100m peak latency was earlier for the
tone condition and the generator was located more posterior, inferior and medial
relative to the vowel sources. Furthermore the tone ECD was oriented differently
compared to the vowel ECDs. These results replicate earlier reports showing that
processing of acoustic information in complex stimuli takes longer and involves different neural substrates than the processing of simple tones (Eulitz et al., 1995; Rockstroh et al., 2001) 16. As known from studies in animals (Kaas, Hackett, & Tramo,
1999) and imaging studies in human subjects (Wessinger et al., 2001), the processing
of pure tones is mostly restricted to the auditory core areas whereas band-passed
noise and species-specific vocalizations activate the surrounding belt areas as well.
In the studies of Rauschecker and colleagues (Rauschecker & Tian, 2000) the anterolateral belt areas were most specific for monkey calls and interpreted to be the auditory “what” system. Under the assumption that the tone condition in our study indexes the auditory core area, the displacement of the vowel sources relative to the
core area is anterolateral and might be interpreted as an activation of the auditory
“what” system, at least in this particular subject. This matches results from a recent
While interpreting source localization differences one has to be aware that dipole locations only
represent the center of gravity of active cortical tissue. These location differences do not necessarily
prove distinct, mutually exclusive phonemic centers, representing one and only one specific vowel.
They may also result from overlapping and differently shaped activated cortical patches – similar to
those in Ohl and Scheich’s study (Ohl & Scheich, 1997) where the F1-F2-difference was correlated with
the extent of the activated stripe in the auditory cortex.

16
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examination with syllables and band-passed noises (Obleser, Lahri, & Eulitz,
2003b)17.
A difference in source locations between tone and vowel conditions has not always
been found when using the source locations in head frame coordinates (Eulitz et al.,
1995; Vihla et al., 2000). It has been often argued that this is caused by the interindividual variability of vowel-sensitive neural substrates because the perception of
phonetic stimuli is optimized in the course of language learning and the specialized
neural networks supporting these functions are shaped individually. The present
study provides empirical support for this interpretation as the spatial relationship
between tone and vowel sources in head frame coordinates was stable across repeated measurements in a single subject.
Tonochrony hypothesis
The N100m latency differences between vowels were stable and in line with previous results (Roberts et al., 2000). The vowels were partly different compared to those
in previous studies. Here we investigated the vowel [e] instead of [u]. It was the [e]
which showed an interesting interhemispheric difference. In the left hemisphere, its
latency was close to the [i] and in the right hemisphere closer to the [a], i.e. only in
the left hemisphere the phonologically closer related stimuli showed a temporally
more similar behavior of the N100m. As to whether or not this reflects a relevance of
the tonochrony beyond a pre-linguistic processing level has to be demonstrated in
future studies.
Phonemotopy hypothesis
In our subject, systematic differences in source locations between vowels were
found. The [a] and [i] sources were more anterior than [e], the [i] was more medial
than [a], and in the inferior-superior direction [a] was most superior, [i] most inferior
and [e] in-between but significantly different from both. This means that along two
axes – the medial-lateral and the inferior-superior – the spatial order of vowels is in
accordance with their spectral dissimilarity in the F1-F2 dimension. This regularity
cannot be obtained in the anterior-posterior direction. Here it seems that the [e]

17

see also study IV in this thesis.
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which is phonologically not specified for tongue height, is localized distantly from
the other vowels and closer to the tone. However, a generalization of that result is
premature, as a group study with the same vowels (but without the tone) did not
show this difference for the corresponding head frame coordinates (Obleser et al.,
2003a). Their study revealed source location differences just in the inferior-superior
direction rather supporting the notion of a considerable interindividual variability of
the location of neural substrates for vowel processing.

The spatial distinctiveness of sources independently on interindividual differences in
the spatial configuration of sources can be analyzed by means of Euclidean distances
(Diesch et al., 1996; Obleser et al., 2003a). These distances revealed another stable
spatial relationship between vowel sources: The acoustically and phonologically
most dissimilar vowels [a] and [i], differing most markedly in F1 and F2, led in nine
out of ten sessions to source distances larger than those between the phonologically
more similar vowels [e] and [i]. This relationship was also evident when using spatio-temporal source modeling. Furthermore, a group study with the same stimuli
and a similar experimental setup led to a strikingly similar result (Obleser et al.,
2003a)18. This finding that the cortical map is determined by the distinctiveness of
the formant frequencies corresponding to abstract phonological features is to our
knowledge unparalleled in previous human electrophysiological studies. An earlier
study (Diesch et al., 1996) yielded a tendency towards a phonemotopic organization
of N100m sources (the [u]-[i] distance was larger than the [e]-[ε] distance in 60% of
all cases and conditions). A reason for failing statistical significance might have been
the comparably poor signal to noise ratio achieved with 100-120 averages. The same
argument may explain the missing phonemotopy of the N100m in the auditory cortex in other similarly designed studies (Vihla et al., 2000; Poeppel et al., 1997). Support for the notion of a phonemotopic organization of the auditory cortex comes also
from a recent fMRI study: Using CV-syllables, Zielinski and colleagues (Zielinski &
Rauschecker, 2000) detected distinct but contiguous activational centers for the different syllables in the supratemporal plane.

18

see also study I in this thesis.
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As mentioned in the introduction, one has to be aware of the fact that the Euclidean
distance is a measure of variability as well (see for instance right hemispheric results
in Fig. 6). Larger Euclidean distances can therefore be interpreted as (i) spatially
more distinct sources or (ii) just a less confident source location in a particular experimental condition. The present study demonstrates that the preferred interpretation, i.e. (i), can indeed be true for studies of vowel processing in the auditory cortex.

The location of vowel sources in head frame coordinates changed by several millimeters across sessions. One of the main questions of the present study was weather
this reflects rather biological and technical noise or whether it has a biological meaning. It might for instance reflect a dynamic recruitment of changing neural substrates
for the processing of speech signals. There are several arguments for the first point of
view. (1) The standard deviations of source locations across sessions are in the range
of the 95% confidence intervals for the source location in a single session. (2) The
variability of source locations in the pure tone condition is similar to those for the
vowels. Furthermore, the variability is in a similar range as the one for the pure tone
localizations in the study of Pantev and colleagues (Pantev et al., 1991). As pure
tones are known to have stable tonotopically organized cortical representations
mainly restricted to the auditory core area (Wessinger et al., 2001; Kaas et al., 1999),
we can conclude that the variability of source location parameters across sessions
results rather from biological and technical noise and is not an index of the dynamic
formation of always slightly differing vowel representations. Hence the cortical areas
for processing of complex acoustic stimuli, such as vowels as indexed by the N100m
component is stable, at least within one subject. The problem to find stable source
location differences between N100m vowel sources when using head frame coordinates in previous studies (Eulitz et al., 1995; Diesch et al., 1996; Obleser et al., 2003a)
is probably indeed an index of the interindividual variability of the neural network
structure supporting an acquired function, such as speech perception.
Conclusion
In sum, in this single case study we found support for both tonochrony as well as
phonemotopy as functional principles to encode incoming speech signals. Stable spa-
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tial relations between vowels as well as between vowels and a pure tone were found
for the N100m sources, independent of the source modeling strategy. However, to
fully understand the functional meaning of N100m latency and location differences,
more vowels varying in other phonological features have to be studied. We are
aware of the limited significance of the conclusions one can draw from a single case
study. Nevertheless, the study yielded a repeatable spatial and temporal pattern of
vowel source activity in the auditory cortex which was determined by the distinctiveness of the formant frequencies corresponding to abstract phonological features.
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3.3 Study III –
Magnetic Brain Response Mirrors Extraction of Phonological Features from
Spoken Vowels19
This study further elucidates determinants of vowel perception in the human auditory cortex. The
vowel inventory of a given language can be classified on the basis of phonological features which are
closely linked to acoustic properties. A cortical representation of speech sounds based on these phonological features might explain the surprisingly inverse correlation between immense variance in the
acoustic signal and high accuracy of speech recognition. We investigated timing and mapping of the
N100m elicited by 42 exemplars of seven natural German vowels varying along the phonological
features tongue height (corresponding to the frequency of the first formant) and place of articulation
(corresponding to the frequency of the second and third formants). Auditory evoked fields were recorded using a 148-channel whole head magnetometer while subjects performed target vowel detection tasks. Source location differences appeared to be driven by place of articulation: Vowels with
mutually exclusive place of articulation features, i.e. CORONAL and DORSAL elicited separate centers of
activation along the posterior-anterior axis. Additionally, the time course of activation as reflected in
the N100m peak latency distinguished between vowel categories especially when the spatial distinctiveness of cortical activation was low. In sum, results suggest that both N100m latency and source
location as well as their interaction reflect properties of speech stimuli that correspond to abstract
phonological features.

3.3.1 Background
When listening to speech, the human brain copes admirably with poor acoustic conditions and high variance across as well as within speakers. To this day, the mechanisms allowing such an effortless decoding of the speech signal are barely understood (Fitch, Miller, & Tallal, 1997; Sussman, 2000; Lahiri & Reetz, 2002).
Invasive and non-invasive research has revealed several principles of functional organization in auditory processing (Pantev et al., 1995; Langner, Sams, Heil, &
Schulze, 1997; Rauschecker & Tian, 2000; Read, Winer, & Schreiner, 2002), such as
This section in modified form is published in the Journal of Cognitive Neuroscience 2004, 16(1):31-40
(co-authored by Aditi Lahiri and Carsten Eulitz). We gratefully acknowledge the help of Barbara
Awiszus in collecting the data. Many thanks also to Henning Reetz for advice in stimulus preparation, to Michaela Schlichtling for recording and editing of the stimulus material and to Nathaniel Pihama for correcting the manuscript.
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cochleotopy, periodicity or preferred spectral bandwidth. If the hierarchy and variety of discrete cortical fields in the human auditory cortex follows the organization
found in macaques and chimpanzees, a complex interaction of such maps may enable appropriate representations of the diversity of speech sounds (Diesch, Eulitz,
Hampson, & Ross, 1996; Wessinger et al., 2001). Recent studies with marmosets for
species-specific vocalizations (Wang, Merzenich, Beitel, & Schreiner, 1995) and with
trained gerbils for vowels (Ohl & Scheich, 1997) have implied such mappings.
Topographical differences of the human N100m, as expected from animal research
results, have not been clearly shown: Diesch and colleagues (Diesch et al., 1996) detected indications for separable vowel representations in the human auditory cortex
which were confirmed in a more recent MEG study (Obleser et al., 2003a). Here, reliable statistical results demonstrated the preservation of acoustic dissimilarities of
vowels in cortical maps. However, not all studies intended to demonstrate spatially
distinct processing systems for vowels or were able to demonstrate them (Poeppel et
al., 1997; Vihla, Lounasmaa, & Salmelin, 2000; Alku, Sivonen, Palomaki, & Tiitinen,
2001).
It remains yet unclear how the various mechanisms that have been proposed deal
with poor acoustic conditions and high acoustic variance in the speech signal. An
ubiquitous system of speech sound representation has not yet emerged from these
results. Lahiri and Reetz (Lahiri & Reetz, 2002) proposed a linguistic model of word
recognition based on the extraction of phonological features (FUL, “featurally underspecified lexicon”). Combinations of universal phonological features classify the
vowels and consonants actually utilized in a given language (Kenstowicz, 1994). Extracting a minimally sufficient set of features instead of all the acoustic information
available, i.e. representing “underspecified” phonemes (Lahiri & Reetz, 2002), could
account for variance and ambiguity in the speech signal.
Here, subjects listen to 42 exemplars of seven natural German vowels while performing a target vowel detection task. We test the assumption that abstract phonological
features indicating place of articulation and tongue height are utilized in the cortical
processing of vowels as early as in the N100m response. We generally ask to what
extent phonological features can account for the time course of activation and location of vowel sources in auditory cortex.
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We analyze peak latency as well as source location of the N100m – modeled as a
equivalent current dipole (ECD) in three-dimensional source space – in response to
German vowels that vary with respect to phonological features place of articulation
and tongue height. The quasi-orthogonal arrangement of these features in German
vowels (Fig. 1) allows us to separate their influences on auditory processing.
If the phonological features also determine speech sound mapping in auditory cortex, we expect to find relative changes in timing and topography of the N100m brain
response due to changes in the features place of articulation and tongue height.
3.3.2 Methods
Subjects
20 Subjects (11 females) with a mean age of 25.5±4.2 years (M±SD) took part in the
experiment. Subjects gave written informed consent and were paid €20 for their participation. Prior to the measurement, individual hearing thresholds were determined
for both ears using a calibration vowel [i]20.
Stimulus Material
We investigated brain responses to seven naturally spoken German vowels [a], [e],
[i], [o], [u] (as in “father”, “bay”, “bee”, “doe”, “do”, respectively), [ø] and [y] (both
do not occur in English and are the rounded counterparts of [e] and [i]). The classification of the vowels in terms of their phonological features as well as their pitches
and formant frequencies are given in table I.
For every vowel category we selected six exemplars, edited from recordings of spoken words of a male speaker. The speaker was instructed to pronounce the words
with extra long vowels. The speech signal was recorded with a Sennheiser™ MD-421
microphone on a DAT recorder (TDA-1, TASCAM™). Off-line editing was performed with the CSL Speechlab 4300b (Kay Elemetrics™, Lincoln Park, NJ). From
the 10 kHz-digitized speech signal, 350 ms portions containing only the steady-state
vowel signal were cut out.

In a pilot experiment, hearing thresholds were determined for all seven vowels on 4 healthy subjects. No consistent differences appeared. Therefore, a vowel with average hearing threshold was
selected for calibration; see also General Methods.

20
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Figure 1. A vowel space plotting the first formant frequency (y axis, logarithmic display)
against second formant frequency (x axis, logarithmic display) is shown for all vowel exemplars used. Note the considerable acoustic variance within vowel categories as well as the
close correspondence of formant frequencies to phonological features place of articulation and
tongue height.
Table I. Overview over the assignment of phonological features as well as the pitch (F0) and
formant frequency (F1, F2, F3) variability in Hz in the vowel categories used. The derived
parameter (F2-F1) is also given.
place of
vowel

articulation

[a]

-

[i]

F0

F1

F2

F3

(F2-F1)

min-max

min-max

min-max

min-max

min-max

(Hz)

(Hz)

(Hz)

(Hz)

(Hz)

LOW

103-113

552-747

1188-1224

2663-3171

442-641

HIGH

127-132

267-287

2048-2120

2838-3028

1764-1816

non-HIGH

109-125

302-322

2055-2143

2711-2890

1741-1821

tongue
height

CORONAL

[e]
[y]

CORONAL

HIGH

115-144

238-248

1516-1769

1978-2097

1275-1528

[ø]

-LABIAL

non-HIGH

108-125

301-325

1293-1447

1945-2079

981-1142

[u]

DORSAL-

HIGH

112-118

231-256

522-645

2117-2292

266-415

[o]

LABIAL

non-HIGH

109-125

293-346

471-609

2481-2688

131-303

All 42 stimulus audio files were ramped with 50 ms Gaussian on- and offsets and
normalized for peak amplitude. Pitch frequency (119±10 Hz, M±SD) and formant
frequencies varied within vowel categories (cf. Fig. 1, Table I), thus introducing considerable acoustic diversity.
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Experimental design
Vowels were aligned in pseudo-randomized sequences of 572 stimuli with a variable
stimulus onset asynchrony of 1.8±0.2 s. Every subject listened to three of such sequences. To sustain subjects’ attention to the stimuli, a target detection task was employed: In every sequence, the realizations of two given vowels had a low cumulated
probability of 10 % and served as targets. Subjects had to press a button with their
right index finger each time they detected such a target. For reasons of symmetry in
target assignment, the central vowel [ø] never functioned as a target, but each subject
encountered all six target vowel categories across the whole experiment. As all
vowel categories exhibited acoustic variance (Fig. 1), subjects had to map stimuli on
vowel category prototypes to decide whether a given stimulus is a target or not, i.e.,
subjects had to maintain a phonological processing mode throughout the experiment.
Data reduction and statistical analyses
Up to 250 artifact-free epochs that remained for every subject and vowel were averaged after off-line noise correction.
Parameters of interest were the RMS peak latency of the N100m (for N=20 subjects)
as well as N100m source orientation and location in posterior-anterior, mediallateral, and inferior-superior dimension (for N=14 subjects). In a repeated measures
analysis of variance, two designs were employed: Initially, a 2x7 design with repeated measures factors hemisphere (left, right) and vowel category ([a], [e], [i], [ø],
[y], [o], [u]) was carried out as an omnibus test. Given any significant effects of
vowel category, a 2x2x3 repeated measures design with factors hemisphere (left,
right), tongue height (HIGH vowels [i], [y], [u] vs. non-HIGH vowels [e], [ø], [o]) and
place of articulation (CORONAL vowels [i], [e] vs. CORONAL-LABIAL vowels [y], [ø] vs.
DORSAL-LABIAL

vowels [o], [u]) followed for testing the influence of phonological

features (Table I). Features CORONAL and DORSAL correspond to the front vs. back
vowel distinction, respectively, and LABIAL corresponds to the feature roundedness
(Lahiri & Reetz, 2002).
Exploring representation of vowels relative to each other in three-dimensional
source space individual subjects, Euclidean distances between vowel ECD sources
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were calculated on an intrahemispheric and intraindividual basis. For k = 7 vowels,
there were (k2 – k)/ 2 = 21 possible Euclidean distances. In an omnibus repeated
measures analysis of variance, all distances were submitted to a 2x21 design with
factors hemisphere (left, right) and distance (21 possible distances). In case of significant differences, further comparisons of interest were explored. Greenhouse-Geisser
corrected p-values are reported where applicable. For further exploration of significant differences, contrast analyses were used.
3.3.3 Results

Figure 2. Grand-averaged root mean squared amplitude of the elicited magnetic brain responses is plotted against latency, separately for HIGH vowels (upper panels) and non-HIGH
vowels (lower panels) as well as left and right hemisphere (left and right columns, respectively). Analyses reported here are confined to the rising slope and peak of the most prominent component N100m.
N100m RMS peak latency
Analyses on RMS peak latency yielded a main effect of vowel category
[F(6,114)=25.81, ε=.67, p<.0001](Fig. 2). We therefore tested the parametric model
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with factors hemisphere, tongue height and place of articulation. While DORSAL
vowels [o] and [u] elicited the latest N100m peaks and HIGH vowels peaked later
than non-HIGH vowels, it also revealed a significant interaction of tongue height and
place of articulation [F(2,38)=3.77, ε=.87, p<.05]. A subsequent analysis for front
vowels only showed this interaction to be driven by unrounded CORONAL vowels [e]
and [i] [F(1,19)=5.56, p<.03]: It was only for these vowels that tongue height led to a
highly significant latency difference of 6 ms (p<.0001) (Fig. 3).
N100m ECD source location
Vowel category did have a significant influence on ECD source location along the
posterior-anterior axis [F(6,78)=5.41, ε=.59, p<.01]. Subsequent analysis with factors
hemisphere, tongue height and place of articulation revealed a main effect of place of
articulation [F(2,26)=9.75, ε=.88, p<.01]: Irrespective of hemisphere and tongue
height, DORSAL vowels were located more posterior than CORONAL vowels (p<.01) as
well as CORONAL-LABIAL vowels (p<.01)(Fig. 3). The latter two did not differ significantly in source location. Figure 4 illustrates the place of articulation effect by projecting mean ECD locations onto an axial slice of the Montreal Standard Brain, separately shown for HIGH and non-HIGH vowel sources in the left hemisphere. The more
posterior position of DORSAL vowel sources is evident even when the mean confidence ellipsoids are plotted, indicating 95% confidence for least squares estimates of
the vowel source localizations (Kuriki & Murase, 1989). For the non-HIGH vowel
sources which tend to be less spatially extended, this holds true for [o] vs. [ø].
To distinguish between the influence of phonological features and a pure acoustic
impact on the location differences along the posterior-anterior axis, the vowel [a]
was considered. German [a] is not assigned to a certain place of articulation, but its
(F2-F1) difference which is often discussed as a relevant acoustic feature to separate
vowel categories (Ohl & Scheich, 1997; Diesch & Luce, 2000) is more similar to
DORSAL

than to CORONAL vowels. Hence, ECD location of vowel [a] was compared to

mean DORSAL, CORONAL and CORONAL-LABIAL places of articulation [F(3,39)=7.12,
ε=.86, p<.01]. Post-hoc contrast analyses proved the [a] to be significantly more anterior than DORSAL vowels (p<.05), but it did not differ from CORONAL and CORONALLABIAL

vowels.
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Figure 3. The upper panel displays the mean ECD locations (± SEM) in the posterioranterior direction for the three places of articulation. The lower panel shows the mean N100m
peak latencies (±SEM) for the same places of articulation in synopsis. HIGH vowels are indicated by filled circles and non-HIGH vowels by open diamonds. Note the more pronounced
latency difference between [e] and [i] as compared to CORONAL-LABIAL and DORSAL vowels
regardless to almost identical differences in first formant frequency. The vowel [a] is shown
as a reference only and was not tested in this parametric model.
Analyzing hemispheric differences, right-hemispheric ECDs were found to be located more anterior [F(1,13)=45.39, p<.0001] and more inferior [F(1,13)=10.70, p<.01]
than left-hemispheric ones. The medial-lateral axis revealed no effects whatsoever.
N100m source orientation in the sagittal plane corroborated the hemispheric differences found, i.e., right-hemispheric ECDs were oriented more vertically
[F(1,13)=12.39, p<.01]. Dipole orientation did not differ for vowel categories.
When transforming mean ECD locations in Talairach coordinates (Lancaster et al.,
2000), locations in both hemispheres matched the coordinates for superior temporal
or medial temporal gyrus (left-hemispheric coordinates -57>x>-60, -25>y>-29, 0>z>1; right-hemispheric coordinates 54>x>51, -17>y>-20, -1>z>-3). Whenever the ap-
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plied automatic procedure did return more specific locations, they all allocated to
Brodmann’s Area 22.

Figure 4. ECD source locations in the left hemisphere are projected onto an axial slice of the
Standard Montreal brain, separately for HIGH vowels (left column) and non-HIGH vowels
(right column). Grayscale differences in source location symbols correspond to the typed
vowel symbol, respectively. Ellipsoids indicate the mean 95% confidence regions across individual source locations. Note that the spatial separation is most pronounced when just
DORSAL is the distinctive feature.
Euclidean distances between ECD locations
We further examined intraindividual Euclidean distances between ECD sources
(Diesch et al., 1996; Obleser et al., 2003a), as across-subject effects in ECD location
may be blurred by interindividual variance in gross anatomical structure of the temporal lobes (Shapleske, Rossell, Woodruff, & David, 1999) as well as the more finegrained differences in formation of experience-dependent speech sound representation (Buonomano & Merzenich, 1998).
An omnibus repeated measures analysis of variance with 21 distances and two
hemispheres revealed overall differences in distances [F(20,260)=3.46, ε=.23, p<.01]
but no hemispheric differences. We then tested more specifically whether vowels
differing in only one place feature (i.e., CORONAL vowels [e]/[i] vs. CORONAL-LABIAL
vowels [ø]/[y]) were more closely collocated than vowels differing in two features
(i.e., CORONAL vowels [e]/[i] vs. DORSAL-LABIAL vowels [o]/[u]). A 2x2x2 repeated
measures analysis of variance with factors hemisphere, tongue height and feature
difference yielded only a main effect of feature difference in the expected direction
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[F(1,13)=25.87, p<.001]: Hypothetically smaller distances between ECDs of vowels
differing only in labiality amounted to 5.9±1.0 mm (M±SEM) whereas vowels differing in both dorsality and labiality yielded ECD distances of 8.8±1.23 mm.
Regarding features of tongue height (cf. Table I), the mutually exclusive features
LOW

and HIGH led to comparably large ECD distances between vowels [a] and [i]

(7.0±0.9 mm), while vowels [e] and [i] which are only differentiated by the absence
or presence of feature HIGH elicited smaller distances (5.5±1.0 mm)[F(1,13)=6.75,
p<.02].
3.3.4 Discussion
The aim of our study was to scrutinize the role of phonological features in the processing and identification of speech sounds. When we analyzed latency and relative
spatial distribution of N100m brain responses, the phonological features turned out
to be a valuable heuristic concept:
The N100m dipole solutions of all vowels were located in auditory cortex (cf. Fig. 4).
The Talairach-transformed mean location coordinates suggest a cortical area outside
of AI in the auditory parabelt regions.
At a more fine-grained spatial scale, we found an effect of the place of articulation
onto the location of the center of electromagnetic brain activation. On the posterioranterior axis, the ECD sources of vowels with mutually exclusive phonological features CORONAL and DORSAL were separable. Since DORSAL and CORONAL places of
articulation never co-occur in the vowel systems of natural languages, their spatial
separation in auditory cortex is very salient and follows predictions made from neural plasticity research (Buonomano & Merzenich, 1998) and developmental research
on language acquisition (Jusczyk, 1999; Kuhl, 2000). The latter authors have shown
that primarily unbiased auditory representations are “warped” in infancy by inherent rules and probabilities of the speech signal. The place of articulation mapping we
found might partly be congruent with animal research by Ohl and Scheich (Ohl &
Scheich, 1997) and human magnetoencephalographic research by Diesch and Luce
(Diesch & Luce, 2000), since our place of articulation differences are mirrored in
spectral (F2-F1) differences and the location differences in the auditory cortex are per-
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perpendicular to main tonotopic gradients (which are expected to run for the human
N100m mainly from lateral to medial, cf. Pantev et al., 1995).
To further strengthen the (F2-F1) mapping assumption, the source location of the
vowel [a] was included in the analysis. The physical parameter (F2-F1) of [a] is close
to DORSAL vowels [u] and [o] (cf. Fig. 1), but statistical analysis showed that [a] and
DORSAL

locations differed significantly – even more so, when comparing [a] location

only to the closest (F2-F1) neighbor vowel [u] (p<.001) and most distant (F2-F1) vowel
[i] (p>.50). Consequently, the ECD location results for vowel [a] rule out a linear (F2F1) mapping of N100m in humans. Instead of pure acoustics, phonological features,
i.e. more abstract and more pre-processed acoustic properties, may better account for
the mapping along posterior-anterior axis we report here. In such a phonological
feature space, distances between vowels may be warped towards representing perceptually relevant rather than linear (F2-F1) differences (Kuhl, 2000).
Prior studies failed to show group-statistic differences in N100m localization of
vowels (Eulitz et al., 1995; Diesch et al., 1996; Poeppel et al., 1997; Alku et al., 2001).
In the present study, a number of points may have contributed to the significant effect regardless of the comparably small location difference between DORSAL and
CORONAL

vowels, such as (i) a good signal-to-noise ratio (SNR) due to more than 125

averages in every instance (average SNR 13:1) (ii) small spatial smearing of topographies during data acquisition due to measurements in supine position and (iii) the
well-controlled alertness of subjects. Furthermore, the task was chosen such that subjects had to categorize and identify vowels in order to accomplish the task which is
more demanding than a simple template matching as in our previous experiments
with just one target vowel. Not just the mental effort for the task, but the task itself
may also have contributed to better ECD source separation in the present results. In
the somatosensory domain for example, using MEG within-subject variations of the
homuncular hand representation within the primary somatosensory cortex have
been shown to be modulated by attention (Braun et al., 2002): The detection of local
vs. global features of a well controlled afferent input to the somatosensory system
changed the homuncular hand representation. This indicated that the hand representation within the primary somatosensory cortex is not statically fixed but is dynamically modulated by top-down mechanisms to support task requirements. Although,
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similar mechanisms may have modulated the representations in the auditory cortex
in the present study, a controlled study has to be made to answer this question satisfactorily.
To link up the present results to those of previous studies, Euclidean distances between vowel sources have been calculated. Vowels differing in only one phonological feature were collocated more closely than vowels differing in more features –
thereby confirming and extending previous results (Obleser et al., 2003a). Unfortunately, the analysis of relative distances abandons absolute spatial information and
therefore cannot answer the question whether linear acoustic vowel mapping or a
more phonologically motivated processing is reflected in the N100m.
As in previous studies (Eulitz et al., 1995; Diesch et al., 1996; Poeppel et al., 1997;
Roberts et al., 2000; Obleser et al., 2003a), the latency of N100m response was influenced by vowel category. We replicated the finding that vowels [a], [i] and [u] differ
in latency with [u] eliciting latest N100m responses. Roberts and colleagues suggested that this latency difference is a function of the first formant frequency which
is correlated with tongue height (Roberts et al., 2000). However, when comparing
vowels with respect to tongue height and place of articulation, the pattern of latency
differences is more sophisticated: Place of articulation and tongue height interacted
on N100m latency, as CORONAL vowels [i] and [e] exhibited a statistically significant
peak difference of about 6 ms. Within CORONAL-LABIAL and DORSAL vowel pairs, no
such differences were found although these vowels showed very similar F1 frequency differences (cf. Fig.1). A comparable latency difference for [e] and [i] has
been observed before (Obleser et al., 2003a), but could not be interpreted in terms of
phonological features, as neither rounded nor umlauted vowels were used. To our
knowledge, the interaction of both the place of articulation and tongue height on the
N100m latency is found for the first time. Furthermore, the first formant frequencies
alone do not account for this interaction. Consequently, the F1 frequency hypothesis
of N100m latency (Roberts et al., 2000) probably has to be extended, maybe towards
a more complex parameter like the interaction of various formant frequencies along
earlier auditory processing stages (Ohl & Scheich, 1997; Diesch & Luce, 2000).
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In sum, we found that the latency and source configuration of the N100m component to natural vowels is sensitive to the spectral dissimilarities associated with phonological features. In addition, mutually exclusive place of articulation features
DORSAL

and CORONAL activated spatially distinct regions in auditory association cor-

tices. Further studies shall scrutinize the ubiquity of this spatial DORSAL vs. CORONAL
difference of the N100m brain response. As phonological features are also assigned
in consonants (Lahiri & Reetz, 2002), our results shall be further elaborated using
consonant-vowel-syllables (see study IV).
Place of articulation and tongue height both influenced N100m peak latency, a finding not fully compatible with a F1 frequency hypothesis of N100m latency (Roberts et
al., 2000). The present data suggest that the time course of activation as reflected in
the N100m peak latency delivers additional information to distinguish between
vowel categories when the spatial distinctiveness of cortical activation is low. Further studies should therefore consider the interaction of N100m latency with N100m
source locations in more detail. The concept of ubiquitous phonological features
turned out to be a valuable guideline in exploring speech sound processing of the
human brain.
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3.3b Study III Appendix –
Re-evaluation of “Magnetic Brain Response Mirrors Extraction of Phonological Features from Spoken Vowels” using a spatio-temporal source
model21

3.3b.1

Background

The analysis of seven German vowel categories as reported in great detail in the previous results section (study III, hereafter referred to as: Obleser et al., 2004) investigated the signatures of quasi-orthogonal phonological features place of articulation
and tongue height in the auditory evoked field. Besides the main effect of mutually
exclusive places of articulation on the posterior-to-anterior N100m generator location, the N100m peak latency appeared as a parameter of interest: for example, the
temporal distinctiveness of the peak latency was especially pronounced for vowel
categories [i] and [e] which are acoustically closely neighbored (cf. study III, Fig. 3)
and which share the same place of articulation, and the generator locations of which
were indistinguishable from one another.
This lead the authors to ask for the functional significance of both the topographical
and the temporal index present in the N100m. Hypothetically, but beyond the scope
of the analysis methods reported in Obleser et al. (Obleser, Lahiri, & Eulitz, 2004), an
interaction of temporal and topographic information in the N100m could be passed
on to further processing stages. That is, both a tonochronic and a topographic mapping
of speech sounds might occur and might reflect phonological categorization.
Obleser et al. derived tonochronic information about the N100m peak latency from
root mean squared amplitudes in the measured evoked fields of 20 subjects. However, topographic information about the underlying source generator was derived
using a moving dipole source model in a spherical volume conductor and calculating a median solution out of several adjacent satisfying solutions at time points of

This section owes a lot to Patrick Berg who is always a great help in understanding the spatiotemporal model and Carsten Eulitz who was always after me to finally run the source waveform
analyses.

21

3 Study III Appendix – Source Model Synopsis

73

the rising N100m slope. Signal to noise ratio allowed this procedure bihemispherically only in 14 subjects. The synoptic interpretation of latency and source location
effects is therefore somewhat vague, as there was no perfect congruency between the
two subject subsamples entering statistical analysis and no fixed relation between
the time point of N100m source selection and effective N100m peak latency.
Although the physiological plausibility of one or the other source modeling approach is an issue of debate, the spatio-temporal model (Scherg, 1990; Scherg, Vajsar,
& Picton, 1990; see General Methods) promises a clear advantage in answering the
question posed by Obleser et al. (Is there an interaction of N100m topography and time
course, in that both parameters contribute to the decoding of acoustic vowel information?): it
estimates both location and time point of maximal activity for a given brain response. Additionally, the Obleser et al. analysis used channel groups over the left
and the right hemisphere and fitted sources separately for both hemispheres in
spherical volume conductors which were locally fitted to the head coordinates. It is
unclear how contralateral sources that are active at the same time but not accounted
for in the model affect the dipole fitting procedure (Patrick Berg, personal
communication).
We therefore re-analyzed our data using a spatio-temporal dipole model with two
sources, one left-and one right-hemispheric one, using all channels and one spherical
volume conductor. We hypothesized that the fundamental findings reported in
study III (Obleser et al., 2004) should be replicated, namely a topographical effect of
vowels with differing places of articulation along the posterior-anterior axis and a
temporal interaction of both features place of articulation and tongue height evident
in the N100m peak latency.
3.3b.2

Methods

The subject sample, stimulus material, experimental setup, and the MEG data recording and reduction are reported in Obleser et al. (Obleser et al., 2004; cf. study III
in this thesis).
The averaged and low-passed filtered waveforms of all seven vowel conditions were
submitted to a spatio-temporal source model using BESA™ (MEGIS, Gräfelfing). We
selected a 30-40 ms time range that covered the rising slope of N100m, but great care
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was taken not to include data from the peak and the falling slope as underlying
source configuration may fundamentally change in and after the N100m peak
(Scherg et al., 1990). A starting solution with two symmetrically placed and oriented
sources roughly located in the left and the right supratemporal plane was chosen.
Both sources were fitted simultaneously to the selected N100m time interval. The
location of both sources in 3D source space and the peak latency of the N100m
source waveform22 were then extracted for statistical analysis.

Tests of significance for the N100m source location in posterior-anterior, mediallateral, and inferior-superior and N100m source waveform peak latency were performed using a 2x2x3 repeated measures ANOVA design with factors hemisphere
(left, right), tongue height (HIGH vowels [i], [y], [u] vs. non-HIGH vowels [e], [ø], [o])
and place of articulation (CORONAL vowels [i], [e] vs. CORONAL-LABIAL vowels [y], [ø]
vs. DORSAL-LABIAL vowels [o], [u]). Unless otherwise stated, univariate tests proved
to be appropriate (i.e., sphericity assumption was not violated) and are reported
here. However, when violation of sphericity occurred, more appropriate multivariate tests using Wilks λ approximated F-values were performed. For further exploration of significant differences, contrast analyses were used.
3.3b.3

Results and Discussion

In 15 of all 20 subjects, a satisfying and physiologically plausible source solution in
all vowel conditions (i.e., goodness of fit at least 90%, sources clearly located to left
and right hemisphere) could be obtained. 12 of the 15 subjects were also in the subset
of 14 subjects used in Obleser’s et al. source location analysis. In three more subjects,
the spatio-temporal whole-head approach yielded results for all conditions where
the single moving dipole approach had failed. In two other subject, however, it was
not possible to obtain satisfying whole-head solutions in all conditions because of

source peak latency was extracted with a MatLab™ routine and was defined as the sampling point
within a plausible time range by which the first derivative of the source waveform amplitude reached
its minimum and second derivative was smaller than zero.
22

3 Study III Appendix – Source Model Synopsis

75

strong right-hemispheric responses23. In sum, the data set entering statistical analysis
was almost identical with the Obleser et al. source location study.
Since we modeled activity in both hemispheres at a time, the algorithm accounted
for the asymmetry between left and right posterior-anterior source locations much
clearer than the single moving dipole model: The main effect of hemisphere was replicated, with F(1,14)=82.8, p<.0001 (cf. Obleser et al.: F(1,13)=45.39).
Vowel-specific results for the N100m posterior-anterior source location and the
source waveform peak latency are displayed in figure 1 (left columns): analysis of
the posterior-anterior source location replicated the main effect of place of articulation (F(2,28)=4.04, p<.03), in that DORSAL vowels [o] and [u] allocated to most posterior locations. Contrast analysis confirmed the significant difference relative to most
anterior CORONAL rounded vowels [ø] and [y] (F(1,15)=6.5, p<.03), but not relative to
CORONAL

unrounded vowels [e] and [i] (F(1,15)=2.3, p>.10). That is, the spatial dif-

ference reported in Obleser et al. was only evident in those conditions where place of
articulation was the only distinctive feature. Medial-lateral and inferior-superior
source locations did not yield any significant effects of phonological features or
hemisphere.
Peak latency of the source waveform (Fig. 1, lower left panel) exhibited a means distribution that was highly comparable to the analysis of signal space N100m RMS
peak latencies reported in Obleser et al. (Fig. 1, lower right panel). However, statistical analysis was consonant only at trend level: the interaction of features tongue
height and place of articulation failed to attain significance (F(2,28)=2.49, p>.10).
Most likely, this was due to the less definite latency difference between vowel categories [e] and [i] of about 4 ms (cf. Obleser et al.: 6 ms). A direct comparison proved
that this is still a significant difference (p<.001), so the phenomenon of a clear-cut
N100m latency difference for these acoustically close and sometimes hard-todistinguish vowel categories was replicated (Obleser, Elbert, Lahiri, & Eulitz, 2003a;
Obleser et al., 2004). But the results remain inconclusive as to whether or not a simple first formant frequency dependence of the N100m latency holds true. Such a de-

Fitting two sources at a time often fails in conditions with strongly lateralized brain activity, because all activity is accounted for by one single strong source in the middle of the head instead of two
more symmetrical ones in left and right auditory cortices.

23
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pendence has been proposed ( F1 frequencies closer to 1 kHz elicit earlier N100m
peaks; for a review see Roberts, Ferrari, Stufflebeam, & Poeppel, 2000), but the interaction reported in Obleser et al. (Obleser et al., 2004) strongly argued against such a
rather simple explanation.
For the time being, both of our analysis in conjunction tentatively imply the following: higher formant frequencies in general contribute to an earlier N100m peak latency. In both signal space and source space, we found a superposition of two highly
significant main effects, one of place of articulation or second formant frequency
(vowels with higher F2 peak earlier), and another of tongue height or first formant
frequency (vowels with higher F1 peak earlier, cf. Fig. 1). In the signal space results,
the interaction of these two factors also attained significance, thereby annulling the
main effects, but with the source space results in mind, we should argue more conservatively for the superposition of the two main effects.

Figure 1. Synopsis of the results of the re-analysis with a spatio-temporal model (left column)
and results reported in Study III (right column), for N100m posterior-anterior source location (upper panels) and N100m peak latency (lower panels). Means ± SEM are displayed.
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Comparing the location results of the spatio-temporal model to the single moving
dipole results (Fig. 1, upper panels), mean spatio-temporal source locations stretch
only over about 2 mm – which is at very end of magnetoencephalography’s spatial
resolution given good signal to noise ratio (Hämäläinen et al., 1993; Pantev et al.,
1991). Signal to noise ratio (SNR) was excellent in this study, a mean SNR of 13:1 was
achieved, if one calculates a rather conservative estimate24. The worst SNR across all
subjects and conditions used for source localization amounted to 3.8:1. The fact of
the smaller extent of mean source locations compared to Obleser et al. may be due to
the dipole fitting over time in the spatio-temporal model: accounting for activity
over a longer period of time (i.e. the whole rising slope of the N100m) may likely
reduce the inter-condition variance in locations, comparable to a regression to the
mean. However, most likely because not only mean differences but also mean errors
were reduced, the place of articulation effect still attained significance.
The spatio-temporal model qualitatively replicated the results of the single moving
dipole model. The significant effect of place of articulation was restricted to the case
where place is the only distinctive feature, but the general concept holds: place of
articulation is a vowel feature with heuristic value for the analysis of auditory vowel
processing that is mapped along a posterior-anterior gradient.

Did the spatio-temporal analysis contribute to our understanding of interacting
tonochronic and topographic mechanisms in vowel processing? It replicated the
general pattern of results. Thus it allowed a more valid interpretation of the interacting parameters latency and topography, as they were now determined simultaneously in exactly the same data set. Notwithstanding the inconsistent significance of
the latency interaction effect, the latency difference between hard-to-distinguish
front vowels [e] and [i] remains undisputed and poorly understood at the same time.
The other language often under examination using MEG, American English, does
not allow the study of this effect as there is no such acoustically subtle difference
within the front vowels. Thus no direct comparison with studies from Roberts and

SNR = N100m peak RMS amplitude across channel selection, divided by mean RMS amplitude in
200 ms baseline across channel selection. I.e., channels not necessarily contributing to the signal are
allowed to contribute to the noise.
24
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colleagues concerning formant frequency influences (Roberts et al., 2000) is possible
here.
In sum, the interaction of latency and topography as two feasible signatures of
speech sound decoding was not solely an artifact of selected methodology in Obleser
et al.’s moving dipole analysis. However, more concise experiments are needed in
this field. For example, a continuum of vowel-like sounds along the HIGH-LOW continuum should mainly influence the N100m latency. This was recently conceived
and demonstrated by Roberts and Gage (Roberts & Gage, 2002) in an [a]-[u] continuum that only varied along the first formant F1 and where they found a 1/F1 dependency of the N100m peak latency. Whereas the authors interpreted their finding
in favor of their “physical properties drive the N100m latency” hypothesis, an extension of the same thorough paradigm to another F2 (i.e., place of articulation) dimension in combination with a topographic analysis of the N100m could tentatively reveal how the latency of the brain’s response and its topographic coding interact in
the 100 to 200 ms time range.
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3.4 Study IV –
Auditory Evoked Magnetic Field Codes Place of Articulation in Timing and
Topography around 100ms Post Syllable Onset25
This study demonstrates by means of magnetic source imaging how consonants and vowels that constitute a syllable differently affect the neural processing within the auditory cortex. We recently identified a topographically separate processing for mutually exclusive place features in isolated vowels
(study III). Does this mapping principle also hold for stop consonants with differing places of articulation? How is the N100m response to consonant-vowel (CV) syllables affected by the congruency of
place information in the consonant and the vowel? Moreover, how is the N100m affected by coarticulation, i.e. the spreading of place features to adjacent phonemes? By systematically varying phonological information in the consonant as well as in the vowel of CV-syllables, we were able to reveal a
difference in N100m syllable source location along the anterior-posterior axis due to mutually exclusive places of articulation in the vowel of the syllable. We also found a change in source orientation
rather than source location due to the same mutually exclusive features in the onset of the syllable.
Furthermore, the N100m time course of the brain response delivered important complementary information to identify the phonological features present in the speech signal. Responses to all syllable
categories originated in the perisylvian region anterior to the source of a band-passed noise stimulus.
The systematic variation of both consonantal and vocalic place features and the study of their interaction on auditory processing proves to be a valuable method to gain more insight into the elusive phenomenon of human speech recognition.

3.4.1 Background
In human speech, single phonemes are articulated in a cascade rather than in serial
order and overlap considerably, i.e. they are coarticulated (Farnetani, 1997). As coarticulation is the standard rather than the exception in natural speech, it is a phenomenon worth considering more extensively in speech perception research. This
study is designed to examine the influence of coarticulation on consonant and vowel
processing. Most brain imaging studies have been using exemplars of /ba/, /da/
This section in modified form was published in NeuroImage, 20(3):1839-1847 (co-authored by Aditi
Lahiri and Carsten Eulitz). Barbara Awiszus and Sonja Schumacher helped collect the data. Special
thanks to Melanie Hochstätter and Henning Reetz who helped record the stimulus material. Henning
Reetz also contributed in designing the present study. Thomas Elbert, Patrick Berg, and two anonymous reviewers helped improve data presentation and interpretation.

25
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and /ga/ to examine stop consonant processing (Steinschneider, Reser, Schroeder, &
Arezzo, 1995; Gage, Roberts, & Hickok, 2002). However, the influence of the coarticulated vowel cannot even be quantified in such a design because the vowel /a/ is
held constant. Since it is well-known how formant transitions depend on coarticulation (Fitch, Miller, & Tallal, 1997), this study employs two vowels with two different
places of articulation additionally to different stop consonants to scrutinize the role
of coarticulation in temporal and spatial mapping of speech sounds in the human
auditory cortex.

Acoustically, a vowel exhibits a relatively stable frequency spectrum, whereas a consonant is characterized by a certain onset characteristic (e.g. a noise burst in stop
consonants) and a formant transition, i.e. a sweep-like change in time-frequency pattern (Fig. 1). Phonetically, vowels constitute articulatory target states, and formant
transitions bear information about these target states of the vocalic tract (Eggermont,
2001). They allow the recipient to anticipate upcoming phonemes, as formant transitions vary considerably depending on the quality of the ensuing vowels (Fitch et al.,
1997; Sussman, Fruchter, Hilbert, & Sirosh, 1998). Thus, in the speech time course, a
CV-syllable can be recognized and used for further processing such as lexical access
before the entire syllable is completely perceived.
Despite the known acoustic outcome of coarticulation, the crucial steps in speech
sound decoding are still an unsolved problem (Scott & Johnsrude, 2003). Since the
human brain recognizes a phoneme correctly even when it is produced by different
speakers and in varying acoustic conditions, some kind of abstract pattern must be
acquired and stored (Sussman et al., 1998; Kuhl, 2000; Lahiri & Reetz, 2002; Stevens,
2002; for analogue implications in animal vocalizations cf. Wang, 2000). Several linguistic approaches assume that this abstract template is a set of phonological features, and that speech sounds are stored as bundles of features (Chomsky & Halle,
1968; Lahiri & Reetz, 2002; Stevens, 2002). Under this assumption, the auditory system might scan incoming speech for discriminative features rather than for exact
phoneme identity, as the feature information may be more robust and sufficient for
accurate lexical access (Lahiri & Reetz, 2002). In previous electro- and magnetoencephalographic studies, the heuristic value of such an abstract feature representation
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has been probed for the perception of vowels in pre-attentive processing (Vihla &
Eulitz, 2003; Eulitz & Lahiri, 2004) as well as in an active phonological processing
mode (Obleser, Elbert, Lahiri, & Eulitz, 2003a; Obleser, Lahiri, & Eulitz, 2004). In
both experimental approaches, changes in place of articulation yielded differences in
topography and time course of brain responses. German front and back vowels
(hereafter referred to as CORONAL and DORSAL vowels) activated distinct areas in the
auditory cortex, irrespective of other features such as tongue height or lip rounding
(Obleser et al., 2004). The fact that these differences covaried with more general feature categories across phoneme boundaries (i.e. the location difference was found for
different DORSAL vowels, such as [u] and [o], compared to all CORONAL vowels, such
as [i], [y], [e] and [ø]) suggests that the processing of speech around 100 ms post
stimulus onset is influenced by abstract phonological features rather than by phoneme category. In the present study, our interest is focused on the mechanisms of
place of articulation mapping across vowels and consonants in CV-syllables. What
drives the auditory cortical processing in the time range of the N100m component,
when coarticulated CV-syllables with congruent or differing places of articulation
are presented?
In combination with source imaging techniques, the N100m provides at least two
parameters that can give further insight into auditory processing: N100m source
configuration as a possible index of topographical coding and N100m peak latency
as an index of temporal coding can be analyzed. Temporally high-resolution sampling is an advantage of MEG over brain imaging techniques such as PET and fMRI,
as these techniques summate over longer periods of time and therefore over different stages of acoustic, phonological and task-relevant processing.
Gage and colleagues were able to demonstrate that the N100m response also integrates information over time and has a small integration time window of at least up
to 40 ms (Gage, Poeppel, Roberts, & Hickok, 1998; Gage & Roberts, 2000). Consequently, one can expect that differential formant transitions within the first 40 ms of
a syllable may have a profound impact on the N100m responses and varying places
of articulation will differentially modulate the N100m. This implies also that not
only differences due to different stop consonants, e.g. [gø] vs. [dø], might be ob-
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served but also differences between syllables that share the same stop consonant but
not the consecutive vowel, e.g. [gø] versus [go].
Here, we analyze peak latency, generator location and orientation of the auditory
N100m response to syllables that vary orthogonally in stop consonant's and vowel's
place of articulation in order to examine the role of phonological place features in
speech recognition.
3.4.2 Methods
Subjects
22 Subjects (11 females) with a mean age of 24.8±3.3 years (M±SD) took part in the
experiment. Subjects gave written informed consent and were paid €20 for their participation.
Stimulus Material
Naturally spoken German syllables were used to investigate place of articulation in
stop consonants and vowels. [b], [d] and [g] (LABIAL, CORONAL, DORSAL place of articulation, respectively) were combined either with a CORONAL rounded vowel [ø] or
a DORSAL rounded vowel [o], resulting in six consonant-vowel syllables [bø], [dø],
[gø], [bo], [do] and [go] (Table I). The features CORONAL and DORSAL refer respectively to front and back vowels as well as consonants with alveolar and velar places
of articulation.
Table I. Charted are the phonological features conventionally assigned to the vowels and stop
consonants used, whereby CORONAL and DORSAL are more general but synonymous labels for
the vowel-specific features FRONT and BACK, and the consonantal place features ALVEOLAR
and VELAR, respectively.
vowel
place of articulation
CORONAL

DORSAL

stop

LABIAL

[bø]

[bo]

place of

CORONAL

[dø]

[do]

articulation

DORSAL

[gø]

[go]
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Syllables were edited from recordings of spoken words of a female speaker. The
speaker was instructed to pronounce the words with extra long vowels. Speech signals were recorded with a Sennheiser™ MD-421 microphone on a digital audio tape
recorder (TDA-1, TASCAM™). Off-line editing was performed with the CSL Speechlab 4300b (Kay Elemetrics™, Lincoln Park, NJ).

Figure 1. Spectrograms (first 100ms) of typical stimuli from all six syllable categories are
presented. Note the obvious differences in formant frequencies between [ø]-containing (left
column) and [o]-containing CV-syllables (right column), as well as the differences between
[d] (middle panel) to [g] (bottom panel) in shape of second formant transition.
From the 20 kHz-digitized speech signal, 350 ms portions containing the plosive, the
formant transition and the steady-state vowel signal were cut out. All 36 stimulus
audio files were faded out with 50 ms Gaussian ramps and normalized for peak amplitude. Natural syllables were preferred over synthetic stimuli, since the naturally
occurring variance in exact pitch, formant frequency, and time course of speech
sounds extends the external validity of our measurements: Pitch frequency (279±27
Hz, M±SD) and formant frequencies varied since we used six exemplars of each category. F1 in the steady-state vowel phase ranged for both [o] and [ø] from 450 to 550
Hz, F2 ranged for [o] from 800 to 1050 Hz and for [ø] from 1250 to 1550 Hz. Voice

3 Study IV – Place of Articulation Mapping in Syllables

84

onset time (VOT) was influenced by the stop consonant (Kruskal-Wallis p>.01) and
longest for [g] syllables whereas the vowel did not affect VOT consistently (MannWhitney p>.30). No pre-voicing (negative VOT) occurred.
Experimental design
Prior to the measurement, individual hearing thresholds were determined for both
ears using 35 ms onset fragments of all syllable categories. The same onset fragments
were then used in a categorization task where subjects had to determine syllable
identity from onset fragments in 60 trials. This behavioral task was employed to ensure that subjects were able to identify syllables from a stimulus time window which
is reflected in the N100m brain response (Gage & Roberts, 2000).
For MEG measurements, syllables were aligned in pseudo-randomized sequences of
572 stimuli with a variable stimulus onset asynchrony of 1.8±0.2 s. Every subject listened to three of such sequences. To sustain attention to the stimuli, subjects performed target detection tasks (Obleser, Lahiri, & Eulitz, 2004): In every sequence, the
exemplars of two given syllables had a low cumulated probability of 10% and served
as targets, e.g. [bo] and [dø]. Subjects had to press a button with their right index
finger each time they detected such a target. Each subject encountered all six syllable
categories as targets across the whole experiment. Since all syllable categories exhibited acoustic diversity (cf. Zielinski & Rauschecker, 2000; Obleser et al., 2004), subjects had to map stimuli on syllable category prototypes to decide whether a given
stimulus is a target or not, i.e., subjects had to maintain a phonological processing
mode throughout the experiment.
Additional non-speech condition
The recording session was followed by an additional passive listening session with
150 trials of a band-passed noise stimulus serving as a non-speech functional landmark of belt area activation in primary auditory cortex (Kaas, Hackett, & Tramo,
1999; Wessinger et al., 2001). A 350 ms white noise probe (5 ms onset, 50 ms Gaussian offset ramps) was band-pass filtered (center frequency 1 kHz, width 0.3 oct) and
was presented binaurally at 50 db SL with a randomized SOA of 1.8±0.2 s. In further
data processing, noise condition trials were treated like syllable condition trials.
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Data reduction and statistical analysis
Up to 250 artifact-free epochs that remained for every subject and vowel were averaged after off-line noise correction. The N100m component was evident in all subjects and all conditions (Fig. 2).
Parameters analyzed were the RMS peak latency and amplitude of the N100m (for
N=22 subjects) as well as N100m source strength, orientation and location in posterior-anterior, medial-lateral, and inferior-superior dimension (for N=16 subjects). In
a repeated measures analysis of variance, a 2x2x3 design with the repeated measures
factors hemisphere (left, right), stop consonant place of articulation (LABIAL [b], CORONAL [d], DORSAL [g])

and vowel place of articulation (CORONAL [ø], DORSAL [o]) was

tested in order to quantify the influence of phonological features.
Sphericity tests using Mauchly’s criterion were performed. Unless otherwise stated,
univariate tests proved to be appropriate and are reported here. However, when violation of sphericity occurred, more appropriate multivariate tests using Wilks λ approximated F-values were performed. For post-hoc comparisons of significant effects, contrast analyses were used, with significance levels adjusted by Holm’s
ranked Bonferroni procedure (Holland & Copenhaver, 1988).
3.4.3 Results
Behavioral Data
Every subject accomplished the categorization task of 35 ms syllable onsets without
difficulty and well above chance level. Across all 60 test items, subjects responded in
76±3.6 % (M±SEM) of trials correctly, while chance level was down to 16.67 % with
six response options. Since only 35 ms of syllable onset were presented, vowel identification only from the formant transition, i.e. from co-articulatory cues was important. Errors in vowel identification were not equally distributed across syllable categories, as revealed by a 2x3 repeated measures ANOVA with factors vowel and stop
consonant (Wilks λ approximated F(2,19)=32.05, p<.0001): In the category [do], significantly more perception errors than in any other category occurred, that is initial
[d] consonant strongly mislead subjects to perceive [dø] instead of [do] (4.7±0.5 errors, M±SEM, all post-hoc tests p<.0001). As expected, only very few errors occurred
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in stop consonant identification (0.9±0.2 errors, M±SEM). The behavioral task during
MEG measurements, i.e. target detection, was accomplished well by all subjects. Despite the ambiguity of the target syllables, 89.7±1.6 % of the button presses were correct.

Figure 2. Grand average waveforms from N=22 subjects are shown for all syllable categories
separately for left and right hemispheres (upper and lower panel). Analyses reported here
were confined to the most prominent waveform deflection N100m.
MEG Data
In all 22 subjects, stimulation elicited bihemispherical N100m responses (Fig. 2)
showing the typical dipolar field patterns, although most of the subjects showed either slight left- or right hemispheric preponderance. Influence of subjects’ gender
(Obleser, Eulitz, Lahiri, & Elbert, 2001) was analyzed separately and revealed that
female subjects showed a more pronounced left-hemispheric N100m asymmetry
than male subjects (Obleser J, Rockstroh B, Eulitz C, submitted)26. However, gender
did not affect any syllable-specific effects reported here whatsoever.

26

see also study VII in this thesis.
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For 16 subjects (8 females), data quality allowed the selection of adequate and
physiologically plausible single dipole models to account for N100m activity in both
hemispheres (mean N100m SNR 5.9:1). An average goodness of fit of 0.97±0.16
(M±SEM) was achieved, and average confidence volume indicating 95% certainty of
estimated dipole location amounted to 151±106 mm3 (M±SEM).
N100m peak latency
As can be observed in Figs. 2 and 3, N100m peak latency was affected by an interaction of vowel place of articulation and stop consonant place of articulation
(F(2,42)=5.78, p<0.006). Especially the interaction between CORONAL / DORSAL consonant and CORONAL / DORSAL vowel place of articulation was significant (Fig. 3),
F(1,21)=4.91, p<.05: It was only for the fully DORSAL syllable [go] that a prolonged
N100m response latency appeared. For the CORONAL [d], prolongation by vowel
change from [ø] to [o] was not evident (F<1), and vowels following LABIAL [b] also
had no significant influence (F(1,21)=3.2, p<.10).

Figure 3. Differences in N100m peak latency depending on place of articulation combinations in syllables show that the combination of a DORSAL [g] with a DORSAL [o] leads to a
significant prolongation of the N100m peak latency.
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Figure 4. Changes of source locations along the posterior-anterior dimension (y axis) are
shown over 10 ms before and 5 ms after the N100m peak (x axis, cf. schematic waveform on
top). Left- and right-hemispheric responses are shown separately in the left and the right column, and separate panels show sources of separate syllable onsets ([b], [d], [g] from top to
bottom panel). Source locations as well as latency have been standardized subject-and condition-wise, such as that x=0 indicates individual and condition-wise N100m peaks and shifts
on the y axis indicate intra-individual condition differences in posterior-anterior source locations. Note that [o]-containing syllables (regular) are located more posterior than [ø]containing syllables (bold), irrespective of syllable’s onset consonant.
N100m source location and orientation
Along the posterior-anterior dimension, source generators of all syllables containing
the DORSAL vowel [o] were located significantly more posterior than generators of
syllables containing the CORONAL [ø] (F(1,15)=10.97, p<.005; Figs. 4,5,6). This effect
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was of very comparable magnitude in both hemispheres. In [b] and [g] syllable onsets, vowel change from [o] to [ø] shifted the center of activity on average 2.4 mm
and 2.3 mm anterior. In CORONAL [d] syllable onsets, the anteriority shift was not as
pronounced though the interaction was not significant.
The spatial separation became more evident, when the intra-individual location
changes along the posterior-anterior axis across the time course of the N100m were
observed (Fig. 4). It is remarkable how location differences of several millimeters
were stable across the rising slope of the N100m (t=0 indicates individual and conditionwise N100m peaks), and how they appeared to be driven by vowel’s place of
articulation rather than stop consonant’s place of articulation: When comparing syllables with CORONAL and DORSAL stop consonants irrespective of the vowel, no such
location difference was observed (F<1).

Figure 5. Empirical grand mean data (upper panel) show the orientation difference between
CORONAL (white ECD symbols) and DORSAL (black ECD symbols) syllable onsets combined
with the posterior-anterior location difference between CORONAL and DORSAL vowel syllables
(i.e. square symbols are more anterior than circle symbols in all colors). The source orientation difference we found for CORONAL (white arrow) vs. DORSAL (black) syllable onsets is also
shown schematically in the lower panel. LABIAL onsets (gray symbols in upper panel) did not
differ in orientation.
Interestingly, stop consonant place of articulation influenced the orientation of the
source generator in the sagittal plane relative to the Sylvian fissure (Wilks λ approximated F(2,14)=6.49, p<.01, Fig. 5): DORSAL syllable onsets [gø] and [go] elicited
cortical responses that were by 6° more vertically oriented than CORONAL onsets [dø]
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and [do] (F(1,15)=9.96, p<.01) which were oriented more horizontally pointing posterior. LABIAL onsets [bø] and [bo] elicited activity that was not oriented differentially
either from CORONAL or from DORSAL syllable onsets.
N100m peak amplitude and ECD source strength
In sensor space RMS amplitude, an interaction of vowel and stop consonant place of
articulation occurred (F(2,42)=8.72, p<.0001). However, when analyzing amplitudes
in source space where exact generator distance from the sensors and exact head position is taken into account, all syllable-dependent amplitude differences vanished
(vowel x stop consonant interaction F<1).

Figure 6. Mean right-hemispheric source locations across all [ø]- and all [o]-containing syllables and of the 1 kHz band-passed noise (BPN) condition are projected onto an axial (left
panel) and a sagittal (right panel) slice of the Montreal Standard Brain to illustrate the main
effect of vowel's place of articulation. Also note that syllable activity is anterior to the 1 kHz
BPN source which in turn is likely to emerge from Brodmann's Area 41.
Comparison with non-speech condition
Where applicable, a 2x2 repeated measures ANOVA with factors hemisphere (left,
right) and condition (noise condition vs. the mean of all syllable conditions) was
tested for all dependent variables reported above to quantify differences between
syllable and non-speech noise processing. N100m peak latency and amplitude could
be tested in 21 of 22 subjects, only one subject remained excluded due to data loss.
However, magnetic source imaging is highly dependent on the dipolarity of the
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evoked magnetic field, and demands an excellent signal-to-noise ratio. In the noise
condition, worse signal-to-noise ratio (smaller N100m amplitudes due to strong habituation in the blocked presentation) and stronger lateralized activity (i.e., many
subjects showed strongly dipolar fields patterns only over the right hemisphere) allowed satisfactory source space analysis for both hemispheres only in 13 subjects.
No differential N100m peak latency was apparent for the noise condition (F<1),
however N100m peak amplitude was significantly smaller for this condition in signal space (N100m RMS peak amplitude, F(1,20)=55.6, p<.0001) as well as in source
space (ECD source strength, F(1,12)=6.59, p<.03). The ECD sources fitted in the noise
condition were located in an adjacent, but more posterior cortical patch than the syllable ECDs (∆posterior-anterior=6.4 mm, F(1,12)=9.05, p<.01, Fig. 6). Correspondingly, the
noise condition ECDs were located 3.6 mm more superior and were tilted by 10°
more perpendicular to the Sylvian fissure, as one would infer from the more posterior position in the perisylvian region. But both effects failed to attain significance,
presumably because of considerable variance in noise condition ECD modeling and
reduced statistical power. According to a Talairach atlas transformation (Lancaster et
al., 2000), the activity in the noise condition emerged from primary auditory cortex,
Brodmann’s area 41.
3.4.4 Discussion
To the best of our knowledge, this is the first brain imaging study that scrutinized
the processing of CV-syllables by systematically varying the place of articulation in
both, the consonant as well as the vowel. The sets of CV-syllables allowed to minutely examine the auditory processing of coarticulated place features.
Based on previous studies with isolated vowels (Obleser et al., 2004) and non-words
(Vihla & Eulitz, 2003), we expected topographic and temporal differences in the
N100m component due to place of articulation changes within CV-syllables (e.g.,
[gø] or [do]) as well as between CV-syllables (e.g., [go]-[do] or [go]-[gø]). If mutually
exclusive places CORONAL and DORSAL are coarticulated, e.g. in the syllable [gø],
auditory N100m topography may be determined by the place information of the stop
consonant or that of the vowel or by an interaction of both.
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Surprisingly, the present results suggest that the spatial mapping of CV-syllables is
largely dominated by place information from the vowels (cf. Fig. 4): we found significantly different locations of N100m sources along the posterior-anterior axis
which were dependent on the place of articulation of the vowel but independent of
different syllable onsets. In all syllables, the CORONAL vowel [ø] elicited a more anterior center of activity than the DORSAL vowel [o], which becomes particularly obvious
when intra-individual differences between source generators of these place features
are considered. The effect matches in magnitude and directionality the results of
Obleser et al. (Obleser et al., 2004) where the same place features were investigated
in a set of German vowels spoken by a male.
As it is well-known that formant transitions in coarticulated CV-syllables bear information about the adjacent vowel (Fitch et al., 1997; Sussman et al., 1998; Eggermont, 2001), this finding is not surprising. Phonological studies of articulatory processes and their resulting acoustic spectra indicated that stop consonants are prone to
the assimilatory influence of the succeeding vowel’s place of articulation (Keating &
Lahiri, 1993; Sussman et al., 1998), which is what we saw in the present main effect
of the place of articulation of the vowel on N100m source topography.
Our data, in combination with preceding studies of isolated vowels, suggest that a
mapping of place features is implemented in the human perisylvian cortex, anterior
to primary auditory areas (as shown by the source location of band-passed noise
known to emerge from core and belt areas in primary auditory cortex, cf. Kaas et al.,
1999; Wessinger et al., 2001) and orthogonal to the main tonotopic gradient
(Langner, Sams, Heil, & Schulze, 1997; Ohl & Scheich, 1997; Diesch & Luce, 2000;
Read, Winer, & Schreiner, 2002; Obleser et al., 2004).
The N100m topography shifts due to different places of articulation suggest a basic
mechanism in human speech recognition which analyzes the speech signal for invariant spectro-temporal cues, that is phonological features which in turn allow immediate access to further processing stages involving the mental lexicon (Lahiri,
Gewirth, & Blumstein, 1984; Lahiri & Reetz, 2002). Place of articulation, particularly
CORONAL

and DORSAL, are phonological features that have their robust spectral coun-

terparts in second formant frequency or the difference between second and first formant frequency (Peterson & Barney, 1952), which may explain why we succeeded in
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tracking topographic processing differences with magnetic source imaging, a macroscopic, non-invasive technique with limited spatial resolution. Another important
reason might be that we utilized methods that can enhance the signal to noise ratio,
e.g. subjects are tested in resting supine position and under constant vigilance, their
focus of attention is on the stimulus material as ensured by a task rather than passive
listening, and the task is phonological in nature and forces subjects into the desired
processing mode.
Stop consonants affected the N100m sources in a different manner: the orientation of
the ECD source in the posterior-anterior plane was by 6° more horizontal for
CORONAL

[d] syllable onsets than for DORSAL [g] onsets. The rotation of an equivalent

current dipole can indicate that the configuration of the underlying brain activity has
changed without a displacement of the centroid of activity, e.g. that the activity now
incorporates additional rather than entirely different areas in the auditory cortex, or
that the underlying activity is slightly shifted along the curvature of the auditory
cortical areas (Pantev et al., 1995).
Interestingly enough, it was again the difference between mutually exclusive place
features CORONAL vs. DORSAL that showed this significant change in source configuration. The lip rounding, i.e. the feature LABIAL, which in contrast is likely to co-occur
with a CORONAL as well as a DORSAL place of articulation, did not elicit temporally or
spatially separable brain responses.

The signatures of place features on the N100m peak latency promote a functional
role for temporal coding in human speech recognition as well (Roberts, Ferrari, Stufflebeam, & Poeppel, 2000; Gage et al., 2002; Obleser et al., 2004): While previous
studies demonstrated a prolonged N100m latency for DORSAL vowels, i.e. [u] and [o]
(Poeppel et al., 1997; Roberts et al., 2000; Obleser et al., 2004), the combination of
DORSAL

stop and DORSAL vowel features also seemed to delay N100m peak latency,

and more so than could be expected from DORSAL vowel place or longer VOTs in all
[g] syllables alone (Fig. 3). This suggests that the assimilatory effect of a DORSAL
vowel is very influential on a DORSAL consonant like [g]. The low formant frequencies resulting from the presence of the place feature DORSAL in both the consonant
and the vowel as in [go] may prolonged the temporal integration process reflected in
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the N100m (Gage & Roberts, 2000) substantially.
Peak latency of the N100m reflects stimulus attributes such as spectral composition
and onset characteristic – attributes that themselves serve in speech recognition and
may allow speech sound discrimination (Roberts et al., 2000). For German vowels,
we found repeatedly highly significant latency differences in response to closely related vowels [i] and [e] where topographical separation was not evident (Obleser et
al., 2003a; Obleser et al., 2004). The utilization of temporal information in addition to
topographic changes in firing patterns and the interaction of both mechanisms might
be a valuable tool for hierarchically higher processing stages such as lexical access
that deserves further exploration.
Our findings might be unprecedented in magnetoencephalographic or brain imaging
studies of consonant-vowel-syllables. However, previous neuroscientific research on
speech did not allow the testing of such effects. Studies tended to consider either
vowels in isolation (Eulitz et al., 1995; Poeppel et al., 1997; Roberts et al., 2000; Obleser et al., 2003a) or CV-Syllables (Poeppel et al., 1996; Jäncke, Mirzazade, & Shah,
1999; Zielinski & Rauschecker, 2000), or both (Jäncke, Wüstenberg, Scheich, &
Heinze, 2002), but there was no careful examination of the information bearing elements provided by coarticulation (Fitch et al., 1997; Eggermont, 2001), since none of
these studies systematically varied place information in the vowels they used. Brain
imaging studies using metabolic or blood flow measures (PET, fMRI) also reflect
brain activity that is summated over different stages of acoustic and phonological
processing. This can account for the more distributed activity (Scott & Johnsrude,
2003) found by these studies, compared to the focal activity seen in the present
study. One should also keep in mind that an equivalent current dipolar source reflects the centroid of the brain activity at a given time point, not the exact spatial extent of activation. Our results are nevertheless consonant with brain imaging studies
of auditory processing, as we also found the main focus of speech-evoked activity to
originate anterior of the primary auditory cortex (cf. Scott & Johnsrude, 2003): All
syllables were processed anterior of non-speech noise, which is known to activate
primary auditory core and belt areas (Kaas et al., 1999; Wessinger et al., 2001).
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Further linguistic implications
The exceptions to the rule that stop consonants in general are prone to the assimilatory influence of the succeeding vowel’s place of articulation (Keating et al., 1993;
Sussman et al., 1998) are the CORONAL stop consonants which are less influenced by
the following vowels. Instead, CORONAL consonants have a considerable effect on the
following vowels, such that DORSAL vowels become more CORONAL if preceded by a
CORONAL

consonant (Stevens & House, 1963). This articulatory (and consequently

acoustic) asymmetry can account for two otherwise opaque phenomena in our present results. First, the place of articulation difference found along the anteriorposterior axis was not as clear-cut for the CORONAL syllable onset as it was for LABIAL
and DORSAL onsets (cf. Fig. 4). This somewhat diminished N100m topography difference between [dø] and [do] could be predicted from Stevens and House’s results –
the modifying context of a CORONAL stop consonant did not allow a DORSAL vowel to
be produced with a clear DORSAL-like low second formant (Fig. 1). Second, subjects
frequently mistook syllables with [o] for their [ø]-containing counterparts when preceded by the CORONAL stop, when they had to identify syllables from 35 ms onset
fragments. This was a highly significant effect and could not otherwise be explained
than by the fact that the CORONAL consonant influenced the vowel rather than the
other way around (cf. the spectrogram of [do] compared to [bo] and [go] in Fig. 1).
Conclusion
The present data demonstrate that for a comparably early processing stage (the earliest that reflects access to important coarticulatory information), speech sound
mapping in the auditory cortex is sensitive to phonological features such as place of
articulation and the coarticulatory processes in which these features are embedded.
(i) Temporal coding repeatedly appeared as a parameter that can deliver additional
and complementary insight in the dynamics of speech processing. (ii) The topographic mapping of place features that we identified in isolated vowels emerged
again in coarticulated syllables and thereby confirmed what has been suggested by
phonological as well as psycholinguistic research: the acoustic correlates of specific
phonemes are subject to dramatic change in different coarticulatory contexts, and the
concomitant perceptual invariances may be better understood when turning to more
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abstract underlying phonological features. The systematic variation of both consonantal and vocalic place features and the study of their interaction on auditory processing proved to be a valuable method to gain more insight into the elusive phenomenon of human speech recognition.
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3.4b Study IV Appendix –
Indices of Phonological Feature Extraction in Syllables: a Behavioral Gating
Study27

3.4b.1

Background

In the previous section, we studied the N100m response to combinations of voiced
stop consonants and vowels. We anticipated effects of both the nature of the consonant and of the ensuing vowel on this comparably early brain response (Obleser,
Lahiri, & Eulitz, 2003b)28.
The rationale behind this additional investigation is as follows: in order to interpret
effects of CV-syllable processing on a component of the auditory evoked field, it is a
necessary condition that the component – the N100m – reflects critical attributes of
the CV-syllable. The critical attributes in voiced syllables with different consonants
and vowels are namely the consonantal burst (~ 5-10 ms), the formant transition towards the vowel (~ 20-50 ms) and the steady state vowel fraction (> 50 ms). The
most important finding of our previous study was the vowel's place of articulation
driving the center of gravity of cortical N100m activity. It has been argued before
that formant transitions bear all the information necessary for vowel identification
(Tallal, Miller, & Fitch, 1993), thus the stimulus time range of up to 50 ms should be
sufficient to identify and categorize CV-syllables. But is the N100m affected by
stimulus changes within this time range? The N100 is known to largely reflect onset
properties of an acoustic stimulus such as intensity, steepness of onset or spectral
content (Näätänen & Picton, 1987). However, there is debate on the sensory and perceptual mechanisms that drive the N100m response (for example, see Näätänen &
Winkler, 1999; Roberts, Ferrari, Stufflebeam, & Poeppel, 2000) and as to whether or
not a simple intensity threshold model for evoked brain responses holds (Heil &
Neubauer, 2003). Most notably, there are recent investigations that imply a considerCarsten Eulitz and Aditi Lahiri helped conceive the experimental setup. Dorothee Frick and Henning Reetz helped record and post-process the stimulus material. Sonja Schumacher contributed in
both stimulus preparation and data acquisition, and also helped draft the methods section.
28 see also study IV in this thesis.
27
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able time window of at least 40 ms over which the N100m summates and integrates
incoming information (Gage & Roberts, 2000). Thus spectro-temporal changes in the
auditory signal within the first 30 to 40 ms of a syllable are in principal suited to affect the N100m parameters.
This study was designed to elucidate the time course of (forced) syllable identification in a systematic fashion by utilizing the gating paradigm widely used in psycholinguistic research (e.g., Lahiri & Marslen-Wilson, 1991). In this paradigm, the CVsyllables also used in the previous section (Obleser et al., 2003b) were edited in a
way that increasingly larger chunks of the full syllable were presented to the listener.
This procedure in principle allows determining systematic changes in the perception
of phoneme clusters (Halle, Segui, Frauenfelder, & Meunier, 1998), and it also provides a measure for differential time courses in syllable identification. The study was
guided by two hypotheses: First, further evidence should be provided that the consonantal burst and parts of the formant transition (~ 40 ms) are sufficient for syllable
identification and discrimination. Second, the previously found effect of high error
rates in the [dø] vs. [do] discrimination (Obleser et al., 2003b) should be due to insufficient coarticulatory information in this ~ 40 ms time window and should vanish
with increasing stimulus length. Besides, analysis of the reaction times in syllable
identification may also further our understanding of the time course of speech sound
identification in the human brain.
3.4b.2

Methods

Subjects
38 subjects (19 females) took part in the experiment. The mean age of the subjects
was 24.2 ± 3.6 years (M ± SD). Because of the short duration of the experiment each
subject was offered a 300 g bar of chocolate instead of payment.
Stimulus Material
The syllable material used for gated stimulus preparation was identical with the syllables used and described in great detail in Obleser et al. (2003b)29: In short, naturally

29

see also study IV in this thesis.
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spoken German syllables were used to investigate place of articulation in stop consonants and vowels. [b], [d] and [g] (LABIAL, CORONAL, DORSAL place of articulation,
respectively) were combined either with a CORONAL rounded vowel [ø] or a DORSAL
rounded vowel [o], resulting in six consonant-vowel syllables [bø], [dø], [gø], [bo],
[do] and [go]. Six acoustically varying exemplars of each syllable category were
used. All 36 syllable exemplars were gated dependent on each exemplar’s F0 as follows: the first cut was made at the zero-crossing before the first regular vowel period
started so that the first gate only included the consonant. For the second gate the first
two regular periods were added, for the third another two and for the fourth another
five (Fig. 1). The cuts were always made at the zero crossing. The 144 gated files
were then combined in eight different random sequences (ISI= 2 s), each version containing all gates but in different orders. Each random sequence was cut in halves of
72 items. Each half was then added the same 5 training items at the beginning and
recorded on digital audiotape. Each tape recording containing 77 items was of about
four minutes duration. In addition a separate training tape consisting of 15 items
was recorded.

Figure 1. Upper panel: a diagram showing mean gate size in milliseconds per stimulus gate
(± SEM, dotted line) and single syllable exemplars’ stimulus lengths. An F0-dependent gating was applied; therefore the gate size differed across syllable exemplars. Illustrations of increasing gate sizes are shown in the lower panels.

3 Study IV Appendix – Behavioral Gating Study

100

Data acquisition
The stimulus sequences were played from a digital audio tape deck (DTC-690) and
presented through headphones (Sennheiser HD 520 II). Each subject was given two
response pads consisting of three buttons. Each of the six buttons was labeled with
the corresponding syllable’s German graphemic form, “bo”, “bö”, “do”, “dö”, “go”,
and “gö”. Button presses and response latencies were recorded on a customized
Macintosh™ system. Response latencies longer than 2 s were discarded. Instructions
were given in writing. The subjects were instructed to identify each syllable by
pressing the corresponding button within a 2 s time window after a stimulus. Each
subject heard the training tape once, followed by two of the four-minute random
sequences. During tape changes (between the two random sequences) the subjects
were given short breaks. Subjects were taking part alone or in groups of up to four
people.
3.4b.3

Results and Discussion

Correctness
Subjects made fewer errors in syllable identification with increasing stimulus length
(gate size x correctness, Χ2=141.5, d.f. =3). Percentage of correct responses increased
from 75% (gate 1) over 81% and 86% (gate 2 and 3) to 92% (gate 4). This was expected, as increasingly more acoustic information of the crucial coarticulatory processes was available to the listeners.
This is also an important post-hoc justification of the conclusions drawn from the
CV-syllable N100m study presented before (Obleser et al., 2003b): There, it was argued that (i) subjects would be able to distinguish CV-syllables as early as the first 30
ms or so of a voiced CV-syllable, (ii) that the N100m response could in principle reflect stimulus properties present in the first 30 to 40 ms, and (iii) hence changes in
brain activity according to perceived changes in the syllable’s vowel would be discernible in the N100m response. These gating results show, on a larger sample of
subjects and in a more systematic fashion, that a forced-choice categorization of syllables above chance (75%) is possible on the grounds of about 30 ms stimulus length
– which is not much more than the stop burst (see gate 1, Fig. 1). This is a direct
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proof that the stimulus time window that is able to affect the N100m suffices for consonant-vowel syllable identification.
Table I. Confusion matrix across all four gate sizes with absolute number (upper) and percentage of responses (lower). Please note the very high error rates in the stimulus [do] (third
column) that was frequently mistaken for [dø].
N
%
[bo]

Response

[bø]
[do]
[dø]
[go]
[gø]

[bo]

[bø]

Stimulus
[do]
[dø]

[go]

[gø]

830
15.64
26
0.49
19
0.36
1
0.02
9
0.17
0
0.00

83
1.56
734
13.83
5
0.09
21
0.40
6
0.11
33
0.62

0
0.00
10
0.19
498
9.38
367
6.91
7
0.13
1
0.02

46
0.87
4
0.08
2
0.04
0
0.00
822
15.49
13
0.24

0
0.00
0
0.00
0
0.00
5
0.09
102
1.92
778
14.66

1
0.02
6
0.11
91
1.71
783
14.75
2
0.04
3
0.06

Specific error analysis
Across all gate sizes, subjects strongly tended to mistake [do] stimuli for the syllable
[dø] (in about 42 % of all [do] presentations, cf. 56 % correct responses; Table I). In
contrast, [b] and [g] stop syllables did not elicit such vowel confusions. If at all, there
was a tendency to mistake the [ø]-containing syllable for its [o]-containing counterpart (9.4% of all responses to [bø] and 11.5% of all responses to [gø]). This asymmetry between voiced CORONAL and voiced DORSAL/LABIAL stops has been found previously in a syllable categorization task (Obleser et al., 2003b), where subjects had to
categorize the syllables from the first 35 ms of syllables only and made significantly
more vowel identification errors in [do] (Fig. 2b). In the present study, subjects’ correct responses to the syllable [do] prevailed only at stimulus lengths of gates 3 and 4
(Fig. 2a). We can tentatively conclude that following voiced CORONAL stops [d], a
DORSAL

vowel (here [o]) has to be present for a longer time to be recognizable as such

– longer than following voiced LABIAL or DORSAL stops, were enough vowel information appears to be present already in the release of the stop (gates 1 and 2).
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Table II. For all syllables (left-most column), the different responses are shown separately for
all gate sizes (gates 1 to 4 in the four right-most columns). Overall number of responses
equals table I. Note the frequent misidentification of [do] as [dø] (gray shaded cells). Rare but
persistent misidentifications of [g] as [b] in the syllable [go] are mainly due to two male subjects who showed difficulties here across all gate sizes.
Syllable
[bo]

[bø]

[do]

[dø]

[go]

[gø]

Response
[bo]
[bø]
[do]
[dø]
[go]
[gø]
[bo]
[bø]
[do]
[dø]
[go]
[gø]
[bo]
[bø]
[do]
[dø]
[go]
[gø]
[bo]
[bø]
[do]
[dø]
[go]
[gø]
[bo]
[bø]
[do]
[dø]
[go]
[gø]
[bo]
[bø]
[do]
[dø]
[go]
[gø]

N (gate 1)
201
11
4
.
4
.
36
162
4
7
3
7
.
4
70
142
2
1
1
3
41
174
.
1
10
1
1
.
210
.
.
.
.
3
38
180

N (gate 2)
212
3
6
.
1
.
23
172
1
12
3
10
.
1
105
113
3
.
.
1
22
197
1
1
13
1
.
.
203
5
.
.
.
1
28
193

N (gate 3)
211
2
7
1
1
.
17
193
.
2
.
10
.
4
141
75
.
.
.
2
20
197
1
1
14
1
.
.
204
2
.
.
.
.
20
200

N (gate 4)
206
10
2
.
3
.
7
207
.
.
.
6
.
1
182
37
2
.
.
.
8
215
.
.
9
1
1
.
205
6
.
.
.
1
16
205

But how did identification of syllables develop with increasing stimulus length?
Table II illustrates the change in response bias with increasing stimulus intelligibility
(i.e., gates 1 to 4). For the majority of syllable categories, identification was near to
perfect when listening to gate 1 stimuli, i.e. to approximately the first 30 ms of sylla-
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bles (cf. Fig. 1). However, the [do] identification errors were systematic across gate
sizes 1 and 2. In the first gate size, [dø] responses were even preferred over correct
[do] responses by the factor 2:1. It was only for gates 3 and 4 that correct [do] responses clearly outnumbered wrong [dø] ones (Fig. 2a). Again, in the reversed situation no such misidentification was found, so we can interpret this finding as an
asymmetry between stop consonant place features and vocalic place features.

Figure 2. a. Across the four gate sizes, the number of [do] (filled squares) and [dø] (open triangles) responses are shown separately for the actual syllables [do] (left) and [dø] (right). b.
Correspondingly, mean number of errors in vowel identification from the Obleser et al. study
(see study IV), when subjects heard only 35 ms of each syllable. Note that the [do] vs. [dø]
categorization in (a) matches the error distribution obvious in (b).
This is highly consonant with phonetic studies of vowel and consonant interactions
(Stevens & House, 1963; Sussman, Fruchter, Hilbert, & Sirosh, 1998): phonetically
speaking, CORONAL stops do not assimilate as much to the quality of the ensuing
vowel as LABIAL or DORSAL consonants do; that is, the spectral peak of the initial
burst and the formant transitions will not be as strongly biased according to the articulatory target state (i.e., the ensuing vowel). The acoustic consequence of this articulatory asymmetry may have caused subjects’ difficulties to distinguish a
CORONAL

from a DORSAL vowel after the CORONAL [d].
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Response latencies
We analyzed mean response latencies per subject and syllable in a 6x4 ANOVA with
repeated measures syllable ([bø], [dø], [gø], [bo], [do], [go]) and gate size (gate 1, 2, 3,
4). Separate analyses for all recorded responses as well as for correct responses only
were performed. Post-hoc comparisons were Tukey-Kramer α-adjusted.
Corresponding to rising accuracy with increasing gate size (see above and table II),
response latency revealed also a main effect of gate size: subjects responded faster
with increasing gate size [F(3,37)=5.8, p<.001]. Responses to very short gate 1 stimuli
were recorded after 1059 ms on average and shifted steadily (post-hoc comparisons:
gate1 vs. gate 2, p<.06; gate1 vs. gate 3, p<.03, gate 1 vs. gate 4, p<.0005) to 1005 ms
on average in response to gate 4 stimuli. However, syllables did not behave uniformly across gates [gate x syllable interaction F(15,37)=2.6, p<.001]: When analyzed
syllable-wise, [do] yielded by far the strongest response latency modulation across
gate sizes [F(3,37)=6.5, p<.0005](Fig.3). Response latencies to [do] shortened from
gate 1 to gate 3 by more than 100 ms on average (gate1 vs. gate 3, p<.03) and stayed
approximately equal in gate 4 (gate1 vs. gate 4, p<.001, gate 3 vs. gate 4, n.s.). The
effects on response latency across gate sizes might reflect the decreasing ambiguity
in subject’s syllable classification with more acoustic information available. This is
especially illustrated in the syllables [do] and [dø]30 which were – in coarticulatory
terms – most ambiguous.
This ‘ambiguity’ interpretation (longer response latencies indicate uncertainty in syllable
identification) is also supported by two other threads of evidence: first, in the analysis
of the correct-only responses (eliminating erroneous button presses), the gate x syllable interaction did not gain significance and the gate size main effect appeared diminished [F(3,37)=2.9, p<.05]. Second, the syllable [go] where very few errors occurred (cf. Table II) led to very fast responses across all gates [main effect of syllable
on correct response latency, F(5,37)=13.1, p<.0001; all post-hoc comparisons of [go]
vs. other syllables p≤.01; all other comparisons n.s.]. This effect was persistently
found in all responses (Fig. 3) as well as in the subset of correct responses.

30

which showed also a gate main effect, F(3,37)=3.1, p<.05; gate 3 vs. gate 4, p<.05.
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The low number of errors for [go] throughout all gate sizes and the short response
latencies bear resemblance to the N100m response latency31 for this syllable category:
As reported in the previous section, exemplars of the syllable [go] elicited lagged
N100m peak latencies. In the light of the surprisingly fast (and accurate) responses in
the present behavioral gating study, one might speculate about a possible functional
significance of N100m latency in speech sound identification and lexical access.

Figure 3. Mean response latencies (± SEM) are shown for all syllables and gate sizes. Please
note the decreased latency for [do] syllables in gates 3 and 4 (black diamonds, black solid line;
cf. Fig. 2a) as well as the constantly decreased latency of [go] responses (black crosses, gray
solid line).
In this thesis32 as well as before, delayed N100m latencies in response to DORSAL
vowels (as in [go]) have been reported (Eulitz, Diesch, Pantev, Hampson, & Elbert,
1995; Poeppel et al., 1997). The previous study IV was the first to extend this finding
into CV-syllables. A distinctly lagged peak for the DORSAL-DORSAL [go] (compared to
the DORSAL-CORONAL [gø]) was found. An extracranially measured and temporally
distinct brain response (albeit a delayed response in this case) may reflect a temporal
coding mechanism involved in speech sound identification, although this cannot be
backed by other brain imaging studies at this time. Whether such a temporal code (i)
indicates pure acoustic information processing (DORSAL speech sounds exhibit more low
spectral energy, leading to prolonged N100 responses), or (ii) whether knowledge about
phonological and articulatory rules of the mother tongue play a role here, is out of

31
32

see study IV in this thesis.
see studies III, VI in this thesis.
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the scope of both the MEG study (IV) and the gating study. But it deserves reevaluation with suited non-speech analogue stimuli.
In sum, this behavioral gating study confirmed the assumptions about syllable identification time course that implicitly influenced the interpretation of the previous
MEG study. It also elucidated the time course of the articulatory consonant-vowel
interaction and its tentative impact on auditory speech sound identification.
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3.5 Study V –
Correlates of Speech Sound Extraction in Functional Anatomy – an fMRI
Pilot Examination33
Using functional magnetic resonance imaging (fMRI), this pilot study investigated the functional
anatomy of vowel processing. We compared attentive auditory perception of natural German vowels
to non-speech band-passed noise stimuli. More specifically, the quasi-orthogonal spectral properties
of first and second formant (F1, F2), that are closely linked to the phonological features tongue height
(HIGH,

MID)

and place of articulation (DORSAL,

CORONAL),

and their mapping in the auditory cortex

were under consideration here. Acoustically variant exemplars of natural German vowels were
aligned in cycles of vowel stimuli that either comprised changes along the first formant (e.g., [u]-[o],
[i]-[e]) or along the second formant (e.g., [u]-[i],[o]-[e]). In both random effects and fixed effects analyses, vowel cycles elicited more activity than non-speech noise in the left anterior superior temporal
(STG, BA 22) and the middle temporal gyrus (BA 21). This finding strongly supports the notion of an
auditory ‘what’ stream, with highly object-specialized areas anterior of primary auditory cortex,
which enable the analysis and categorization of speech sounds. Not as consistent across vowel conditions, activity in the inferior frontal gyrus and the right anterior STG was observed. Topographical
differences between the vowel categories

DORSAL

and

CORONAL

as investigated thoroughly in this

thesis (studies III, IV, VI) did not attain significance. Possible improvements for an fMRI scanning
procedure more sensitive to the functional mapping of speech sounds are discussed.

3.5.1 Background
As the previous studies have shown, spatio-temporal resolution of the MEG is well
suited to study a specific auditory processing step in time, the N100m. A spatial shift
of N100m-related brain activity within the auditory cortex could also be resolved,
either on single subject basis (Eulitz, Obleser, & Lahiri, 2003; Obleser, Elbert, Lahiri,
& Eulitz, 2003a)34, or on a group basis when using more sophisticated designs

This section is based on an experimental setup conceived by Carsten Eulitz, Josef P. Rauschecker
and Jonas Obleser. The support and encouragement of both C.E. and J.P.R. were indispensable to get
me started in fMRI. The study itself would have never been carried out without the generous help of
Henning Boecker, Alexander Drzezga, Bernhard Haslinger, Andreas Hennenlotter, and Markus
Schwaiger at the ‘Neurozentrum Funktionelle Bildgebung’ Munich. I am also very grateful for the
assistance of Johanna Kissler, Markus Junghöfer and Christian Wienbruch.
34 see also studies I, II in this thesis.
33
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(Obleser, Lahiri, & Eulitz, 2003b; Obleser, Lahiri, & Eulitz, 2004)35. However, dipolar
source modeling of MEG activity reveals the centroid rather than the spatial extent
of evoked activity. Thus, no conclusive evidence of the anatomical brain regions involved in vowel processing is available here. Even though a rough re-transformation
on brain structures is justified with high-quality dipole fits (see for example study
III, 3.3.3), the absolute spatial resolution of magnetic source imaging is inferior to its
ability to detect relative displacement of sources (Hari, Joutsiniemi, & Sarvas, 1988).
If we want to reveal absolute location and spatial extent of speech-evoked brain activity, blood oxygenation level-dependent functional magnetic resonance imaging
(fMRI) is the preferred method. (For a review of the studies most relevant to this
field, see General Introduction).
In vowels, spectral properties as characterized mainly by the first and second formant (that is, bands of high spectral energy due to the resonance properties of the
articulators; Peterson & Barney, 1952) distinguish the vowel categories. Previous
studies using magnetoencephalography (MEG) have gathered evidence that the
spectral properties of contrastive vowel features (such as articulation with the blade
vs. the back of the tongue, CORONAL and DORSAL) are mapped in the auditory cortex
(Obleser et al., 2004)36. Furthermore this mapping of vowel features appears to be
accomplished anterior of primary auditory cortex (PAC; Eulitz et al., 2003; Obleser et
al., 2003b)37. This is highly consonant with the recent identification of an anterior
auditory ‘what’ stream for object identification (Rauschecker & Tian, 2000): spectral
characteristics of vowels can be considered foremost as features of an auditory object, and we would expect them to be mapped within areas of the auditory cortex
that are highly specialized for object identification and categorization.
Here, we used cycles of vowels that oscillated mainly along a given feature dimension (for example, the second formant’s frequency) while keeping other feature characteristics constant. By using cycles of vowels rather than vowels in isolation, we
focused on the functional correlates of feature extraction: where exactly does the
human brain accomplish the perceptual segregation of DORSAL and CORONAL vowels,

35 see

also studies III, IV in this thesis.
see also study III in this thesis.
37 see also studies II, IV in this thesis.
36
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of HIGH and MID vowels? And are these stimulus dimensions implemented topographically in an orthogonal manner, as they vary in natural speech quite orthogonally (Fig. 1)?
3.5.2 Methods
Subjects
16 healthy right-handed participants (5 females, mean age 31±6 years, M±SD) took
part in the experiment. They signed an informed consent form and received €20. The
local ethics committee of the Technical University of Munich approved the whole
experimental setup.
Experimental design
The study was set up to study the processing of vowels and their main feature dimensions place of articulation (mainly a variation of the second formant, F2) and
tongue height (a variation of the first formant, F1 ). As the brain structures involved
in extracting these feature dimensions were the specific focus of this experiment, we
built streams of natural German vowels that oscillated either along the F2 or the F1
dimension (Fig. 1; for extensive description of the raw vowel material see Obleser et
al., 2004, or study III in this thesis). Two conditions were conceived to mirror F1 or
HEIGHT

extraction: Condition [u]-[o] (hereafter called DORSAL condition) included

vowels with an almost constant F2 in a range that is typical to male German DORSAL
vowels (450 to 650 Hz) and varied along the F1 dimension. Correspondingly, condition [i]-[e] (CORONAL) also varied mainly along F1, but at much higher F2 values. Two
other conditions were to mirror mainly F2 or PLACE extraction: Condition [u]-[i]
(HIGH) included vowels with an almost constant and low F1 and varied along the F2
dimension. Correspondingly, condition [o]-[e] (MID) also varied mainly along F2, but
at higher F1 values (Fig. 1; see also Table I in study III).
Subjects were instructed to carefully listen to the fast-cycling vowel streams (cycling
velocity ~ 3 Hz) and to detect rare target vowels that violated the vowel stream pattern. For example, in the [u]-[o] stream this was either [i] or [e]. Subjects were expected to lift their right (or their left, counterbalanced across subjects) index finger

3 Study V – Pilot fMRI Experiment

110

whenever they detected such a violation to the vowel stream. Targets appeared in
8.6 % of vowel cycles (i.e., less than 2% of all single vowels were violating targets).
Each vowel stream condition lasted for about 8 minutes (i.e., 104 vowel cycles) in
which 104 whole-brain volumes of a T2*-weighted EPI scan with transversal orientation were acquired38. All four vowel stream conditions were presented in a counterbalanced order. They were always followed by a high-resolution anatomical T1weighted scan39 (about 8 minutes duration) and a reference condition with bandpassed noises (BPN) of various center frequencies (randomized presentation of BPNs
with one third octave bandwidth and center frequencies of 0.5, 1, 2, 4 and 8 kHz;
stimulus length 2 s). The BPN condition required subjects to attend the stimuli passively and was identical to vowel conditions in all acquisition parameters.
fMRI scanning
Scanning was performed at the Center for Functional Imaging at the Technical University of Munich using a Siemens Magnetom Symphony scanner with 1.5 T field
strength, equipped with echo planar imaging (EPI) capabilities using the standard
head coil for radio-frequency transmission and signal reception. Stimulus sequences
were triggered by the MR system and were presented using a Windows 98 PC, Presentation 0.6 software (Neurobehavioral Systems) and an air conduction sound delivery
system with sound-attenuated headphones.
The first and last four images of each run were discarded, leaving 96 volumes of
each condition and subject for statistical inference using SPM99/SPM2 (Wellcome
Department of Imaging Neuroscience). Before statistical inference, all images were slicetime corrected, realigned to the first image acquired (using a six-parameter rigidbody affine transformation), co-registered with subjects’ individual high-resolution
anatomical scans and normalized using a Talairach-transformed template image. All
images were smoothed using a non-isotropic 8x8x12 mm Gaussian Kernel.

38 TR=4500

ms, TA=2505 ms, TE=50 ms, flip angle 90°, 28 slices with 5mm thickness and 0.5 mm gap,
field of view 64x64, 192 mm, pixel size 3x3 mm, transversal orientation parallel to AC-PC, slice order
interleaved.
39 TR=11.08 ms, TE=4.3 ms, flip angle 15°, 160 slices with 1 mm thickness, field of view 224x256, 255
mm, sagittal orientation.
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Figure 1. Upper panel: F1,F2-vowel space of the vowel stimuli used. Note the spectral properties of the vowel categories and their correspondence to articulatory and phonological features
place of articulation and tongue height. Lower panel: Illustration of the experimental setup
with corresponding oscillograms and spectrograms, exemplified on the [e]-[o] condition.
One pilot subject remained excluded from further analysis, as the task instruction
had been slightly modified for all subsequent subjects. Two other subjects remained
excluded due to partial data loss. Thus, 13 subjects were subjected to statistical
analysis. At the single-subject level, a boxcar design model with 5 conditions
(DORSAL, CORONAL, HIGH, MID, non-speech BPN) plus the individual realignment parameters as regressors was estimated (no high-pass filter was applied due to the lowfrequency cycling of conditions; time series were low-pass filtered with a Gaussian
field-width half-maximum of 4 s, and autocorrelation of time series was taken into
account).
At the group level (random effects model), main effect contrast images from the singlesubject analyses were submitted to a one-way repeated measures ANOVA (SPM2).
Then, vowel conditions were compared to the reference non-speech BPN condition in
contrasts at a p<.01 (cluster extent k≥3) threshold and not further corrected for family-wise errors.
We also calculated a fixed effects model with 13 subjects, five conditions and the individual realignment parameters as additional regressors. Specific contrasts of condi-
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tions were masked inclusively by the ”vow greater noise” contrast (p<.01) and
thresholded at a p<.000001 level (cluster extent k≥30).
3.5.3 Results and Discussion

Figure 2. Overview over activations compared to BPN (t values) seen in the random effects
analysis. Left panel: activations of all vowel conditions greater than BPN. Small panels on the
right: activations of single vowel conditions greater than BPN.
Random effects model
Random effect models are the inference method of choice when inference about a
population (i.e., native speakers of German) is intended, because the subjects are
treated as random samples from a population (Friston, Holmes, & Worsley, 1999).
The principal contrast of interest included a comparison of all vowel-related activity
compared to activity in the BPN condition. Activation in the random effects analysis
was comparably weak. This may be due to a high variability across subjects (cf.
Friston et al., 1999). As shown in table I, no primary auditory cortex (PAC) activity
was observed, most likely because primary areas involved in vowel and non-speech
noise processing strongly overlapped. However, a ‘scanner-noise only’ rest condition would have been necessary to clarify this issue.
Most consistently, a center of activity in the left anterior superior temporal gyrus
(STG) was activated in all vowel conditions (Fig. 2). The inferior frontal gyrus (IFG)
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appeared also involved in DORSAL and CORONAL vowel processing; however, no supra-threshold activity was seen here in HIGH and MID vowel conditions.
Table I. Overview over activated supra-threshold clusters; p<.01; extent k≥3.
Talairach coordinates

0.000

MNI coordinates
-62 0 -4

-61 0 -3

approx. anatomical structures involved *)
Left STG, BA 22

3.03

0.001

64 -2 -2

63 -2 -2

Right STG, BA 22

2.79

0.003

-64 -20 -10

-63 -20 -7

Left MTG, BA 21

2.59

0.005

-54 16 -4

-53 15 -4

Left IFG

2.58

0.005

-8 -32 -4

-8 -31 -2

Left Brainstem, Midbrain

3.69

0.000

-60 4 -2

-59 4 -2

Left STG

2.59

0.005

-56 16 -4

-55 15 -4

Left Fronto-Temporal Space

2.87

0.002

16 -88 -22

16 -86 -14

Left IFG

2.80

0.003

64 -2 -2

63 -2 -2

Right Occipital, BA 18

2.58

0.005

66 -10 4

65 -10 4

Right STG, BA 22

2.55

0.005

58 24 24

57 24 21

Right STG, BA 22

2.49

0.006

-6 -36 0

-6 -35 2

Right IFG, BA 45

3.47

0.000

-60 0 -4

-59 0 -3

Left STG, BA 22 or MTG, BA21

3.08

0.001

-52 18 0

-51 17 -1

Left IFG

2.88

0.002

64 -2 -2

63 -2 -2

Right STG, BA 22

2.53

0.006

-10 -32 -4

-10 -31 -2

Left Brainstem, Midbrain

2.46

0.007

-64 -22 -6

-63 -22 -4

Left MTG

HIGH > BPN

2.97

0.001

-62 0 -4

-61 0 -3

Left STG, BA 22

MID > BPN

2.90

0.002

-64 -20 –10

-63 -20 -7

Left STG, BA 21

2.82

0.002

-62 0 -4

-61 0 -3

Left STG, BA 22, or MTG, BA 21

all vowels > BPN

DORSAL

> BPN

CORONAL > BPN

Z

p

3.93

*) BA, Brodmann’s area; IFG, inferior frontal gyrus; MTG, middle temporal gyrus; STG, superior temporal gyrus;

Comparison with fixed effects model
Activations obvious in the fixed effects model matched the effects of the random effects model described above. As seen often in the functional imaging literature, effects were much stronger here (cf. t value color bars in Fig. 3). However, the leftanterior spot in BA 22 appeared as the most reliable activation across all conditions.
When interpreting the functional significance of this activity in the anterior parts of
the STG, one should keep in mind the nature of the task subjects performed: In order
to track differences between rapidly changing vowels, subjects had to detect spectral
changes, predominantly changes of either the first or second spectral peak (first or
second formant). Evidence is growing that spectral properties of the auditory per-
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cept are part of the “what” aspect of auditory objects, which should be predominantly processed in the anterior “what” stream (Romanski et al., 1999; Rauschecker
& Tian, 2000; Warren, Zielinski, Green, Rauschecker, & Griffiths, 2002). A recent
work by Zatorre and Belin (Zatorre & Belin, 2001) where they contrasted primarily
temporal processing with primarily spectral processing using PET also revealed a
bilateral anterior spot in the STG that showed strong involvement in spectral processing.

Figure 3. Overview over activations compared to BPN (t values) seen in the fixed effects
analysis. Left panel: activations of all vowel conditions greater than BPN. Small panels on the
right: activations of single vowel conditions greater than BPN.

Figure 4. Comparison of CORONAL > BPN (blue colors) and DORSAL > BPN (red colors) from
the random effects analysis. Whereas activity largely overlaps, a slight change in center of
gravity is seen in both STG and IFG. Left panel: for the global maximum of activity in the
DORSAL > BPN condition (upper diagram) and the CORONAL > BPN (lower diagram), contrast
estimates ± 90 percent confidence limits are shown.
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Recently, Zielinski and Rauschecker also demonstrated that an fMRI mapping of
different stop consonant-vowel syllables reveals activity predominantly anterior of
primary auditory cortex, in cortical patches highly similar to the STG spot described
here (Zielinski & Rauschecker, 2000).
Specific comparison of CORONAL and DORSAL vowels
Two recent MEG studies reported dipolar source displacements between CORONAL
and DORSAL vowels (Obleser et al., 2003b; Obleser et al., 2004)40. However, the experimental setup we chose may not have been sufficiently sensitive to detect these
effects on a statistical basis (i.e., direct comparison of [i]/[e] and [u]/[o] activation).
Although visual inspection (as illustrated in figure 4) implies a tentative spatial distinction of CORONAL and DORSAL vowels, the diagrams in the left panel in figure 4
show that the difference in activation in these voxels is only significant when comparisons of vowel conditions with the reference BPN condition are calculated, but it
also shows that no direct statistical effect between CORONAL and DORSAL vowels is
evident here (confidence limits largely overlap).
Several reasons for this obvious discrepancy between the MEG studies reported and
the present fMRI investigation are feasible: First, spatial resolution of the present
protocol may simply not have been high enough. We chose 3x3x5 mm voxels for acquisition and acquired a whole-head volume with only 28 slices. This was justified
as the experiment served as a pilot experiment, and the interplay of inferior frontal
and superior temporal brain structures was also of interest. In order to detect functional cortical maps, however, smaller voxels might have been necessary (e.g., Talavage, Ledden, Benson, Rosen, & Melcher, 2000; Di Salle et al., 2001; but see also
Wessinger et al., 2001 for comparable voxel sizes to our study). A more stringent
sparse-sampling procedure should also be applied (Hall et al., 1999): in our procedure, vowels were presented in silent breaks between EPI acquisition (Fig 1). However, auditory cortices may have been partly saturated and true effects may have
remained undiscovered, since a dedicated sparse sampling protocol utilizes inter-

40

see also studies III, IV, and VI in this thesis.
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volume-acquisition delays of up to 20 seconds (Gaab, Gaser, Zaehle, Jäncke, &
Schlaug, 2003; cf. 4.5 s in this study).
Second, MEG allows the analysis of dedicated points in time (i.e. dedicated steps in
auditory information processing) whereas the fMRI procedure that we used integrates activity over seconds (i.e., over a whole cascade of processing steps). The
mapping of place of articulation differences evident in the N100m response may be
blurred by subsequent stages of auditory processing, where task demands and individual differences play an increasingly important role.
Third, we used a new form of stimulation paradigm, namely vowel cycles instead of
isolated vowels (cf. Fig. 1). The idea of detecting feature tracking mechanisms (e.g.,
voxels that follow in their activity the change between CORONAL and DORSAL vowels)
in the auditory cortex is an unparalleled approach that can putatively deliver a fast
and economic survey of vowel-evoked activity. Therefore it is inevitable that following studies test the reliability of vowel cycle-evoked activity (using fMRI or MEG) by
contrasting it with isolated vowels and rest (i.e., scanner noise) only.
Finally, it has been argued before that speech sound-specific maps may well be subject to high interindividual variance, partly due to the enormous differences in exact
anatomical layout, partly due to individual experience-dependent connectivity in the
maturing cortex (Buonomano & Merzenich, 1998; Rauschecker, 1999). This diminishes the statistical power of our analyses, and it results in a difficulty to track
higher-order functional cortical maps using non-invasive methods on a groupstatistic level (Diesch, Eulitz, Hampson, & Ross, 1996; Obleser et al., 2003a). Even
cochleotopic gradient maps that are well-established in invasive animal research
(Merzenich & Brugge, 1973; Rauschecker, 1997; Kaas, Hackett, & Tramo, 1999; Read,
Winer, & Schreiner, 2002) are an elusive phenomenon in human non-invasive MEG
and fMRI research, especially if a publication bias towards significant effects is assumed (Pantev et al., 1995; Talavage et al., 2000; Formisano et al., 2003; but see also
Lütkenhöner, Krumbholz, & Seither, 2003).
As a consequence, event-related fMRI should be used because it would allow the
direct transfer of designs that yielded speech sound mappings in MEG (Obleser et
al., 2003b; Obleser et al., 2004) to the MR scanner. Additionally, a high-field scanning
device would directly allow an enhanced in-plane resolution (Formisano et al., 2003;
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Ugurbil, Toth, & Kim, 2003) and hence would increase the chance of detecting a tentative mapping of phonological features within this speech-specific anterior STG
spot.
Involvement of inferior frontal gyrus (IFG)
Another open question arises from our results: what functional significance in
speech sound decoding does the activation of the inferior frontal gyrus (IFG) bear?
The random effects (RFX) and the fixed effects (FFX) model are inconsistent here, as
no IFG voxels were activated according to the RFX analyses in the HIGH and MID
vowel conditions (cf. figure 2, bottom middle and right panels). In the FFX model, at
least the left IFG is consistently activated in all vowel conditions (cf. Fig. 3, all middle
and right panels). The most feasible explanation for this incompatibility arises from
differences between models: In the FFX models, strong activation in a few subjects
suffices for a significant group effect (Friston et al., 1999). This may be the case with
IFG activation: subjects most likely differed in their use of premotor areas in order to
accomplish the vowel discrimination task. In the RFX model, the large variance
across subjects in this brain area may have yielded the inconsistent results across
conditions.
Previous imaging studies of speech are inconsistent as to whether IFG involvement
is mandatory in receptive language tasks (Fiez et al., 1995; Fitch, Miller, & Tallal,
1997; Chein, Fissell, Jacobs, & Fiez, 2002; Davis & Johnsrude, 2003). Chein and colleagues pointed out that the left IFG may play a vital role in verbal working memory
– which in turn could indicate that the inconsistent yet evident activation of IFG may
be due to uncontrolled effects of the task we employed (subjects had to track ongoing vowel cycles for rare vowels violating the vowel pattern of this given run). We
cannot rule out that subjects imagined and rehearsed the two possible target vowels
while performing this task). However, a recent fMRI experiment where task demands were abolished in order to mimic natural, effortless speech comprehension
(mere listening to simple narrative speech was contrasted with backward versions of
the same speech stimuli), Crinion and colleagues reported the only extra-temporal
activity also in a confined area in the ventrolateral prefrontal cortex (Crinion et al.,
2003). In our study, a comparison of active vs. passive vowel processing would have
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been helpful to answer the question of IFG involvement but was omitted from the
protocol for reasons of experiment duration.
Conclusion
The attentive processing of vowels, which changed along confined feature dimensions activated mainly bilateral regions in the anterior parts of the superior and
middle temporal gyri (BA 22,21), with additional inconsistent activation of the inferior frontal gyrus. This activity pattern matches the notion of an auditory ‘what’ system specialized in object analysis that has been substantiated in non-humans (Tian,
Reser, Durham, Kustov, & Rauschecker, 2001) as well as in humans (Rauschecker &
Tian, 2000; Alain, Arnott, Hevenor, Graham, & Grady, 2001). Specialized areas in the
most anterior parts of the temporal lobe seem to accomplish the tracking and extraction of vowel features. However, the experimental design and scanning paradigm
was not able to resolve the spatial separation of mutually exclusive vowel features
CORONAL

and DORSAL as implied by previous MEG studies. A consecutive study

should comprise a more sparse sampling, higher field strength, and should foremost
follow the event-related fMRI approach to ensure a higher comparability with MEG
and EEG studies of speech perception.
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3.6 Study VI –
Attentional Influences on Functional Mapping of Speech Sounds in Human
Auditory Cortex41
Processing of auditory information is spatially segregated into “what” and “where”. Here we show
that different aspects of the “what”-processing (speaker vs. speech content) can be further segregated
as they may occur in parallel but within different neural substrates. Subjects listened to two different
vowels, each spoken by two different speakers. During one condition, they were asked to identify a
given vowel irrespectively of the speaker, while during the other block the speaker had to be identified irrespectively of the vowel. Auditory evoked fields were recorded with a 148-channel MEG and
magnetic source imaging was obtained for 17 subjects. During phonological categorization, a voweldependent difference of N100m source location perpendicular to the main tonotopic gradient replicated previous findings. In the speaker categorization, the relative mapping of vowels remained unchanged but sources were shifted towards more posterior and more superior locations. These results
imply that the N100m reflects a highly automatic extraction of abstract invariants from the speech
signal. This part of the processing is accomplished in auditory areas anterior to AI, which are part of
the auditory ‘what’ system. This network seems to include spatially separable modules for identifying
the phonological information and for associating it with a particular speaker that are activated in
synchrony but within different regions, suggesting that the ‘what’-processing can be more adequately
modeled by a stream of parallel rather than hierarchical stages. The relative activation of the parallel
processing stages can be modulated by attentional or task demands.

3.6.1 Background
This study explores attentional modulation within the “what”-stream of the auditory
modality during phoneme processing. Knowledge of speech sound representation in
the auditory domain is still sparse. But parallels to the extensively studied visual
modality and also to the somatosensory domain are becoming evident. For example,
columnar mapping of several stimulus properties (as known from the visual cortex)
has been revealed in human and animal research: acoustic parameters like spectral
bandwidth, periodicity, stimulus intensity (Langner, Sams, Heil, & Schulze, 1997;

This section in modified form is submitted for publication in a peer-reviewed journal (co-authored
by Thomas Elbert and Carsten Eulitz). Sonja Schumacher and Barbara Awiszus helped collect and
analyze the data.
41
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Schreiner, Read, & Sutter, 2000) or – for human speech sounds – distance between
spectral peaks (Ohl & Scheich, 1997; Diesch & Luce, 2000) appear to be mapped perpendicularly to the main cochleotopic gradient. Recently, a segregation of a ventral
‘what’ and a dorsal ‘where’ stream – as long established in the visual system
(Ungerleider, Mishkin, & Macko, 1983) – has also been proposed for the auditory
system. This conclusion was based on neuroanatomical and functional studies in
macaques (Rauschecker, 1998; Kaas & Hackett, 1999; Rauschecker & Tian, 2000) and
has been substantiated in humans (Alain, Arnott, Hevenor, Graham, & Grady, 2001;
Warren, Zielinski, Green, Rauschecker, & Griffiths, 2002).

Given these parallels between sensory domains and the increasing preference for
complex stimuli along the auditory central pathway, more complex topologies such
as language-specific maps in auditory cortex are also plausible, and evidence for individually ordered mapping of speech sounds is growing (Diesch, Eulitz, Hampson,
& Ross, 1996; Kohonen & Hari, 1999; Zielinski & Rauschecker, 2000; Obleser, Elbert,
Lahiri, & Eulitz, 2003a; Obleser, Lahiri, & Eulitz, 2004; for speech-specific vocalizations in animals see Wang, Merzenich, Beitel, & Schreiner, 1995; Rauschecker & Tian,
2000). More specifically, data from our lab imply map dimensions along phonological features which build the basic components of speech sounds: In Obleser et al.
(Obleser et al., 2004)42, responses to DORSAL vowels (which are articulated with the
back of the tongue and which exhibit a small distance between spectral peaks, i.e.,
small F1-F2 distance) were located more posterior in auditory association cortex than
responses to CORONAL vowels (which are articulated with the tip of the tongue and
which exhibit a large distance between spectral peaks, i.e., larger F1-F2 distance), and
a topographical shift between these classes of vowels even when embedded in syllables has been reported (Vihla & Eulitz, 2003; Obleser, Lahiri, & Eulitz, 2003b)43.
Research has long been tackling the question of attention and attentional top-down
modulation that may tune cortical neurons and with it functional maps in a contextspecific manner: In the visual domain, a top-down influence on receptive fields of

42
43

see also study III in this thesis.
see also study IV in this thesis.
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areas as basic as VI has been shown (Engel, Fries, & Singer, 2001; Treue, 2001), and in
the somatosensory domain Ergenzinger and colleagues reported that drastic changes
in functional maps can be experimentally induced even on a thalamic level
(Ergenzinger, Glasier, Hahm, & Pons, 1998). The thalamic homuncular representation of a monkey’s hand becomes blurred and distorted when top-down modulation from somatosensory cortex is blocked neurochemically from within the cortex.
These results emphasize the possibility of attention-dependent modulation of maps,
a topic exemplified in a somatosensory MEG mapping study by Braun and colleagues (Braun et al., 2002): In a somatosensory stimulation with small brushes moving back and forth across the digit tips, subjects either attended the movement of
single brushes on single digits and reported the movement direction or they attended and reported the global direction of all brushes on all five digits. Magnetic
source imaging of the somatosensory evoked field revealed a typical homuncular
representation of the single digits spread along the post central gyrus only in the
condition where the focus of attention was on single digits rather than on the hand
as a whole. In the latter condition, top-down attentional demands temporarily seem
to blur the single digit mapping.

For the developing field of speech sound mapping, top-down influence of attentional demands on functional organization at the different stages in the processing
streams have not been sufficiently studied. Nevertheless, it becomes a central issue
when the functional architecture of the effortless and robust perception of speech
shall be understood. It is common to study speech perception either in passive oddball paradigms (Kraus & Cheour, 2000; Näätänen, 2001) where the subject’s attention
is deliberately forced to a movie or to reading a book, or in passive listening conditions where no attentional control is experimentally induced (e.g. Gage, Roberts, &
Hickok, 2002; Sanders, Newport, & Neville, 2002), or in active target detection tasks
where the attention is commonly focused on the phonological content of the speech
material (Poeppel et al., 1996; Obleser et al., 2003a; Obleser et al., 2004).
We analyzed the magnetic N100 (N100m) response to two vowels [o] and [ø], both
produced by a male and a female speaker. Subject’s attention was either on the
vowel or on the speaker difference, in a counterbalanced order. How would a con-

3 Study VI – Attentional influences

122

trolled shift of attention from specific phonological features of speech to global
acoustic features of speaker identity affect the speech sound mapping in timing and
topography of the brain response? Two concurrent outcomes are conceivable here:
First, from the numerous parallels between the auditory and other sensory domains,
one might expect a blurring of differences of the phonological map in auditory cortex when global, basic features such as the speaker identity rather than phonological
differences are attended over minutes. Second, phonological access could be the default process needed in all speech-listening situations and should therefore activate
phonological feature maps irrespectively of attentional demands. We would then
expect that the separate mapping of DORSAL and CORONAL vowels described previously (Obleser et al., 2004) is unaffected by an attentional focus on speaker identity.
However, a shift of activational patterns as an entity would reveal more about the
staging of parallel processing in the flow of the “what” stream.
3.6.2 Methods
Subjects
22 subjects (11 females, mean age 24.3±4 years, M±SD) participated in the procedure.
Subjects gave written informed consent and were paid €10 for their participation.
Experimental design
In an auditory target detection task, subjects listened to randomized sequences of
four German natural vowel exemplars: The DORSAL rounded vowel [o] in two exemplars, spoken by a male voice as well as by a female voice, and the CORONAL
rounded vowel [ø], also produced by both voices (Fig. 1). 200 ms long vowels free of
formant transitions were cut out of spoken words, digitized with a 10 kHz sampling
rate and faded with 50 ms Gaussian on- and offset ramps. Table I summarizes exact
pitch and formant frequencies of the four exemplars.
Prior to the measurement, individual hearing thresholds were determined for both
ears and all four vowel exemplars. In a test sequence, subjects repeated syllables
aloud and recognized all stimuli correctly, i.e. they distinguished between both
vowel categories and voices without difficulty.
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In the actual measurement, vowel exemplars were presented in two randomized
sequences with equal probability and a randomized stimulus onset asynchrony of
1.6-2 s. All subjects performed – in a counterbalanced order – two different tasks
during these two sequences: In a task A (hereafter called phonological categorization),
subjects had to press a button with their right index finger whenever a given vowel
(counterbalanced across subjects [o] or [ø]) occurred, irrespective of the speaking
voice. And in a task B (hereafter called speaker categorization), subjects had to press a
button whenever a given voice (counterbalanced across subjects the male or the female voice) uttered a vowel, irrespective of the uttered vowel category.
Table I. Pitch (F0), formant frequencies (F1, F2, F3) and –distance (F2-F1) for the vowels used.
F0

F1

F2

F3

F2-F1

(Hz)

(Hz)

(Hz)

(Hz)

(Hz)

female

223

390

904

2871

514

[ø]

female

223

417

1731 2627

1314

[o]

male

123

317

516

2601

199

[ø]

male

123

318

1357 1980

1039

vowel

voice

[o]

That is, in the phonological categorization task, subject’s attention was focused on a
categorical distinction between speech sounds, [o] or [ø], which closely resembles the
tasks applied in most brain imaging studies testing active speech sound processing,
e.g. (Poeppel et al., 1997; Obleser et al., 2003a; Obleser et al., 2004) – a process ubiquitously taking place when decoding running speech. In contrast, the speaker categorization task was intended to shift subject’s attention to more general and more basic
acoustic properties of the material (Belin, Zatorre, Lafaille, Ahad, & Pike, 2000) presented to accomplish speaker distinction.
Data reduction and statistical analyses
We analyzed up to 150 artifact-free vowel responses that remained for both vowel
categories [o] and [ø] after off-line noise correction, and averaged them separately
for vowel category but across speaker voice. The resulting averages thus contained
brain responses to two acoustically variant exemplars of the vowel, which makes
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results more comparable to our previous studies (Obleser et al., 2003a; Obleser et al.,
2004).
Statistical analysis of dependent variables N100m peak latency, amplitude and
N100m source generator strength, location and orientation focused on 2x2x2 repeated measures analysis of variance with repeated factors hemisphere (left vs.
right), vowel ([o] vs. [ø]) and task (attend phonology vs. attend speaker). In a pilot
analysis, subjects’ gender as a between-subject factor was also introduced, but did
not reveal any effects and was therefore omitted from further analyses.
As source location displacements do not appear exactly and exclusively along the
Cartesian axes of the source space (cf. Braun et al., 2002), we additionally calculated
differences in the polar angle Φ and the azimuth angle θ which here describe angular
displacements in the sagittal and the axial plane, respectively.

Figure 1. Upper panel: Illustration of the F1-F2 formant space for the vowels used and of the
two tasks which all subjects performed. Attention was either focused on vowel category
changes (Task A) or on changes in the voice speaking (Task B). Lower panel: Illustration of
the stimulation paradigm.
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3.6.3 Results
In 21 of 22 subjects, a clear waveform deflection around 100 ms post vowel onset was
observed (Fig. 2) in all conditions over both hemispheres and sensor space parameters peak latency and amplitude were obtained. Satisfying and physiologically plausible source model solutions (see methods) in both hemispheres could be obtained in
17 subjects and were subjected to statistical analysis.

Figure 2. Grand average (N=21) of root mean squared amplitudes for all conditions over time
separately for left (upper panel) and right hemisphere (lower panel). N100m is clearly the
most prominent waveform deflection, and the repeatedly reported N100m time lag between
CORONAL vowel [ø] (black) and DORSAL vowel [o] (gray) is also obvious.
N100m latency, amplitude and source strength
Analysis of the N100m RMS peak latency revealed foremost a main effect of vowel
(F1,20=44.8, p<.0001, Fig. 2), whereby the DORSAL vowel [o] consistently elicited
N100m peaks 5 ms later. In sensor space, an enhancement of RMS peak amplitude
for the [ø] vowel by 10 fT (Fig. 2) almost attained significance (F1,20=4.12, p<.06).
However, the effect was significant in source space that is not influenced by varying
head-to-sensor positions: The [ø] dipole source strength, an estimate for the amount
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of massed neuronal activity, was larger for the [ø] vowel than for the [o] by 25 % or 6
nAm (F1,16=9.36, p<.01). No hemispheric differences in signal power between vowel
categories or tasks were apparent.
N100m source location and orientation
In agreement with previous findings with a more comprehensive set of vowels
(Obleser et al., 2004), the vowel categories [o] and [ø] elicited statistically different
centers of activity along the anterior-posterior axis (F1,16=7.73, p<.01), i.e. the auditory processing in the DORSAL vowel [o] was reflected by a more posterior ECD location (Fig. 3). A difference in source configuration was also evident from a more superior position of the [o] source (F1,16=12.28, p<.01), a more vertical orientation
(F1,16=5.81, p<.05) than the [ø] source, and from an angular difference between the
two vowel categories in the sagittal plane (i.e. the [o] source was located more posterior and inferior, F1,16=10.91, p<.01) and in the axial plane (i.e. the [o] source was also
located more posterior and lateral, F1,16=6.82, p<.05, relative to the [ø] source). None
of these effects showed an interaction with hemisphere, but data gained further validity as the right-hemispheric sources were all located more posterior (F1,16=8.88,
p<.01), more inferior (F1,16=4.27, p<.06) and were tilted more vertically (F1,16=14.29,
p<.01) as their left-hemispheric counterpart. Such a differences is to be expected
from well-known large-scale anatomical differences between cerebral hemispheres
(Kolb & Whishaw, 2003).
The relative mapping of phonological features of the speech signal (Obleser et al.,
2003a; Obleser et al., 2004) was not affected by the task-induced shifts of attention.
However, shifts of subjects’ attentional focus from phonological categorization to
identification of the speaker’s voice shifted vowel sources as a whole to more posterior and superior locations within the supratemporal plane. Statistically, the speaker
categorization task produced more superior (F1,16=4.72, p<.05) and marginally more
posterior (F1,16=3.36, p<.10) ECD locations, which was also evident by an angular
displacement in the sagittal plane (F1,16=4.6, p<.05). The effect appeared to be driven
by changes in the left hemisphere although the task x hemisphere interaction never
attained significance (all F<1).
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Performance
Overall target detection rate was 94.1 %, false alarms occurred in 5.5% of all trials.
Responses of the 17 subjects whose brain responses were subjected to magnetic
source imaging were analyzed in detail: The phonological categorization task
(93.2±3.0 % correct, 4.9±2.2 % false alarms, M±SEM) and the speaker categorization
task (95.0±2.9 % correct, 6.2±3.2 % false alarms) did not differ significantly (one-way
repeated measures ANOVAs, all F<1).

Figure 3. Mean two-dimensional source space locations and orientations in the sagittal
plane, separately of the left and the right hemisphere, are shown (posterior-anterior on abscissa, inferior-superior on ordinate). Results of the phonological categorization task are
shown in open circle source symbols, results of the speaker categorization task in filled circle
source symbols. Please note that in both conditions the [ø] source (black symbols) is more
anterior and inferior to the [o] source (gray symbols).
3.6.4 Discussion
This study was set up to explore potential influences of the attentional focus on the
mapping of speech sounds within the auditory cortex. With subject’s attention either
on the phonological differences or on the speaker difference between vowel stimuli,
we mapped the auditory evoked N100m and localized its sources that fitted well
with a single dipole per hemisphere. All responses were located in the supratem-
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poral plane (cf. Fig. 3). But the relative distribution of sources indicates an interesting
pattern. As hypothesized, the fundamental location difference between the DORSAL
vowel [o] source and the CORONAL vowel [ø] (Obleser et al., 2003b; Obleser et al.,
2004) could be replicated under both attentional conditions. That is, a shift of subjects’ attention on global acoustic features, i.e. the speaker identity, did not blur the
spatial segregation within the speech sound map. In contrast, the [ø] and [o] generators were slightly displaced towards more posterior and more superior locations
when subjects focused on speaker identity.
In most situations, a listener automatically extracts the phonological information
from the speech signal and abstracts away from speaker-dependent features such as
pitch and periodicity in order to access lexical information, e.g. the meaning of the
information inherent in speech. This is what we mimicked by asking our subjects to
detect a certain vowel in a stream of varying speech sounds. However, in other situations there is the additional demand to attend basic acoustic properties of the speech
stream, for example when a single speaker shall be detected in a stream of multiple
speakers – this is clearly a prerequisite in all multiple-speaker situations, and we implemented it by asking our subjects to detect a certain voice in a stream of varying
speakers.
Speaker identity comprises an important but not necessarily orthogonal process to
phonological decoding in speech perception: areas in the upper bank of the superior
temporal sulcus (STS) have been identified previously (Belin et al., 2000) to be voiceselective (as opposed to other environmental sounds), and in many situations the
selective tracking of one voice amongst others is a prerequisite for decoding the
phonological content of this speaker’s utterances. The displacement of dipolar
sources seen here may mirror the involvement of additional cortical areas, such as
the voice-specialized part of the STS or pitch-specialized areas in the primary auditory cortex. Since it is now well-established that speech sound processing takes place
mainly in anterior parts of the supratemporal gyrus (Dehaene-Lambertz, Dehaene, &
Hertz-Pannier, 2002; Scott & Johnsrude, 2003; Obleser et al., 2003b), an activity shift
towards more posterior sites strongly argues for such an involvement of primary
acoustic areas. In a recent MEG study focusing on pitch detection mechanisms, a
clear involvement of auditory core areas in pitch processing has been shown
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(Krumbholz, Patterson, Seither-Preisler, Lammertmann, & Lütkenhöner, 2003), and
pitch differences are among the primary cues dissociating male and female voices.

Data presented here suggest that the systematic mapping of speech sounds within
the auditory cortex is robust under changing attentional demands and not tied to
phonological awareness. However, the general shift of activity when a nonphonological speaker categorization must be accomplished shows that speech sound
representations are modulated in their locations in a context-dependent manner.
That is, situational demands obviously influence via top-down processes the differential but time-synchronous involvement of various specialized neuronal assemblies
that contribute to speech sound decoding – The spectrally high-resolving analysis of
the incoming speech stream is performed at the same time but in different locations,
i.e. in a different mix of cell assemblies than the analysis of global acoustic features
such as pitch, periodicity, or other features inherent to voice quality.
Further spatially high-resolution brain imaging studies are needed to quantify as to
which extent voice-selective areas in the upper bank of the STS become involved
when speaker categorization is accomplished. For the time being, this study increases our understanding of speech sound processing, as it replicates previous findings of an orderly mapping of phonological vowel features and as it shows that
changing attentional foci affect the absolute but not the relative distribution of
vowel-evoked activity within the auditory cortex.
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3.7 Study VII –
Gender differences in Hemispheric Asymmetry of Syllable Processing:
Left-lateralized Magnetic N100 Varies with Syllable Categorization in Females44
Using Magnetic Source Imaging, we examined whether females’ superiority in verbal skills has a
correlate in functional hemispheric asymmetry of auditory processing. The auditory evoked N100m
was examined in male and female subjects in response to natural CV-syllables with varying consonant and vowel as well as non-speech noise. In an additional task subjects had to categorize different
syllables from the first 35 ms of syllables, i.e. the plosive and the formant transition. Syllable-evoked
N100m activity was larger in the left than in the right hemisphere in female but not in male subjects.
This gender-specific hemispheric asymmetry was speech-specific, i.e. absent when processing meaningless noise, and supports previous findings for vowels. Only in females the degree of leftlateralization predicted successful syllable categorization from short syllable bursts: Results suggest
gender-specific differences in spectro-temporal analysis of speech.

3.7.1 Background
Gender differences have been examined for various brain functions. In particular,
females have been found to perform better in various language tasks (Hyde & Linn,
1988; McGuiness, Olson, & Chapman, 1990; Halpern, 1997). Faster development and
efficient functioning of the left cerebral hemisphere, which is dominant for language
processing in most right-handed humans, has been consulted to explain this gender
difference (Witelson, Glezer, & Kigar, 1995; Harasty, Double, Halliday, Kril, &
McRitchie, 1997; Gur et al., 1999). In contrast, hemispheric asymmetry in general has
been found to be more pronounced in male than in female subjects (Geschwind &
Levitsky, 1968; Witelson & Kigar, 1992; Hellige, 1993; Kanno et al., 1998). Therefore it
seems unclear to what extent females’ superiority in verbal performance is a consequence or correlate of functional brain asymmetry.

This section in modified form is to appear in Psychophysiology (co-authored by Brigitte Rockstroh
and Carsten Eulitz). We thank Barbara Awiszus and Sonja Schumacher for assistance in data collection, and Melanie Hochstätter and Henning Reetz for assistance in creating the stimulus material.

44

3 Study VII – Gender Influences

131

Non-invasive imaging techniques such as functional MRI, high spatial resolution
electroencephalography (EEG) or whole-head magnetoencephalography (MEG) allow the simultaneous recording from both hemispheres and therefore further our
understanding of functional hemispheric asymmetry. These methods disclosed lateralized processing of auditory stimuli with larger evoked responses contralateral to
the stimulated ear (Mäkelä et al., 1993; Eulitz, Diesch, Pantev, Hampson, & Elbert,
1995; Pantev, Ross, Berg, Elbert, & Rockstroh, 1998; Rockstroh et al., 2001), and lateralized responses to language stimuli like vowels and syllables (Eulitz et al., 1995;
Poeppel et al., 1996) have been found. These results corroborated the hemispherespecific representation of language functions and allowed to test gender-specific
hemispheric asymmetries. For instance, more pronounced asymmetry with lefthemispheric dominance in males than in females was found for passive listening to
syllables (Rockstroh et al., 2001) while females displayed a stronger (left-lateralized)
asymmetry when actively discriminating vowels (Obleser, Eulitz, Lahiri, & Elbert,
2001). Despite this evidence, a direct comparison of gender-specific lateralized processing and performance measures of speech decoding seems to be lacking.

The present study approaches possible gender differences in functional hemispheric
asymmetry with two main questions: First, does better language capability in females (Hyde et al., 1988) have a foundation in very basic processing steps in speech
recognition such as auditory spectro-temporal analysis? Spectro-temporal analysis is
a prerequisite to categorize a spoken syllable and has been previously shown to activate mainly the left hemisphere (Schwartz & Tallal, 1980; Zatorre, Evans, Meyer, &
Gjedde, 1992; Tallal, Miller, & Fitch, 1993), but is the functional asymmetry of the
brain response to syllables also modulated by subject’s gender? And second, is there
a correlation between degree of lateralized auditory processing and actual performance in speech sound categorization?
The prominent signature of cortical auditory processing, the N100m, served as indication for the processing of spoken syllables. It was hypothesized that female subjects show a left-hemispheric preponderance, i.e. a left-lateralized N100m when listening attentively to syllables – similar to the reliable left-lateralized response to
vowels previously found. Moreover, it was expected that the ability to discriminate
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consonant-vowel-syllables only from the plosive and the formant transition was related to the degree of N100m lateralization. If so, this would support hemisphereand gender-specific spectro-temporal decoding of speech.
3.7.2 Methods
Subjects
22 Subjects (11 females, mean age 24.8 years; males ranging from 22 to 30 years, females from 20 to 29) gave written informed consent and were paid €20 for their participation.
Stimulus material
Naturally spoken German syllables were edited from recordings of words spoken by
a female speaker. Syllables were selected to combine a voiced stop consonants [b],
[d] and [g] with either with a CORONAL rounded vowel [ø] or a DORSAL rounded
vowel [o]. This resulted in six consonant-vowel syllables [bø], [dø], [gø], [bo], [do]
and [go] (for stimulus details and preparation see study IV in this thesis).
Experimental design
Prior to the measurement, individual hearing thresholds were determined for both
ears using 35 ms onset fragments of all 6 syllable categories. Binaural loudness was
then slightly re-adjusted when necessary to ensure perception in the head midline.
In the subsequent categorization task, subjects were asked to categorize the syllable
from these onset fragments. Three onset exemplars of each syllable category were
presented in a randomized sequence of 60 trials with an SOA of 3 s. Subjects indicated syllable identification on a list as forced choice. This behavioral task provides
an index of fast speech sound discrimination ability, as the identification of the
vowel only on the basis of the formant transition is difficult enough to minimize
possible ceiling effects in discrimination performance.
In the subsequent MEG recording period, syllables were presented in full length (350
ms) and arranged in pseudo-randomized sequences of 572 stimuli each with stimulus onset asynchrony varying around 1.8±0.2 s. Each subject listened to three sequences while performing a target detection task in order to sustain a phonological
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processing mode: In every sequence, two syllables with a lowered cumulated probability of 10% served as targets (e.g. [bo] and [dø]). Subjects were asked to press a
button with their right index finger upon target detection. Across the three sequences, all six syllable categories constituted targets.
The recording session ended with a passive listening noise condition with 150 trials of
a band-passed noise stimulus. This test served as a non-verbal functional landmark
of belt area activation in primary auditory cortex (Kaas, Hackett, & Tramo, 1999;
Wessinger et al., 2001). A 350-ms white noise probe (5 ms onset, 50 ms Gaussian offset ramps) was band-pass filtered (center frequency 1 kHz, width 0.3 oct) and was
also presented binaurally at 50 db SL with a randomized SOA of 1.8±0.2 s.
Data reduction and statistical analyses
Data processing was identical with the procedures in study IV. Noise condition trials
were analyzed in the same way as the syllable conditions.
N100m asymmetry was evaluated by RMS amplitude, source strength |Q| and by
the laterality index (LI). LI was defined as the ratio of (|Q|left - |Q|right) to (|Q|left +
|Q|right), with positive values indicating lateralization to the left (Rockstroh et al.,
2001; Obleser et al., 2001). Effects of gender, hemisphere and syllable category on the
N100m amplitude, latency, and location were analyzed for the RMS peak latency
and the N100m source strength |Q| (as well as location in posterior-anterior, medial-lateral, and inferior-superior dimension) in analyses of variance (ANOVA) with
the between-subjects factor gender (male, female) and the within-subjects factors
hemisphere (left, right), and syllable ([bø], [dø], [gø], [bo], [do], [go]). ANOVA of the
laterality index (LI) of the source strength included the factors syllable and gender.
Effect sizes of potential gender main effects were calculated using Cohen’s d. Violation of the sphericity assumption (Picton et al., 2000) was considered using
Mauchly’s criterion for all significance tests including the factor syllable.
3.7.3 Results
Performance
Subject accomplished the categorization task of the 35-ms syllable onsets well above
chance level (Fig. 3). Including all six response options reduced chance level to 16.67
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%. Subjects responded correctly in 76±3.6 % of the 60 test items. The target detection
task during MEG recording was accomplished with an average 89.7±1.6 % correct
button presses. Male and female subjects did not differ significantly in any of the
behavioral measures (number of errors in the categorization task, false alarm button
presses and misses in the target detection task; one-way ANOVAs with the factor
gender).

Figure 1. A typical auditory evoked response to the syllable [bo] (overlaid waveform) from an
exemplary channel is shown (middle). The N100m is the most prominent response, appearing
approximately 100 ms after syllable onset. The field distribution of the N100m peak is shown
for a male (upper panel) and a female subject (lower panel). Note the left-hemispheric differences.
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Brain magnetic responses
An N100m with dipolar field pattern (Fig.1) was found in each hemisphere and in
every subject. Single equivalent current dipole (ECD) models for the N100m in both
hemispheres could be fitted in 16 subjects (8 females). The average goodness of fit of
the fitted ECDs was 0.97±0.16 (for male subjects 0.967, for female subjects 0.969, n.s.).
The 95% confidence volume of the ECD amounted to 151 mm3 (male subjects 161
mm3, female subjects 141 mm3, n.s.).
N100m peak latency was similar in male (105 ms) and female subjects (109 ms, n.s.).
Source location along posterior-anterior, medial-lateral or inferior-superior dimension did also not differ between male and female subjects45.
Analysis of the source strength |Q| reflecting the synchronized neuronal activity
revealed a gender x hemisphere interaction (F(1,14)=6.29, p<.03, Fig. 2). This effect
resulted from a left-lateralized activity in female subjects (∆|Q|=13.0 nAm,
F(1,7)=10.8, p<.01), whereas male subjects showed no lateralization (∆|Q|=-2.5 nAm,
F<1). A main effect of gender for the laterality index (LI, F(1,14)=6.59, p<.03) confirmed this result (female subjects LI=+.25, male subjects LI=-.06, Fig. 3). The effect
size of this difference in laterality amounted to d=1.27.

Figure 2. Means ± S.E.M. of source space amplitudes are shown for female ( black) and male
(white) subjects in the left and right hemisphere. Note the left-hemispheric preponderance in
females.

Effects of the different syllable categories on auditory processing did not interact with hemisphere
or gender whatsoever and are reported separately (Obleser, Lahiri, & Eulitz, 2003b; see also study IV
in this thesis).

45
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Comparison of speech and noise processing
N100m asymmetry was compared between the mean activity across all six syllable
categories and the noise condition in an ANOVA including the within-subject factors
condition (noise, syllable), hemisphere (left, right) and the between-subject factor
gender. A significant interaction gender x hemisphere x condition for the source
strength |Q| confirmed the left-lateralization in female subjects to be speech-specific
(F(1,16)=5.07, p<.05): Only syllables produced the laterality difference between male
and female subjects (p<.03, see above), while N100m to noise stimuli did not differ
significantly between hemispheres (F<1) or gender (F<1, gender x hemisphere interaction F=1.87, n.s.).
Correlation between behavioral measures and auditory evoked fields
While all subjects accomplished the categorization task from the first 35 ms of the
stimuli equally well, the extent of left-lateralized N100m correlated significantly with
performance only in females (r=.75, p<.03), but not in males (r=-.49; Fig. 3).

Figure 3. On the left, distribution of the source strength laterality index is shown for female
(black) and male (white) subjects. On the right, correlations between this laterality index and
performance in categorization of syllables from the onsets only are shown for female (black)
and male (white) subjects separately. Note that better performance (abscissa) was accompanied by stronger left-lateralization (ordinate) in female subjects. * p < .05.
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3.7.4 Discussion
In a previous study (Obleser et al., 2001), we have reported that the functional
asymmetry of the auditory evoked field in response to vowels differed between male
and female subjects. The present study extended this investigation of gender-specific
hemispheric asymmetry by testing lateralization of the processing of different consonant-vowel syllables. Furthermore, a comparison with the processing of nonspeech noise bursts was included.
Two main results of this study deserve to be emphasized: First, female subjects displayed a left-lateralized brain activity in the time window of the N100m response, in
contrast to male subjects, who showed no hemispheric preponderance. This extends
results of gender-specific lateralization in vowel processing mentioned above. The
gender difference appears to be speech-specific, as it was absent when processing
non-verbal noise bursts. Second, the extent of lateralization to the left was positively
correlated with female subjects’ ability to categorize the syllables correctly from the
first 35 ms of stimuli only.
These results suggest a gender-specific correlation of correct decoding of formant
transitions and N100m activity. The N100m component most likely mirrors comparably low-level processing stages, such as formant transition decoding, and serves as
a possible signature of auditory pattern recognition and integration (Näätänen &
Winkler, 1999). Why should a parameter reflecting basic processes in speech perception reveal a gender-specific correlation with a behavioral measure for accurate
speech decoding? Females and males may adopt different processing strategies: It is
possible that female subjects stronger activate left-hemispheric language-specific
networks to analyze auditory pattern whereas males accomplish the same task to the
same outcome by activating basic auditory processing networks both in the right
and the left hemisphere (Zatorre, Belin, & Penhune, 2002).
In contrast to our findings, some studies did not report gender differences (Frost et
al., 1999; Knecht et al., 2000) or hints to stronger asymmetry in males (Shaywitz et al.,
1995; Rockstroh et al., 2001). However, differences in experimental design may explain this divergence: first, the Rockstroh et al. study used a passive listening condition, whereas active processing – as used in the present study – may enhance func-
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tional hemispheric asymmetry (Poeppel et al., 1996). Second, syllables were spoken
by a female voice. One might speculate that perception of the same-sex voice activates language-related networks more intensively than perceiving an opposite-sex
voice. However, the fact that we found a similar and highly reliable lateralization
pattern in a previous study where we studied isolated vowels produced by a synthetic male voice (Obleser et al., 2001) argues against a critical influence of the
speaker’s gender on the processes reflected here. Third, females’ asymmetry may be
limited to very basic steps in auditory speech processing such as vowels or CVsyllables but not to the processing of semantic or syntactic properties. As reported
previously, experiments which did not show a female left-hemispheric preponderance used language tasks involving higher-level processing stages, e.g. semantics
(Shaywitz et al., 1995; Frost et al., 1999; Knecht et al., 2000). This would suggest a
gender-specific lateralization of spectro-temporal processing, and thus could explain
better female performance e.g. in verbal fluency (Hyde et al., 1988) and verbal memory (McGuiness et al., 1990). More generally, this may relate to females’ virtues in
sensory sensitivity, fine motor skills and perceptual speed (see Halpern, 1997 for a
review).
In sum, this study
(i)

extends previous results of early left-hemispheric lateralization in female subjects when they actively process basic speech material (Obleser et al., 2001)

(ii)

relates a greater extent of left-hemispheric processing in females to better auditory categorization, whereas male subjects did not show such a correlation, and

(iii) suggests left-hemispheric asymmetry of spectro-temporal processing and a female superiority in focusing on this basic aspect of speech.
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The studies reported here are unified by the general hypothesis that the auditory
processing of a basic speech element (i.e. a vowel or a syllable) is accompanied by
topographical or temporal patterns that are (i) discernible extracranially in the
N100m response, and which (ii) bear information about the inherent characteristics
of the speech sound. The studies asked in a more specific way for different aspects of
this general research hypothesis. In the following, a summary and critical review of
the key findings is provided:
4.1.1 Preservation of spectral relationship between vowels in neurotopography
It now can be assumed that the human ability to distinguish vowels (which are
mainly distinguished through their typical spectral composition, i.e. their characteristic F1 and F2 frequencies) is reflected in spatial response patterns of the auditory
cortex (Study I, Fig. 3; Study II, Fig. 5a). This idea had been put forward previously
(Eulitz et al., 1995; Diesch et al., 1996; Poeppel et al., 1997), but no striking evidence
for such a mapping of spectral properties in humans had been found.
In our studies, the spatial array of the cortical sources generating the vowel-evoked
N100m corresponded to the spectral array of the vowels in a F1, F2 vowel space. This
general statement was inferred from the comparison of N100m source location distances of the spectrally distant vowels [a] and [i] and the spectrally close [e] and [i],
as well as from the high reliability of this pattern, either in a re-test measurement in a
group study (I) or in a tenfold measurement in a single subject (study II). The finding
was replicated and extended in study III: There, although using a modified experimental setup with natural vowels and multiple acoustic exemplars of each vowel,
the preservation of spectral dissimilarities in cortical source distances re-appeared.
The preservation of such spectral properties was also shown in other vowels (highly
dissimilar pairs [u]-[i] and [o]-[e] yielded sources further apart than similar pairs [i][y] and [e]-[ø]), and we can tentatively conclude that spectral properties of vowels
are maintained in the cortical response. One very recent N100m study has also ac-
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cumulated evidence for the preservation of such formant frequency differences in
cortical maps (Mäkelä, Alku, & Tiitinen, 2003).
4.1.2 The influence of phonological features on the auditory evoked brain response
Beyond simple spectral differences, the influence of more abstract feature dimensions was of interest here. We selected the vowel stimuli in study III such as that
they changed quasi-orthogonally along the phonological feature dimensions PLACE
and HEIGHT. Most importantly, we identified a mapping of the mutually exclusive
place features CORONAL and DORSAL along the posterior-anterior axis. Moreover,
study IV added invaluable evidence from coarticulated place features in consonants
and vowels: Here, the vowel’s place of articulation again elicited distinct cortical
source locations along the posterior-anterior axis, whereas the same place features in
the consonant revealed distinct source orientations in the sagittal plane46. This may
show the superposition of the known effect of coarticulatory assimilation (Stevens &
House, 1963; Strange, 1989; Farnetani, 1997; the vowel rather than the consonant of the
syllable affected source location) with the place of articulation effect (in both consonant
and vowel, the mutually exclusive features CORONAL and DORSAL yielded differences in
source configuration). As has been pointed out in the General Introduction as well as in
the specific Discussion sections of studies III and IV, this topographical separation is
not that surprising if insights from neuroplasticity and language acquisition are considered (Buonomano & Merzenich, 1998; Kuhl, 2000; Maye, Werker, & Gerken, 2002).
Although the magnitude of separation of place features challenged the spatial resolution limits of magnetic source imaging (Pantev et al., 1991; Hämäläinen et al., 1993)
and amounted at most to about 5 mm (study III), it re-appeared with small but consistent effect sizes across studies. Table I summarizes the effect sizes of all studies in
which a topographical distinction of CORONAL and DORSAL place was tested. Please
note that the effect sizes quantify within-subject effects, but were calculated using
the classic between-subjects formula (see table caption). This is the appropriate procedure but yields conservative rather than overestimated effect sizes (Dunlop,
Cortina, Vaslow, & Burke, 1996). The most promising result of this miniature metaanalysis is the consistency of the place feature distinction effect. It deserves further
46

for an in-depth discussion of this effect, see 3.4.4.
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examination in larger subject samples using both MEG and high-field event-related
fMRI.
Table I. Effect sizes of the topographical shift elicited by CORONAL vs. DORSAL place of articulation (Cohen’s d = µCORONAL- µDORSAL / σpooled) and assessed in various samples and parameters.
Study
Study III

Parameter showing the
CORONAL-DORSAL
effect
posterior-anterior location

N

Effect size
(Cohen’s d)

14

.272

posterior-anterior location

15

.222

Obleser et al., 2003b

posterior-anterior location

16

.201

Obleser et al., 2003b

sagittal orientation

16

.302

Reference
Obleser et al., 2004

Study III appendix
Study IV

Study VI

Obleser et al., in prep. angular shift in sagittal plane

17

.222

(not in this thesis)

Vihla & Eulitz, 2003

11

.332

EEG topography shift as
measured at Pz electrode

But what does this effect mean? Although we stimulated subjects with entire vowels
or syllables, the brain response topography yielded a pattern that could be explained
best by the place features that made up the difference between these speech sounds.
Only those vowels and syllables that were distinguishable on the basis of their place
of articulation exhibited significant effects of source configuration. On top of that,
the effect was most pronounced when place of articulation was the only distinctive
feature, i.e. source distance was largest for CORONAL-LABIAL to DORSAL-LABIAL vowels. This is an important limitation to the idea of a general phonemotopic mapping of
speech sounds that would have been feasible following previous studies I, II (Obleser et al., 2003a; Eulitz et al., 2003; Mäkelä et al., 2003). In contrast, the separate mapping of feature dimensions emerged as a possible explanation. As pointed out in the
discussions of studies III and VI, the mapping in the sagittal plane nicely corroborates animal studies on the mapping of various acoustic features along isofrequency
stripes orthogonal to cochleotopic gradients (Rauschecker, Tian, & Hauser, 1995;
Langner, Sams, Heil, & Schulze, 1997; Ohl & Scheich, 1997; Langner, 1997; Read,
Winer, & Schreiner, 2002) on the one hand, and human studies reporting a cochleotopic gradient of the human MEG response mainly in the coronal plane on the other
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hand (Pantev et al., 1995; 1996), although the latter finding has recently become an
issue of debate (Lütkenhöner, Krumbholz, & Seither, 2003; Poeppel, Sanders, & Sekihara, 2003). It has also been found that with sites further anterior of AI, broadband
stimuli become increasingly preferred (Poeppel, Sanders, & Sekihara, 2003; in line
with Rauschecker et al., 1995), and there is evidence from FDG autoradiography47 in
gerbils that broadband integration over spectral peaks that are further apart (such as
F1 and F2 in CORONAL sounds) leads to a more extended activity perpendicular to the
cochleotopic axis in gerbils (Ohl & Scheich, 1997). In contrast, representing DORSAL
speech sounds may be confined to sites more posterior and closer to AI, as more narrowly-tuned neurons are required to resolve the closely collocated spectral peaks F1
and F2. Thus, the gradient of the PLACE mapping identified here may be due to true
functional characteristics of the underlying auditory functional architecture.

Why did the second salient phonological feature, HEIGHT, not yield such source topography effects in study III (see there Fig. 4)? Three alternative explanations should
be considered: First, if the cortical extent of a formant frequency mapping is roughly
linear or even logarithmic to the spectral range of this formant, a HEIGHT mapping
closely linked to F1 frequency may be evident but not extracranially detectable anymore with current brain imaging techniques: Whereas F2 and also the complex parameter F2-F1 typically range across 2 kHz (or two octaves) and yielded ECD displacements in the mm range, typical F1 values range only below 800 Hz and vary
between HIGH and MID vowels within one octave (cf. study III, Fig.1). This may elicit
topographical shifts of evoked brain activity that are not detectable with the methods
used here. Second, there might be no simple two-dimensional topographical coding
of tongue height correlates at all: results of Ohl and colleagues from auditory categorical learning experiments in gerbils have shown that the emergent representation
for a categorical difference did yield a change in cortical activity patterns (Ohl,
Scheich, & Freeman, 2001). However, the learned categorical difference surfaced as a
sudden location change in an 18-dimensional vector space spanned by the 18 implanted electrodes. 18 dimensions may not be necessary to model complex cortical

47

FDG, fluoro-2-deoxy-D-[14C(U)]glucose.
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patterns adequately, but two or three (as reflected by a fitted ECD source) may well
be too few to capture the full complexity of a functional cortical map. Only the most
salient features or featural differences may be detectable with our low-order mapping technique. A third alternative explanation arises from the N100m peak latency
results: HEIGHT affected mainly the time course of the N100m response (studies I, III,
III appendix). The temporal coding of formant frequencies has been proposed before
(Young & Sachs, 1979; Sachs & Young, 1979; Roberts et al., 2000), and a separate section below will thoroughly discuss the possible role of temporal coding mechanisms.

The third feature relevant to this thesis is the involvement of the lips (LABIAL), which
has no known simple acoustic correlate and can co-occur with a CORONAL or a
DORSAL tongue

place of articulation. It did not show any differential effect on the

N100m topography: The CORONAL and LABIAL vowels, the German vowels [y] and
[ø], were statistically indistinguishable from their non-LABIAL counterparts [i] and
[e], neither in the spatial nor in the temporal domain. Also, ECD sources of syllables
with a LABIAL [b] onset in study IV displayed an intermediate orientation between
the statistically distinguishable CORONAL and DORSAL syllable onsets. Since LABIAL
speech sounds are nevertheless easy to tell from their non-LABIAL counterparts, the
brain mechanisms underlying this ability deserve more extensive investigation. In a
re-analysis of the study III data using analysis methods to capture brain activity that
is not phase-locked to the stimulus onset (Makeig, 1993; Feige, 1999), we identified
an intriguing pattern of prolonged upper-beta band desynchronization (around 24
Hz) following LABIAL vowels compared to non-LABIAL ones (Eulitz & Obleser, in
preparation). The functional significance of event-related desynchronization is not
clear yet, but stronger desynchronization has been linked to higher task complexity
and enhanced mental effort previously (Pfurtscheller & Lopes da Silva, 1999); extraction of the feature LABIAL in the target detection task in study III may have required
most likely such an enhanced integration of acoustic properties.
4.1.3 Is the place of articulation effect qualitatively different from a simple acoustic effect?
A definitive shortcoming of the thread of studies presented here is the lack of a nonspeech control study that would have elucidated the differences between a mapping
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of phonological features and simple superpositions of purely spectral effects. One
difficulty is that studies which try to control for the acoustic effects of speech (i) either use sine tone analogues of formant frequencies and therefore are unlikely to tap
behaviorally relevant speech sound processing mechanisms, or (ii) use complex
stimulus generation mechanisms (overlays of multiple sine tones or band-passed
noises, synthesized single-formant vowels, etc.) that are themselves likely to evoke
speech-like percepts. We also did not include non-native speech sounds which could
have elucidated whether a quasi–linear mapping of formant parameters or a more
categorical, language-dependent mapping of phonological features (as put forward
above) is seen in these studies.
Which kind of evidence for a more complex mapping principle do we have then? An
important alteration to our designs introduced in study III onwards was the acoustic
variance of speech sound exemplars. Although the spectral scatter within phonological feature categories was still comparably small, it clearly required subjects to
tap their stored phonological categories48. In future studies, the acoustic variance
should be increased further to challenge the brain’s capability of generalization and
tracking of invariant patterns: Hypothetically, if subjects would listen to a running
stream of words or sentences produced by children, men and women, with whispered and distorted voice, and their auditory brain responses were selectively and
separately averaged time-locked to the occurrences of CORONAL and DORSAL speech
segments, a concomitantly separate mapping of these evoked brain responses in
auditory cortex would add weight to the role of abstract phonological features in
speech sound categorization: the acoustic surface forms of phonemes would vary so
widely that mapping effects, if evident, could solely be due to extracted abstract features.
In the present data, main evidence that the N100m response indexes a more complex
feature than a linear F2 or F2-F1 map comes from localization data of the vowel [a].
This vowel was also included in the place of articulation study III, although it is the
only German vowel which is not assigned to a certain place of articulation (attend
for a second to your tongue’s position while articulating “ah”, and you will notice

48

see 3.3.4 for an elaborate discussion of this experimental setup.
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that your tongue is rather flat and that no contact with the palate, i.e. no place of articulation, is evident). In terms of simple acoustics however, the [a] exemplars we
used possessed an F2 equidistant to either CORONAL [e]/[i] or DORSAL [u]/[o], and an
F2-F1 distance that was in the range of the DORSAL [u]. ECD localization of [a] yielded
two interesting points that should be emphasized here.
Most importantly, [a]-evoked responses in study III were not close to the DORSAL
responses, as could have been expected from a previously proposed linear F2-F1
mapping. In contrast, [a] was collocated with the CORONAL vowels along the critical
posterior-anterior axis, which is a clear contradiction to a simple F2-F1 mapping. Beyond this important result, the [a] yielded a larger localization variance than other
vowel categories in all studies (I, II, III appendix; cf. study III appendix; Fig. 2) but
showed comparable goodness of fit indices. A highly speculative explanation that
deserves and allows further testing would be that the topographical allocation of a
brain response is indeed a function of place of articulation, with no predetermined
location and more degrees of freedom for the topographical response coding of ‘nonplace’ vowels such as [a] or the central schwa.
Leaving behind the neurobiological foundations of this thesis for a moment, one
may bear in mind the phonological claim of an underspecified representation for
CORONAL

place (Lahiri & Reetz, 2002; Eulitz & Lahiri, 2004; see General Introduction).

The collocation of the ‘non-place’ [a] with CORONAL (‘no specified place feature’)
vowels may be a hint that top-down influences of language-specific phonological
rules established in long-term memory affect the N100m response.
But, getting back to the neurobiological facts, the concept of underspecification
needs substantiation by further psycholinguistic and neurolinguistic research, and
we have no direct evidence what the neurobiological code for phonological underspecification could be at the moment. Finally, recalling the results from the robust
intra-individual Euclidean distance measures, we see very well that there is a significant difference within subjects between the three-dimensional distances among
CORONAL

vowels on the one hand and the CORONAL-to-[a] distances on the other

hand (studies I-III). So, we can tentatively conclude that no linear mapping of formant frequencies is evident in the N100m, but a higher-order mapping which is
warped by speech experience towards categorical perception (Kuhl, 2000; Maye,
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Werker, & Gerken, 2002). But a great deal of further evidence from more sophisticated brain mapping and psycholinguistic studies is needed here.
4.1.4 Temporal coding
N100m latency has proven to be a sensitive parameter in virtually all of the MEG
studies presented here. It has been argued before that the N100m peak latency is a
simple function of F1 frequency (Roberts et al., 2000; Robert & Gage, 2002). Indeed,
our studies partly corroborated this view (studies I-III; but see study VI), but also
complicated the picture: The F1 dependence of N100m peak latency in our studies
was largely due to a reliable difference between [e] and [i] responses (study I, III, III
appendix), whereas comparable acoustic distances had no significant impact on
[ø]/[y] and [o]/[u] latency differences. How could a simple F1 dependency account
for this finding? To make things even more complicated, the syllable investigation in
study IV also revealed peak latency differences: neither consonant nor vowel features alone influenced N100m peak latency in a systematic fashion. Instead, the
combination of DORSAL [g] with DORSAL [o] elicited the most delayed peaks.
Taking together all latency results, a conservative conclusion would be that higher
formant frequencies in general contribute to an earlier N100m peak latency – strong
spectral contributions from below 1 kHz would prolong the integration time needed,
just as N100/N100m responses appear increasingly slowed down and diminished
for sine tones further below 1 kHz (Picton et al., 1976; Roberts, Ferrari, & Poeppel,
1998). But in turn, this careful conclusion alone cannot explain the marked latency
divergence between the spectrally close vowels [e] and [i] that was repeatedly found
throughout this thesis.
A stimulating solution could emerge from asking what the functional significance of
N100m peak latency could be. Prolonged brain responses are implicitly assumed to
indicate a prolonged information processing underlying the brain response. But is a
difference in peak latency only a ‘bottom-up’ function of differences in the incoming
stimuli, or does a differential latency also transmit information to subsequent,
higher-hierarchic processing stages? This question appears unanswered so far, most
likely since purely perceptual interpretations of N100m latency are preferred
(Roberts et al., 2000; Gage & Roberts, 2000; Roberts & Gage, 2002). Very specula-
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tively, the synchronous and stimulus-locked ignition of neuronal networks large
enough in magnitude to be measured extracranially could bear an informational
value to other brain areas receiving afferent input from these networks. If this assumption holds, a clear latency difference between classes of sounds could enhance
their categorical perception. This could also bridge a gap in identifying classes of
sounds that are minimally distinctive (e.g., [e] and [i]). The marked N100m latency
for the syllable [go] found in study IV can be explained best by the summation of
power in the very low spectrum (see above), but why should this latency itself not be
exploited as an informational value to identify this syllable? Although not measured
in the same subjects, the distinct reaction times to [go] (see study IV appendix, Fig. 3)
help to argue for such a functional N100m latency interpretation. What kind of experiment could be performed to validate the cognitive role of N100m latency and
transcend the common epiphenomenal interpretation? An implicit assumption accompanying the N100m interpretation put forward here is that the speech sound
differences we found in the N100m are exclusively evident in this time range, and
would not be seen on the P50m: they should reflect an output characteristic of the
N100m-generating networks, not pure bottom-up input characteristics. This assumption cannot be validated, since the P50m was a rather elusive component in our experiments (cf. grand average waveform figures in study I, III, IV, VI). Therefore, an
alternated study design with a considerably larger number of trials and a shortened
inter-trial interval could yield reliable P50m responses, which then could be analyzed with regard to their peak latency. A simple spectral dependence would also be
expected for the P50m response latency, but the complex pattern reported here (see
study III appendix, Fig. 1, lower panel) should be confined to the N100m. A more
conventional experiment to back the N100m role in linguistic information processing
would comprise non-speech imitations of the formant peaks inherent in [e], [i], [o]
and [u] (built from superimposed band-passed noises with formant-corresponding
center frequencies). However, as discussed above, experiments which try to mimic
natural speech too closely run danger of evoking percepts of speech and are likely to
trigger the same processes, not resulting in any gain of knowledge. The most promising approach would be to exploit the ‘perceptual magnet’ effect described previously
(Kuhl, 1994; 2000) and to use both ‘good’ and ambiguous exemplars of native speech
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sounds. If the N100m latency carries information about speech sound categories
similarly as proposed for the N100m topography, then ‘good phonemes’, i.e. typical
German [e] and [i], should elicit clear latency differences. N100m latency to ambiguous exemplars should not be a linear function of spectral parameters inherent to the
signal, but mirror subjects’ perceptual labeling of the stimuli. Roberts and Gage pursued such an idea recently: they gathered evidence for a rather linear N100m latency
mapping (see 3.3b.3) and an amplitude reduction for the ambiguous exemplars instead (Roberts & Gage, 2002). The approach of using vowel continua nevertheless
appears worth of further systematic testing.
Beyond N100m peak latency, Picton and colleagues argue that the analysis of onset
and offset latencies of evoked potential/field components would allow a more
conclusive interpretation of the underlying processes (Picton et al., 2000).
Determination of these parameters would be even more dependent on signal to
noise ratio. But elaborated parameterization techniques such as jackknifing (Ulrich &
Miller, 2001), bootstrapping (Galan, Biscay, Rodriguez, Perez, & Rodriguez, 1997), or
statistical analysis of source waveform morphology (as used for peak latency in
study III appendix; for an application see Vihla, Kiviniemi, & Salmelin, 2002) emerge
as creative tools to enhance understanding of the speech processing time course.
4.1.5 Features of speech sounds are mapped anterior of primary auditory cortex
The studies presented here did not show any evidence that the center of cortical activity around 100 ms post speech sound onset is really confined to posterior areas of
the superior temporal gyrus, i.e., to classic language areas. Conversely, both times
we recorded a non-speech sound (1 kHz tone or band-passed noise, studies II, IV)
serving as a functional landmark of auditory core and belt activation, the source
thereof was located posterior to the speech-evoked sources (cf. Rockstroh et al.,
2001). In other words, N100m activity evoked both by vowels and CV-syllables appeared shifted to more anterior fields of the supratemporal plane. This collaborates
the model of segregated auditory processing streams, with detailed analysis of auditory objects being foremost accomplished by fields anterior of AI (Rauschecker,
1997). Rauschecker and colleagues have also collected animal and human data implying a significant role of these anterior-temporal regions in species-specific vocali-

4 General Discussion

149

zation processing (Zielinski & Rauschecker, 2000; Tian et al., 2001). The pilot fMRI
study (V), although failing to reveal a clear topographical separation of phonological
features, showed that the most anterior portions of the temporal lobe are involved in
fine-grained analysis of these speech sound features.

Figure 1. All dipole fits of all conditions and subjects entering the source space analysis in
studies III (isolated vowels, open circles) and IV (CV-syllables, black squares) in the axial
plane (upper panels) and the sagittal plane (lower panels) are plotted separately for left and
right hemisphere. Schematic heads illustrate the viewing perspective only and do not depict
absolute location of dipoles. Syllable and vowel source distributions differed only in the left
hemisphere, simultaneously along medial-lateral dimension (Mann-Whitney U, p<.0001)
and posterior-anterior dimension (p<.001; upper left panel).
Vowel and syllable stimuli (in studies III and IV, respectively) also differ in their
spectro-temporal complexity, i.e. syllables require the extraction of dynamic spectral
changes over time. An auditory ‘what’ system cascading from AI to more anterior
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sites49 with increasing stimulus complexity could consequently be reflected in absolute N100m location differences between vowels and syllables. Interestingly, when
overlaying absolute source locations from both studies, a shift of activity could be
observed, with spectro-temporally complex syllables in general being processed
slightly more anterior and medial than spectrally stationary vowels in the left hemisphere (Fig. 1). Therefore, we can tentatively assume a human auditory ‘what’ cascade: pure tones and band-passed noises activate core and belt areas (Wessinger et
al., 2001), vowels which are characterized by steady-state spectra and clear spectral
peak and valley patterns activate more anterior patches (Studies II, IV), and stopconsonant-vowel combinations (adding complexity through fast spectro-temporal
changes) allocate to even more anterior sites (study IV; see also Figs. 1, 2 in this section).
However, the most anterior activation was found in study V, an fMRI study with
vowels only. Two explanations are feasible here: first, the N100m studies reported
before reflected only the centroid of activity, and phase-coherent planum polare activity may also have been evident but may have gone undiscovered. Second, the
strong anterior STG activation in fMRI could be due to the complex auditory percepts that emerged through our stimulation paradigm (study V, Fig. 1). The 2 seconds-long cycles of vowels with a cycling velocity of about 3 Hz are not pure spectral vowel patterns but bear a strong temporal component, and subjects could have
accomplished the target detection task by integrating over the whole 2 seconds pattern and listening for pattern violations. Such a complex processing of compound
objects should trigger parts of the STG that rank high in an auditory ‘what’ cascade.
It is very important to acknowledge the preliminary nature of all auditory streamsegregation models currently discussed. This is best illustrated by the diversity of
models and their partly contradictory functions-to-streams assignment (for a review
see Scott & Johnsrude, 2003) albeit a general consensus on ‘what and ‘where’ aspects.
For example, Zatorre and colleagues assign extraction of meaning from an utterance

‘anterior’ is a very rough and oversimplified approximation, as source analysis is mainly performed
along fixed spatial dimensions. Evidence for this processing stream comes mainly from macaque
studies, and postulates here are made while being aware of the considerable deviations in absolute
anatomy of human and primate temporal lobes.

49
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to the dorsal pathway, whereas the ‘what’ pathway shall be mainly dedicated to
speaker identification. In sum, the twofold stream segregation models are only transient working hypotheses, but highly testable and stimulating ones (see model below).
4.1.6 Hemispheric asymmetries
The shift of activity between isolated vowels and syllables, i.e. stationary spectral
and complex spectro-temporal patterns, was confined to the left hemisphere (Fig. 1),
whereas the right hemisphere revealed no hints to topographically separate processing preferences. The most salient interpretation for this effect presumes that (i) the
left hemisphere houses specialized networks for fine temporal analysis of the speech
material (Schwartz & Tallal, 1980; Zatorre & Belin, 2001; Zatorre, Belin, & Penhune,
2002); and that (ii) at the same time, the spectral segregation of place features is accomplished successfully both in the right and left hemisphere (cf. the missing interaction of feature mapping effects and hemisphere in studies I, III, IV, and VI). In
sum, the N100m did not show simple hemispheric preponderances due to the stimuli used. But the underlying functional configurations of the cortical areas that generate the N100m activity may well differ between hemispheres. In close correspondence to Zatorre and Belin’s experiments where fine temporal and spectral processing was selectively challenged by parametric variations in non-speech sound material along these two dimensions (Zatorre & Belin, 2001), it may be necessary to push
the right-hemispheric capability of resolving the fast spectro-temporal changes in
speech to its limits if differences between hemispheres shall be unraveled. Isolated
speech segments may therefore not be the adequate material to test natural processes
of divided and specialized processing of speech in separate networks in the left and
right hemisphere. Alternatively, the highly specialized processing of different aspects of speech in the left and right cerebrum could be confined to processes later or
earlier than the N100m time window.
In figure 2, I propose a moderate version of previously proposed hemispheric
asymmetry models (Schwartz & Tallal, 1980; Fitch, Brown, & Tallal, 1993; Zatorre,
Belin, & Penhune, 2002; Poeppel, 2003). This model is also compatible with the empirical findings of studies III and IV, namely:
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no functional hemispheric asymmetry evident in the N100m mapping of speech
sounds,

•

a more prominent mapping of vowel features (dipole translocation),

•

a stop consonant mapping which is smaller in extent (dipole rotation rather than

translocation), but which draws the N100m activity to a different, more anterior cortical patch in the left hemisphere (cf. Fig.1, this section).

Figure 2. Proposal of a moderate hemispheric asymmetry model for temporal vs. spectral aspects of speech that can account for a number of findings from studies III and IV (see text).
Increasingly complex features of auditory objects appear mapped further anterior, while
hemispheres show slightly different domains of complexity, either fine temporal (left, see also
Fig.1) or fine spectral (right). However, experiments performed here may not have pushed
hemispheres to computational limits in their non-dominant domain, or these limits become
effective later than it is evident in the N100m.
Where do the results from study VII fit in, where a general left-hemispheric preponderance in females was reported? Importantly, the functional segregation of vowels
and syllables within the left hemisphere seen in Fig. 1 (this section) was evident to
the same extent in female and male subjects, despite a slight rotation of the vowel
and syllable regression slopes (cf. Fig. 1) depending on gender. This supports the
argumentation of study VII (3.7.4), that male and female subjects most likely differed
in the extent to which they utilized specialized networks in the left and right hemisphere to accomplish the syllable categorization task. Interestingly, females’ lefthemispheric preponderance correlated with their ability to solve the more complex
syllable fragment categorization task. Maybe a categorization study that raises task

4 General Discussion

153

difficulty by using only syllable fragments, more different consonants and shortened
inter-trial intervals could solve the unclear situation of hemispheric asymmetry: either gender differences would be strengthened, which in turn would argue for substantial gender differences in basic speech sound perception, or gender differences
would diminish, yielding a general left-hemispheric dominance in both men and
women for resolving formant transitions (Schwartz & Tallal, 1980). This could also
be tested thoroughly with a dichotic listening paradigm (Studdert-Kennedy &
Shankweiler, 1970; Schwartz & Tallal, 1980).
Most importantly, study VII did not show interactions of hemispheric amplitude
differences between sexes with the syllable-specific effects reported in study IV,
therefore the mapping of speech sound features which is central to this thesis stands
undisputed by subjects’ gender.
4.1.7 The possible confound of attention
Study VI added important evidence that a phonological focus of attention is not crucial for the topographical mapping effect (3.6.3, 3.6.4), and that attention on other
non-phonological features of the speech stream suffices. But what about passive listening to speech? It would be necessary to quantify the influence of a subject’s attention to the speech material, since present data allow no conclusions upon the role of
active, task-induced processing for the separate mapping of features. At least,
Mäkelä et al.’s mapping of spectral dissimilarity (Mäkelä et al., 2003; see above) was
obtained in a passive listening condition, which is another hint to the robustness of
speech sound mapping against attentional variation. But a direct proof of attentional
invariance is still missing. Topographical separation was clearest for those vowels
for which place differences provided the only distinctive feature (study III, III appendix). Attentional effects could have played a role here, in that short-term plasticity (the experiment lasted for about an hour) dependent on the task demands (distinguish
classes of vowels irrespective of how hard they are to distinguish) could have fine-tuned
the representational networks underlying the N100m (Braun et al., 2002). However,
since study VI did not show any hint to a task-dependent change in relative distance
between the CORONAL and DORSAL vowel N100m centers, no evidence for such an
attentional influence is present.
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Importantly, the non-speech conditions we used as references for the speech-evoked
sources and upon which we have built the argumentation for an anterior processing
of speech sounds, bears the shortcoming that all non-speech conditions were also
non-task conditions (studies II, IV, V). The separation of speech sounds and the nonspeech tone or noise in separate blocks was done to avoid pop-out effects, which in
turn could have elicited changes in N100m activity. A separate recording of a whole
set of simple non-speech sounds combined with a comparable task would have been
indicated, but was omitted for reasons of experimental duration. Thus, the attentional difference as a possible confound can hardly be ruled out post-hoc.
The often assumed posterior N100m location is usually elicited by unattended
speech sounds (in the vicinity of the planum temporale rather than anterior of AI, cf.
Lütkenhöner & Steinsträter, 1998), and the more anterior activity seen throughout
this thesis could be partly due to the involvement of different, more anterior cortical
patches through the more active processing of the stimulus material. Nevertheless,
the ‘cascade’ assumption remains valid, as another main thread of evidence for such
a cascade comes from the direct comparison of active vowel and active syllable processing (4.1.5; Fig. 1), where the attentional influence was controlled in both experimental setups.
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A model of speech sound identification by feature integration (SSI FI)

In the following section, I will try to integrate the evidence gained in this thesis with
established findings from auditory neuroscience and with some linguistic knowledge about phonological features into a very fragmentary model of feature-based
speech sound identification (Fig. 3). Where necessary, I will propose experiments
that would allow further testing of such a model. However, this model is explicitly
conceived to point beyond the conclusions, which can be safely drawn from results
of this thesis. One message is that auditory neuroscience of speech could borrow and
test more mechanisms and concepts already established in research on the visual
system, foremost the role of coherence and feature binding in object representation.
The gray-shaded boxes below comprise the postulates of the model, and they correspond to steps in the graphic model displayed in Fig. 3, moving from top to bottom.

Speaker invariance (i.e., robustness against spectral translation, dilation/compression and shearing) is given comparably early in the speech processing pathway, most likely as early as in primary auditory cortex.

Ru et al. for example show that the logarithmic frequency mapping in auditory cortex should be surprisingly robust against linear transformations of the speech signal
spectrum due to different vocal tract lengths or different degrees of articulation (Ru,
Chi, & Shamma, 2003). They combined vocal tract simulation studies with knowledge from auditory cortex (AI) configuration in ferrets in an elegant way. But what
are the exact anatomical correlates of ferret AI in humans? In the macaque, it has
been shown through tracer and lesion studies that input to the anterior auditory
fields belonging to the ‘what’ system is not mandatory to pass AI. At least in part,
information from the ventral medial geniculate body in the thalamus bypasses AI
and enters directly the rostral field R (Rauschecker, 1998). Together with the simultaneous finding that caudal ‘where’ system fields do not receive such direct thalamic
input, this was an important piece of evidence to assume two parallel pathways in
the first place. But it leaves open the question whether the human analogue of R
could provide such a robust representation of the speech signal (Fig. 3, top middle)
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to further processing stages. Maybe this robustness is even accomplished earlier in
the auditory pathway (Eggermont, 2001).

Figure 3. A highly fragmentary and speculative model for the implementation of speech
sound identification in human cortex is shown. Hemispheric differences in specialization for
different aspects of the auditory signal are very likely (see 4.1.6, Fig. 2) but not shown here.
See gray-shaded boxes in the text for comments on the model and its implications. The CF vs.
BW plot (top middle) appears in Ru et al., 2003.
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A thorough testing of the role of primary auditory cortical areas in speech sound
decoding would ideally comprise speech sound identification tasks while functionally lesioning the primary auditory cortex (electrical interference with implanted
subdural electrode arrays, cf. Boatman, Lesser, & Gordon, 1995; or transcranial magnetic stimulation).

This multiple representation of the speech input is exploited simultaneously
for a fine-grained, high-resolution analysis needed for content analysis (what)
and a low-resolution analysis sufficient for extraction of global acoustic properties, i.e. speaker identification and prosody tracking. The latter is also sufficiently detailed to subserve spatial localization of a sound source and tracking
of its movement (where).

The characteristic of primary cortical areas most relevant to speech sound decoding
could be their multiple and simultaneous representation of auditory input, as exemplified in the characteristic frequency (CF) vs. bandwidth (BW) representation at the
top of Fig. 3. Such a quasi-orthogonal layout of auditory cortical neurons is wellestablished (Rauschecker, Tian, & Hauser, 1995; Schreiner, Read, & Sutter, 2000).
This would allow a more robust signal representation as well as a splitting of different aspects of the signal. Low-resolution analysis could provide sufficient information to feed into the ‘where’ system, i.e. to localize a sound source or to track its
movement in space. Pitch extraction could also be accomplished based on the lowresolution aspects of the signal and could subserve speaker identification and prosody tracking.
The speaker identification task in study VI also implied that a parallel and simultaneous processing of different speech signal aspects is feasible: when subjects were to
attend speaker distinctions, activity in the N100m time range shifted and most likely
involved additional speaker-specialized networks (low resolution) – while the segregation of phonologically distinct vowels was maintained (high resolution).
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The content analysis itself comprises a number of subdivided processes, which operate in parallel on the high-resolution PAC output:
The subdivided processes code different aspects and invariants (acoustic
features) of the sound spectrum.
Thereby, the simpler and more perceptually salient features are mapped
most prominently in one-dimensional maps and are most likely to be detected as changes in neurotopography50; more complex invariants in the
signal that accompany certain articulatory gestures are represented as
combinations of states of different feature maps and are likely to go undetected at the macroscopic level.
Features mapped can be either mainly spectral in nature (formant frequencies, formant bandwidths, formant ratios) or mainly temporal (VOT,
evoking sequences of discharge patterns over time; Steinschneider,
Schroeder, Arezzo, & Vaughan, 1995) or spectro-temporal (FM sweep-like
formant transitions).
Feature maps are ‘warped’ (P. Kuhl) to represent the distributional laws of
a stimulus dimension most efficiently. That is, no linear mapping of
acoustic signal properties is assumed.

Non-correlated mapping of several independent stimulus aspects (e.g., intensity,
FM-sweep direction) has been shown for tonal stimuli in primate AI (Recanzone,
Schreiner, Sutter, Beitel, & Merzenich, 1999). And as neurons further anterior and
lateral of the primary auditory cortex become increasingly responsive to complex
stimuli (Scott & Johnsrude, 2003), a correspondent mapping of increasingly acoustic
features is also highly plausible. This implies a mapping of more broad stimulus
properties and an increasing tolerance to acoustic variation. But it does by no means
imply that these feature maps are exclusively activated by speech. There is good rea-

The term ‘map’ is not confined to the simple case of one-dimensional coding of stimulus characteristics along the cortical surface (e.g. cochleotopic map, homunculus in somatosensory cortex). The
‘mapping’ term can be used more abstractly for the systematic coding of stimulus properties in neuronal discharge patterns, i.e. in the temporal domain exclusively. The mapping transformation can
also become even more obscured and can surface as complex spatio-temporal firing patterns that are
best imaged by nonlinear projection algorithms (Ohl, Scheich, & Freeman, 2001).

50
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son to assume that speech decoding shares cortical resources with processing of
complex non-speech material to a large extent (Deacon, 1997), and that the abilities
to resolve complex acoustic signals necessary for speech decoding are already laid
out in the primate brain (Rauschecker, 1998; Hauser, Chomsky, & Fitch, 2002).
One of the reasons that human auditory cortex can represent the various aspects of
speech sounds much more fine-grained than a monkey brain can do, is surely the
species-specific behavioral relevance of speech communication: behavioral relevance
itself is a powerful influence on the formation of functional cortical maps (Recanzone, Schreiner, & Merzenich, 1993; Buonomano & Merzenich, 1998; Kilgard & Merzenich, 1998).
There may also exist a hierarchy of features, in that most salient and most robust
features such as F2 or F2-F1 distance surface in maps that can be detected using macroscopic brain imaging (studies III, IV). Other features in contrast may surface in
maps that are smaller in spatial extent (e.g., stop consonant features in study IV), or
that are expressed mainly in the temporal domain, i.e. in firing rate patterns, rather
than in spatial shifts of activity. Evidence for such differences is supplied by the
complementary rather than redundant feature information contained in N100m topography and latency (studies I-VI).
The interindividually variable mapping in study I, where we identified intra-subject
but not inter-subject preservation of spectral relationships between vowels, can also
be explained by the combined activity in different feature maps, since no onedimensional stimulus change was used, as in studies III, IV. Whenever change only
along a single feature dimension is considered (e.g., only F2-F1 variation), group effects may be easier to discern due to less variation in feature map configuration
across subjects.

More generally, it is assumed that the formation of all such feature maps is due to
input statistics (non-monotonous distribution of the mapped feature
dimension in the speech signal, cf. elaboration on mutually exclusive
CORONAL

vs. DORSAL places in 1.2.3);

behavioral relevance (only those features which bear a behavioral relevance because they can be minimally distinctive of two meaningful
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sounds will be mapped; only orthogonal but not co-varying features will
be mapped);
interaction of the emergent mapping in the auditory cortex with the motor
system, learning to accurately reproduce the heard speech sound patterns.
(Although out of scope of this thesis, self-organizing feature maps could
surface both in auditory areas in the temporal lobe as well as in pre-motor
areas in the frontal lobe; see 3.5.3).

Feature maps in the auditory system are supposedly tuned and adjusted to represent
best the behaviorally relevant acoustic signals. Speech is highly relevant to human
behavior, and it is amongst the most complex spectro-temporal signals humans encounter in their environment. Therefore it is plausible that higher-order maps exist
which code important aspects of the speech signal in a systematic way. It is these
feature maps which develop over the first year of life or so and which could drive
the MMN results in neurodevelopmental studies (Cheour et al., 1998; Dehaene-Lambertz & Baillet, 1998). Feature maps become more and more efficient in encoding
aspects of the speech signal, as they increasingly represent the distributional laws
and covariances in the speech signal (they become ‘warped’). The distinct mapping
of CORONAL and DORSAL speech sounds in studies III and IV supports this assumption. Such a warped feature map may increase the speech sound encoding efficiency,
but it will also decrease the system’s flexibility to learn new speech sounds or to detect subtle changes within classes of sounds. This is what we see in adult humans: A
highly robust encoding of speech that tolerates huge intra-categorical acoustic variation, and which hardly allows acquiring new phonological contrasts.
Without having direct evidence, the parallel existence and activity of a whole set of
feature maps is assumed, each one mirroring those invariant spectral or temporal
aspects of the speech signal they are best tuned to. Unfortunately, this is hardly a
falsifiable assumption using current non-invasive research methods. Perhaps a feasible experiment arises from the way these parallel feature processing mechanisms
have to be re-integrated to build percepts of speech (see below): if we could manipulate a set of speech sounds or running speech such as that only one feature is consistently assigned wrongly (e.g., switch first and second formant frequency values;
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switch voicing; switch FM sweep directions), the evoked and induced brain responses mirroring feature integration (see below) should deviate, as feature integration will not succeed. More than one condition of single feature manipulations based
on the same material and with comparable effects on the brain response would
gather evidence that several features are processed in a parallel fashion in the auditory ‘what’ system. The experiment I am proposing would be a slightly more systematic and technically more challenging manipulation to speech than it had been
performed previously (Scott, Blank, Rosen, & Wise, 2000; Davis & Johnsrude, 2003;
there, the spectrum of the speech signal as a whole was rotated, and no certain feature-extraction idea was pursued).
I propose a twofold answer to the question what the perceptual and neurobiological
correlates of phonological features (Lahiri & Reetz, 2002) are: first, simple and salient
phonological features with relatively clear-cut acoustic consequences are identical
with the categorical mappings of acoustic features. Following our own studies, PLACE
and HEIGHT are most likely the salient features that are mapped this way, and
VOICEDNESS may

also be such a high-ranking and directly mapped feature. Second,

phonologically as important but acoustically more complex, correlates of phonological features such as LABIAL, RETRACTED TONGUE ROOT, VOCALIC can only be represented in certain combinations and sequences of activational states in different
acoustic feature maps. In sum, the perception of phonological features must have a
neurobiological basis, although future research may require a change of terminology: As pointed out in the General Introduction, the concept of phonological features
was a production-based approach (Jakobson, Fant, & Halle, 1976), but the degree to
which the perceptual system recurs on either the production of the speaker or on
own stored production patterns is still unresolved (Liberman & Mattingly, 1985;
1989). The invariants extracted in the auditory system are certainly due to invariances in production, but the latter must have an auditory consequence. Therefore,
the assumption of acoustic features, which can be re-combined in a complex fashion
to signal the extraction of phonological features, appears to be the safest conclusion
to draw.
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Acoustic feature maps are the highest-order maps, although these features
alone do not form acoustic objects, i.e. percepts of speech. Percepts of speech,
and all consecutive processes performed, e.g. the meaning that is obtained
from the signal, are reconstructed on the basis of synchronized (‘coherent’)
activity across feature maps, by processes that have been proposed previously to enable object perception in the visual system.

It is an appealing idea that the auditory cortex could reflect the multitude of speech
sounds in conjunctions of activity due to the extracted (phonological) features. In the
much more extensively studied visual system, the sensory break-down of visual information and the selectiveness of visual cortex neurons for different simple features
of stimuli has become general knowledge (e.g., Hubel & Wiesel, 1965; Hubel, Wiesel,
& Stryker, 1978; Hubel & Wiesel, 1998). Sophisticated solutions have been proposed
for the challenging question of how to reintegrate singular aspects of visual stimuli
and how to form the perception of holistic objects: this process of ‘piecing together’
the encapsulated percepts of extracted features is commonly referred to as ‘binding’
and is proposed to be accomplished through highly synchronous firing patterns of
the neurons involved in single feature coding (Engel, Fries, & Singer, 2001; Varela,
Lachaux, Rodriguez, & Martinerie, 2001). Engel, Singer and colleagues have demonstrated that exact temporal synchronization of neuronal discharge patterns within as
well as across functional areas has a role to play in object recognition. In human
EEG/MEG research, such object representation processes may surface as enhanced
induced power in the 40 Hz gamma band range (Pulvermüller et al., 1996; TallonBaudry, Bertrand, Wienbruch, Ross, & Pantev, 1997; Tallon-Baudry & Bertrand, 1999;
Keil, Müller, Ray, Gruber, & Elbert, 1999; Knief, Schulte, Bertrand, & Pantev, 2000)
and as phase synchrony between recording channels (Rodriguez et al., 1999; Miltner,
Braun, Arnold, Witte, & Taub, 1999; Elbert & Keil, 2000; Varela et al., 2001).
Speech sound decoding may exploit exactly the same neuronal mechanisms as nonspeech auditory object representation or visual object representation. Most importantly, an enormous advantage would arise from mapping single speech sound features and binding them together through oscillating mechanisms: such an architec-
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ture would instantaneously represent whole objects, i.e. words or utterances, by gluing together typical activational states in single feature maps over time: A child that
has learned the word form [k a: r] will activate a sequence or a cascade of very basic
acoustic features (see above) every time he or she hears the word, and the learned
connection with the object ‘car’ will be activated. The kid will probably not be aware
of the phonemes building this acoustic object, [k] or [a:], but it can perfectly and automatically detect the acoustic properties or features making up the percept [k a: r].
When entering school, kids will then learn to focus their awareness on single constituents of words, and foremost to those constituents that play a role in written language: phonemes, which are graphemes’ spoken counterparts. I argue that phoneme
detection is an acquired capability of top-down analysis. But it appears not to play a
crucial role in perceiving speech. Let me point this out using an oversimplified example from visual object recognition: An infant will learn to recognize cars very fast
and effortlessly, based on typical basic perceptual features of forms, orientations,
angles, shapes. These basic percepts are bound together through oscillatory neuronal
activity, signaling the perception of a car. But only later in life will top-down knowledge allow the infant to identify the headlights when viewing the whole car, or to
tell the wheels from the roof.
However, one important deviation in auditory object recognition arises from the dependency on the time domain and should be a focus of forthcoming speech research:
Whereas visual features of an object hit the retina virtually synchronously and can
be processed in parallel, the bottleneck of time affects auditory feature processing
twice: first, all features only develop over time (see study IV appendix), as it is the
nature of sound to develop over time. Some features, such as VOICEDNESS, are even
purely temporal phenomena. Second, the object itself, that is the word or the whole
utterance, develops only slowly over time, and it can take up to hundreds of milliseconds until all acoustic information necessary to recognize a word has been presented.

How could we test the role of coherent brain activity in speech perception? As outlined above, an experiment that selectively manipulates speech material to form noncoherent objects of speech could reveal differences in gamma band power of the
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auditory brain response. In the non-speech domain, Knief and colleagues synthesized complex tones that either formed an auditory object (harmonic complex tone
with or without fundamental) or did not do so (non-harmonic complex tone without
any fundamental). They analyzed induced and evoked MEG gamma band responses, but found only effects on the evoked gamma response (Knief et al., 2000) –
just like another study which reported enhanced evoked gamma responses to syllables compared to complex non-speech analogues (Palva et al., 2002). Although the
functional distinction of evoked and induced brain responses is unclear yet
(Pulvermüller, Birbaumer, Lutzenberger, & Mohr, 1997; Tallon-Baudry et al., 1999),
the general approach of comparing natural auditory ‘gestalts’ with incoherent
sounds or less gestalt-like, artificial non-speech sounds is a promising one. Lastly, I
want to propose a learning experiment where subjects would acquire new combinations of features that are combined with new objects. For example, adding lip rounding to vowels of German words where no lip rounding is usually present would
make up new words and signify new objects. The usage of phonotactically improbable clusters of features is proposed, to form real non-words instead of pseudowords. A first study should concentrate on one single new feature-combination rule
and apply this rule to a whole set of new words (Alternatively, acquisition of a feature combination present in a foreign language but not known to Germans is feasible). Subjects would receive extensive massed training on these new auditory objects
(which is basically what happens when we learn to perceive and to pronounce a new
language or another dialect) in combination with a behaviorally relevant task (e.g.,
reward dependent on correct identification of corresponding objects). Pre-, peri- and
post-training EEG recording sessions would allow the detection of selective changes
in induced gamma band power and in phase coherence within auditory brain regions and beyond. Comparisons with minimal pairs, i.e. German words minimally
differing in their featural composition from the newly learned words, should be considered. An unsolved problem would be posed by the usage of whole word stimuli
and the concomitant selection of the time window of analysis: when exactly to expect
changes in the induced auditory brain response? Over the whole period of word
processing, when the newly formed feature combination occurs, at the point of
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uniqueness for newly learned words, or not before all acoustic information has been
presented?

Another open question concerns the involvement of posterior STG (planum temporale, PT, or more broadly Wernicke’s area) in speech perception. This issue is not
even remotely covered by this thesis, and despite the critique on lesion studies, an
important role for the planum temporale areas in speech processing is generally assumed. The model in figure 3 therefore shows a gray dashed arrow connecting the
‘what system’ processes (assumed to be implemented in anterior temporal lobe
structures) to the planum temporale. Griffiths and Warren (Griffiths & Warren, 2002)
have also argued that the planum temporale is not a language-specific part of STG,
but that it rather serves as a ‘computational hub’ that integrates a large amount of
acoustically pre-processed information – a function that is especially important in
speech processing and which plays a key role in what has been termed ‘auditory
scene analysis’ (Bregman, 1990). If we extend the comparison between auditory and
visual modalities, we could consider a bar of light that moves across the visual field
to be the visual analogue to a frequency-modulated sweep across the audible spectrum. And we could then assume, that not only auditory sound source location
changes but also spectro-temporal shifts are movements within the auditory scene.
Then, the integration of spectro-temporal changes would be a task of the ‘where’
processing stream, and the planum temporale’s position posterior to primary auditory areas would well fit such an assumption. The PT has also been shown to be involved in real sound motion tracking (Warren et al., 2002), so the questions concerning both the interaction of posterior and anterior speech processing areas and the
nature of auditory ‘where’ processes remain unanswered.

Lastly, the perceptual processes, which integrate features to build percept of
speech, are subject to top-down influences. These influences can selectively
enhance or suppress single feature mappings.
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Three likely candidates are ideally shown at the bottom of Fig. 3 as spotlights that
selectively highlight the feature-binding stage: prefrontal cortex (where ‘what’ and
’where’ stream converge, Romanski et al., 1999), posterior parietal cortex (involved
in spatial processing and also shown to be active in auditory working memory;
Kaiser, Ripper, Birbaumer, & Lutzenberger, 2003) and inferior frontal gyrus (IFG),
the role of which is unclear in perceptive speech processes (see 3.5.3).
Prefrontal cortex is important in both categorical learning and guided attention
(Bunge, Kahn, Wallis, Miller, & Wagner, 2003; Freedman, Riesenhuber, Poggio, &
Miller, 2003). It may be crucial for the formation of feature maps in the first place,
and it could also help shift attention to selected aspects of the speech signal (as seen
in study VI).
IFG influences may be due to its role in verbal working memory (Chein, Fissell, Jacobs, & Fiez, 2002). But a disambiguation of speech input by selectively co-activating
the own stored articulatory motor patterns is also feasible. This idea arises from the
divergence of MEG and fMRI results of vowel processing: paradigms differed
mainly in the signal to noise ratio of vowel presentation, and no hints to IFG involvement were found in MEG. A parametric MEG study could falsify the assumption of increasing IFG involvement with increasing speech ambiguity: subjects
would perform target vowel detection tasks (just as they did in MEG and fMRI) but
under differential acoustic noise levels or levels of speech degradation (simulating
fMRI acoustic situations). When analyzed with a distributed sources model, inferior
frontal areas should show an activity increase, whereas auditory areas should show
no change or even a decrease of activity with poorer speech quality. Prior to that,
however, MEG data from previous studies should be re-analyzed with a distributed
source model to ensure that no significant IFG activation phase-locked to STG activation went undetected.
4.3

Conclusion

This thesis presented results from several brain imaging studies that all focused on
perception and neuronal representation of German vowels and consonant-vowel
syllables.

4 General Discussion
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In studies I-IV, mainly the time course and the source configuration of the N100m
component of the auditory evoked field were analyzed to quantify the impact of
vowel and consonant properties on their cortical processing both in time and space.
Study V reported a pilot fMRI study, searching for the anatomical correlates of feature extraction more precisely than it had been possible with MEG. Studies VI and
VII controlled for notorious confounds in speech perception studies attention and
subjects’ gender. Key findings include
•

The preservation of spectral relationships between vowels as quantified in a F1,F2
vowel space in functional cortical maps (studies I, II).

•

The important role of the constituent feature PLACE OF ARTICULATION for the topographical mapping of speech sounds, and its superiority in accounting for the
N100m mapping found. No evidence of a completely separable mapping of phonemes, but of a separable mapping of mutually exclusive PLACE features was
found (studies I, III, III appendix, IV). A preliminary meta-analysis confirmed the
small but consistent effect of PLACE.

•

A complementary role for the N100m latency in extracting features from the
speech signal (studies III, III appendix, IV, IV appendix).

•

Speech sound analysis to be accomplished mainly in sections of the superior
temporal gyrus that are anterior of primary auditory cortex (studies II, IV). Together with a pilot fMRI study (study V), this supports recent proposals of an
auditory ‘what’ processing stream.

•

Robustness of the feature-based mapping against variation of attentional focus
(study VI) and independence of subjects’ gender, despite a general N100m lefthemispheric preponderance in females (Study VII).

As a prospect on research strategies that could emerge from these studies, a highly
speculative model of feature extraction-based speech sound identification was proposed and discussed.
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