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ABSTRACT
The present thesis investigates the sensitivity of the human auditory cortex
(AC) to the contrast between prototype and nonprototype vowels as well as
between phonemic and nonphonemic vowels. Activations to vowels were
measured with functional magnetic resonance imaging (fMRI), which was
also used to analyze the effect of categorical processing on modulations in AC
and adjacent inferior parietal lobule (IPL) observed during active listening
tasks. A prominent theoretical view suggests that native phonemic vowels
(i.e., phonemes) are represented in the human brain as categories organized
around a best representative of the category (i.e., phoneme prototype). This
view predicts systematic differences in the neural representations and
processing of phoneme prototypes, nonprototypes and nonphonemic vowels.
In three separate studies, subjects were presented with vowel pairs and
visual stimuli during demanding auditory and visual tasks. Study I compared
activations to prototypical and nonprototypical vowels, whereas Study II
focused on the contrast between phonemic and nonphonemic vowels. Study
II also tested whether activations in IPL during a categorical vowel memory
task depend on whether the task is performed on phonemic (easy to
categorize) or nonphonemic (harder to categorize) vowels. Study III was
designed to replicate the key findings of Studies I and II. Further, Study III
compared activations to identical vowels presented during a number of
different task conditions requiring analysis of the acoustical or categorical
differences between the vowels.
The results of this thesis are in line with the general theoretical view that
phonemic vowels are represented in a categorical manner in the human
brain. Studies I–III showed that information about categorical vowel
representations is present in human AC during active listening tasks. Areas
of IPL, in turn, were implicated in general operations on categorical
representations rather than in categorization of speech sounds as such.
Further, the present results demonstrate that task-dependent activations in
AC and adjacent IPL strongly depend on whether the task requires analysis
of the acoustical or categorical features of the vowels. It is important to note
that, in the present studies, surprisingly small differences in the
characteristics of the vowel stimuli or the tasks performed on these vowels
resulted in significant and widespread activation differences in AC and
adjacent regions. As the key findings of Studies I and II were also quite
successfully replicated in Study III, these results highlight the importance of
carefully controlled experiments and replications in fMRI research.
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1 INTRODUCTION
Subjectively, our perception of speech seems to be based on static, letter-like
units. However, speech sounds vary considerably depending on the speaker
and phonetic context (Peterson and Barney, 1952; Liberman et al., 1957).
Despite this acoustic variation, listeners are able to identify and name
isolated speech sounds of their native language with ease as perceptually
distinct categories (Best, 1994; Flege, 1995; Goto, 1971; Werker and Tees,
1984). This phenomenon, categorical perception of phonemes, has evoked
extensive interest in speech sciences as it provides a window into the
fundamental organization of language. The present thesis investigates the
neural basis of categorical phoneme perception by measuring activations in
the human auditory cortex to Finnish phonemic and nonphonemic vowels.

1.1 ORGANIZATION OF THE SPEECH SOUND SYSTEM
Each human language is based on a distinct set of abstract contrastive
categories of speech sounds (vowels and consonants). These categories are
called phonemes. It has been suggested that phonemic categories are
organized around prototypical sounds (best representative of a category;
Kuhl, 1991, 1994; Samuel, 1982). The following paragraphs will introduce
categorical perception of phonemic vowels in more detail.

1.1.1

VOWELS

Vowels are produced with a relatively open vocal tract (e.g., Fant, 1960). The
position of the tongue and lips vary the shape and acoustical characteristics
of the vocal tract resulting in the amplification of certain frequencies (vocal
tract resonances) of sounds. These amplifications are called formants (dark
horizontal stripes in Figure 1). Each vowel has a distinct combination of the
two lowest formants, F1 (associated with the height of the tongue) and F2
(the place of articulation; Assman and Summerfield, 1989; Delattre et al.,
1952; Hillenbrand et al., 1995; Klatt, 1982; Miller, 1989; Peterson and
Barney, 1952; Rosner and Pickering, 1994). The frequencies of the formants
F3, F4 and other upper formants vary relatively little between different
vowels, thus vowels are identified mainly according to formants F1 and F2.
The formant structure of the vowels is relatively stable over time.
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Figure 1. Spectrogram of a typical Finnish /y/ vowel.

1.1.2

VOWEL PHONEMES

Phonemes are abstract perceptual classes of speech sounds (phones). That is,
a phoneme category consists of phones that differ in their acoustic-phonetic
structure. Speech sounds are classified as belonging to different phoneme
categories if replacing one phoneme with another changes the meaning of an
otherwise identical word. According to this rule, /i/ and /a/ are different
phonemes in Finnish (and in English) as, for example, ‘pila’ and ‘pala’ (‘bit’
and ‘bat’) differ in meaning. Although the term is difficult to define
unambiguously, phonemes are usually seen as the smallest semantically
significant units of language.
The number of phonemic vowels in human languages vary considerably.
In Finnish, there are eight different phonemic vowels: /i/, /y/, /u/, /e/, /ø/,
/o/, /æ/ and /a/. Figure 2 illustrates examples of Finnish /i/, /u/ and /a/
vowels (black circles) and three groups of other vowels that are not
phonemes in Finnish (gray diamonds) in F1/F2 space. Note that, despite the
clear acoustic differences, all sounds illustrated as black circles in the top left,
top right and bottom right corners of Figure 2 are perceived categorically by a
native Finnish speaker as /i/, /u/ and /a/ vowels, respectively. The
nonphonemic groups (gray diamonds) in Figure 2 are not systematically
associated with any Finnish phonemic vowels and are not perceived
categorically (without extensive training).
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Figure 2. Examples of Finnish phonemic vowels (black circles) /i/, /u/ and /a/ and three groups
(N1–N3) of nonphonemic vowels (gray diamonds) in F1/F2 space.

1.1.3

CATEGORICAL PERCEPTION OF PHONEMES: PROTOTYPES
AND NONPROTOTYPES

Categorical perception of phonemes has been approached from two slightly
different theoretical viewpoints. According to the first theoretical viewpoint
(boundary-based categorical perception of phonemes), two speech sounds
with equal acoustic distance (e.g., in F1/F2 space) are easier to differentiate
from each other when they belong to different phoneme categories than
when the sounds belong to the same phoneme category (Eimas, 1963;
Harnad, 1987, 2003; Liberman et al., 1957; Pisoni, 1973; Repp, 1984). The
most conservative and strongest version of this view even argued that it is not
possible to tell two different speech sounds apart within the same phonemic
category.
The second viewpoint emphasizes the inner structure of the vowel
categories and the importance of the category prototypes in vowel perception
and categorization. According to this latter view point, phonemic vowel
categories are organized around an ideal or best representative phone (i.e.,
prototype) of that category (Iverson and Kuhl, 1995; Kuhl, 1991, 1994;
Samuel, 1982). Kuhl and colleagues (Iverson and Kuhl, 1995; Kuhl, 1991;
Kuhl et al., 1992) demonstrated that a phonemic vowel judged to be
prototypical was more difficult to discriminate from its neighbors than a less
prototypical one (i.e., a nonprototype phonemic vowel) within the same
phonemic category. This is because the prototypes act as “perceptual
magnets” pulling adjacent vowels together so that the perceptual space
shrinks around prototypes even though the physical distance between the

11

sounds is kept constant. Figure 3 illustrates an individually defined vowel
category border and a prototype vowel in F1/F2 space.

Figure 3. Examples of vowels (blue circles) in F1/F2 space. The gray dashed line shows an
individually defined category boundary between /i/ and /y/ vowels. The best (for this subject)
representative vowel of the phoneme category /i/, i.e., the prototype, is highlighted with a
diamond.

1.2 NEURAL SUBSTRATES OF SPEECH PROCESSING
1.2.1

SPEECH PROCESSING IN THE HUMAN AUDITORY CORTEX

The anatomical and functional organization of the human auditory cortex
(AC) is widely investigated but still many details have remained quite
unknown (Hackett, 2011). Primary AC (A1) occupies regions in and near the
medial tip of Heschl´s gyrus (HG; Moerel et al., 2014; Saenz and Langers,
2014) in the superior temporal lobe. Other auditory cortical areas extend
from HG to planum temporale (PT) and to anterior and posterior parts of the
superior temporal gyrus and sulcus (STG/STS; Woods et al., 2010; Hackett,
2011). Prior imaging literature implicates wide AC regions in the processing
of different aspects of speech (Benson et al., 2001; Binder et al., 2000; Chang
et al., 2010; Dehaene-Lamberz et al., 2005; Desai et al:, 2008; Friederici,
2011; Hickok, 2009; Hickok and Poeppel, 2007; Jäncke et al., 2002;
Liebenthal et al., 2005; Obleser et al., 2006; Raizada and Poldrack, 2007;
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Rauschecker and Scott, 2009; Scott and Johnsrude, 2003; Turkeltaub and
Coslett, 2010, review; Weinberger, 2011; Woods et al., 2011) and suggests
that speech and nonspeech sounds are processed separately already at the
level of primary AC (e.g., Bruder et al., 2011; Edmonds et al., 2010; KilianHütten et al., 2011; Rinne et al., 1999; Uppenkamp et al., 2006; Staeren et al.,
2009; Whalen et al., 2006; Woods et al., 2011).
Previous imaging studies have typically investigated language-sensitivity
in AC by comparing activations during speech and nonspeech (e.g., tones,
pseudospeech, rotated/manipulated speech analogs) sounds (Benson et al.,
2001; Binder et al., 2000; Demonet et al., 1992, 2005; Hutchison et al.,
2008; Narain et al., 2003; Obleser et al., 2006; Uppenkamp et al., 2006;
Vouloumanos et al., 2001; Whalen et al., 2006; Zatorre et al., 1992). In
addition to language-specific activations, however, such comparisons are
typically affected by the (unavoidable) acoustic difference between speech
and nonspeech stimuli (Desai et al., 2008; Liu and Holt, 2011). Some earlier
studies have used acoustically distorted (e.g., sine-wave) speech to compare
activations associated with speech and nonspeech conditions. The
acoustically identical stimulus in uninformed (nonspeech) vs. informed
(speech) condition is perceived either as unintelligible or intelligible speech,
respectively (Giraud et al., 2004; Hakonen et al., 2016; Möttönen et al.,
2006; Tiitinen et al., 2012). Further, speech and nonspeech stimuli may also
differ in other dimensions (e.g., speech stimuli are likely to be more familiar
than nonspeech stimuli; Desai et. al., 2008). Thus, the differences between
activations to speech and nonspeech stimuli should be interpreted with
caution.

1.2.2

THEORIES AND MODELS OF SPEECH PROCESSING

The classic auditory and motor theories of speech perception are mainly
based on phonetic research. More recent theories incorporate results from
animal, lesion and neuroimaging studies, and they suggest the interaction of
auditory and motor operations. The following paragraphs introduce the main
ideas of classic phonetic theories of speech perception and two prevailing
brain-level models of speech processing.

1.2.2.1 Phonetic theories of speech perception
Researchers have long searched for explanations for the human ability to link
variant speech sounds effortlessly into abstract linguistic constructs such as
phonemes. Auditory theories of speech perception (Diehl, 1987; Diehl and
Kluender, 1989; Fant, 1960; Stevens 1981, 1989; Stevens and Blumstein,
1978) emphasize that speech and nonspeech sounds are represented and
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processed in common systems. Auditory theories suggest that acoustic
properties of both speech and nonspeech sounds are similarly analyzed in the
early auditory cortical areas and that speech sounds are matched with their
phonetic representations (e.g., acoustic target of vowel prototypes) in some
higher-lever auditory areas (e.g., Diehl and Kluender, 1989; Stevens, 1989).
Motor theories of speech perception (Liberman et al., 1967; revised Liberman
and Mattingly, 1985), in turn, maintain that speech sounds are processed in
specialized cortical networks (Iverson et al., 2003; Whalen et al., 2006).
Further, motor theories presuppose a close linkage between speech
perception and production so that we perceive speech sounds based on the
knowledge of how these sounds are produced (i.e., motor programs for
articulation). Thus, the auditory and motor theories disagree on how and
when the transformation from acoustic signals to some form of abstract
categories (e.g., phonemes) is accomplished. The auditory theories predict
that acoustic signals are transformed into categorical phoneme
representations in some higher-level nonprimary auditory and auditoryrelated cortical regions (e.g., posterior STG, posterior STS and IPL), whereas,
according to motor theories, speech is already processed differently than
other sounds at the earliest cortical level.

1.2.2.2 The Rauschecker model
The dual stream model introduced by Rauschecker and colleagues (Leaver
and Rauschecker, 2010; Rauschecker, 2011; Rauschecker and Scott, 2009) is
mainly based on neurophysiological recordings in animals and noninvasive
brain imaging results in humans. In this model, a ventral stream originates
from AC and projects to the premotor cortex (PMC) via the anterior STG/STS
and inferior frontal gyrus (IFG). This stream is involved in auditory object
analysis and decoding speech. A dorsal stream, projecting posteriorly from
AC to IPL and further to PCM and IFG, processes information related to
auditory space, motion and auditory sequences (e.g., in speech and music).
The streams from AC to PCM form feedforward and feedback loops for the
integration of auditory-sensory and motor-articulatory information. Thus,
Rauschecker’s model combines ideas from auditory and motor theories and
emphasizes the importance of motor cortices in speech (DeWitt and
Rauschecker, 2012).

1.2.2.3 The Hickok and Poeppel model
The model proposed by Hickok and Poeppel (2004, 2007) also assumes that
speech is processed along two parallel streams. In their model, a ventral
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stream projects from superior STG to posterior STS, middle temporal gyrus
(MTG) and IFG. The ventral stream supports speech comprehension. The
dorsal stream, in turn, projects from STG to regions in the parieto-temporal
junction (Sylvian-parietal-temporal area; Spt), IFG and premotor cortex. The
dorsal stream, and particularly area Spt, supports auditory-motor integration
for speech production. Further, Hickok and Poeppel suggest that the dorsal
stream is involved in auditory sub-lexical speech perception tasks (such as
vowel discrimination and n-back task), as access to phonemic segments is
available within the dorsal stream.

1.3 PROCESSING OF PHONEMIC VOWELS IN AC
Prior EEG studies have reported that the mismatch negativity (MMN)
component of the event-related potential (ERP) generated at least partly in
AC is sensitive to differences between phonemic (native) and nonphonemic
(nonnative) vowels (Bruder et al., 2011; Huotilainen et al., 2001; Näätänen et
al., 1997; Sharma and Dorman, 1998). Aaltonen et al. (1997) showed that
MMN is also sensitive to the contrast between prototypical and
nonprototypical (/i/) vowels. Based on these results, it has been suggested
that language-specific phoneme representations reside in AC.
At least one previous study has used functional magnetic resonance
imaging (fMRI) to measure activation differences for prototypical and
nonprototypical vowels in AC. Guenther and colleagues (2004) presented
their subjects with stimulus blocks consisting of either one repetitive
prototypical or nonprototypical /i/ vowel (judged as good or bad exemplar of
/i/ by most listeners, respectively). Their subjects were required to attend to
the vowels and note the differences from sound to sound (despite the fact
that only one repetitive vowel was presented in a block). They reported
stronger activations in posterior AC to nonprototype than prototype vowel
blocks. The authors suggested that this difference was because the
nonprototype vowel was associated with a larger neural representation than
the prototype vowel. However, it may be that the activation difference
between nonprototype and prototype blocks was affected by additional
(uncontrolled) factors. For example, as the subjects heard only one repetitive
vowel during prototype and one during nonprototype block, the vowel in the
nonprototype block, taken from the category boundary, may have been
perceptually more ambiguous than the vowel in the prototype block.
Consequently, the subjects’ task to detect differences from sound to sound
may have been more attention-engaging during nonprototype blocks. Thus, it
is possible that the enhanced activation during nonphonemic vowel blocks
was related to task-level effects.
Until now the studies on categorical representations of the vowels are still
quite sparse and the results leave many open questions. First, previous
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studies have often compared the activation to one vowel with the activation
to another (in few conditions) so that the results could be related to acoustic
differences between the stimuli. Second, the characteristics of the speech
stimuli have varied from one study to another but also within a study
(natural vs. synthetic speech, native vs. nonnative vowels, isolated vowels vs.
syllable context, sinewaves, noise, manipulated speech analogs, number and
duration of the stimuli, rate of presentation etc.). It is not known how such
variation affects the interpretation and comparison of the results obtained in
different studies. Third, the effects of attention and different tasks on vowel
processing have not been systematically studied although attention and tasks
strongly modulate auditory processing in AC (Fritz et al., 2005; Hall et al.,
2000; Lomber and Malhotra, 2008; Petkov et al., 2004; Rinne et al., 2009,
2012). Fourth, systematic replications of the key findings are, to date, very
rare.

1.4 CATEGORICAL PROCESSING IN IPL
Previous studies have implicated areas of IPL in categorical processing of
auditory stimuli (e.g., Raizada and Poldrack, 2007; Rinne et al., 2009; 2012;
review see Turkeltaub and Coslett, 2010). Categorical processing is essential
in mapping variant acoustic signals into invariant phoneme concepts.
Raizada and Poldrack (2007) investigated categorical perception of
phonemes /b/ and /d/ in a syllable (consonant+vowel) context with fMRI.
They reported that activations in the supramarginal gyrus (SMG; part of IPL)
were stronger during processing of between-category pairs than withincategory pairs. Turkeltaub and Coslett (2010) reported in their meta-analysis
on sublexical speech perception that IPL was systematically activated in
fMRI studies (N=8) on categorical phoneme perception. Rinne et al. (2009,
2012) compared activations in STG and IPL during categorical pitch/spatial
memory (n-back) and discrimination tasks. They reported enhanced
activations during categorical memory tasks in IPL, while discrimination
tasks performed on similar stimuli were associated with increased activations
in STG but not in IPL. Taken together, these results suggest that areas of IPL
are involved in the processing of categorical information. IPL, however, is not
necessarily specialized in the categorical processing of speech. As areas in
posterior STG, parieto-temporal junction and IPL are implicated in speech
processing, a better understanding of the functional significance of activation
in these regions during active listening tasks is needed.
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1.5 THE EFFECTS OF ATTENTION AND TASKS ON AC
ACTIVATIONS
Earlier studies have demonstrated that auditory attention strongly modulates
activation in AC (Grady et al., 1997; Hall et al., 2000; Petkov et al. 2004;
Rinne et al., 2007, 2009; Woods et al., 2009). Further, AC activations are
also modulated by the characteristics of the auditory tasks performed on the
speech and nonspeech sounds (Angenstein et al., 2012; Hickok and Poeppel,
2007; Hickok and Saberi, 2012; Leung and Alain, 2011; Petkov et al., 2004;
Rinne et al., 2009, 2012; Scheich et al., 2007). For example, discrimination
and n-back memory tasks performed on identical sounds are associated with
distinct activation patterns in STG and adjacent IPL (Rinne et al., 2009).
Therefore, in the present thesis, activations to vowels were measured during
a visual condition (no directed auditory attention) and during different
auditory tasks.
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2 AIMS OF THE STUDY
The present thesis consists of three studies using fMRI to systematically
investigate the sensitivity of human auditory cortical areas to phenomena
associated with categorical perception of phonemic vowels. As vowels are the
fundamental building blocks of speech and as AC plays an important role in
speech processing, it was hypothesized that activations in AC would be
sensitive to the language-specific contrast between prototype and
nonprototype vowels as well as to the difference between phonemic and
nonphonemic vowels. Activations in AC were investigated during task
conditions that required the subjects to focus on acoustic or categorical
aspects of the vowels or to focus on a visual task (no directed attention to
vowels).
Studies I and II tested the contrasts between prototypical and
nonprototypical as well as between phonemic and nonphonemic vowels,
respectively. Further, Study II also investigated the idea that activations in
posterior STG and IPL observed in prior studies during n-back pitch and
spatial memory tasks (Rinne et al., 2009, 2012) are due to categorical
processing required by these tasks. It was hypothesized that if activations in
the posterior STG and IPL during a categorical 2-back task are associated
with categorical processing, then these activations should be higher when
this task is performed with nonphonemic (hard to categorize) than on
phonemic (easy to categorize) vowels. Study III was designed to replicate the
results of the Studies I and II. Further, this study investigated the role of
posterior STG and IPL in categorical processing by comparing activations to
identical vowels presented during a number of different task conditions
requiring the analysis of acoustical or categorical differences between vowels.
The key hypothesis was that activations during a vowel discrimination task
would depend on whether the task was performed on the basis of acoustical
or categorical features of the vowels.
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3 METHODS AND RESULTS
3.1 FUNCTIONAL MAGNETIC RESONANCE IMAGING
(FMRI)
Functional magnetic resonance imaging (fMRI) was used in all studies of the
present thesis as it allows one to investigate activations in all auditory
cortical areas during one recording session (ca. 1 h) with a relatively high
spatial resolution (ca. 2 mm x 2 mm x 2 mm). In fMRI, a strong static
magnetic field (in the present studies 3 T) and radio frequency magnetic
pulses are used to measure changes in blood oxygenation and blood flow that
occur when a brain area is activated (Ogawa et al., 1990). It is assumed that
neural activity and the blood oxygenation level dependent (BOLD) signal are
coupled so that increased neural activity is associated with an enhancement
of the BOLD signal in that area (Logothetis et al., 2001, 2008; Mukamel et
al., 2005).

3.2 COMMON PROCEDURES IN STUDIES I–III
3.2.1

SUBJECTS

In all studies, subjects (Table 1) were healthy right-handed adults with
normal hearing. An informed written consent was obtained from each
subject before the experiment. The study protocol was approved by the
Ethics Committee of the Helsinki Hospital District (Studies I and II) or by
the Ethics Committee of the Institute of the Behavioural Sciences, University
of Helsinki (Study III). All subjects were native Finnish speakers.

Table 1. Subjects in Studies I–III

Study

N

Females

Mean age

I

20

12

24

II

22

13

24

III

21

11

24

19

3.2.2

STIMULI

Vowels in all studies were synthesized using formant synthesis in a Praat
software package (www.praat.org). Vowels were defined by their two lowest
formants F1 and F2 (Table 2). The other formants (F3–F5 in Study I, F3–F7
in Study II and F3–F8 in Study III) were the same for all vowels in all
studies. A linear falling contour from 150 to 100 Hz was used as F0 to give
the synthetic vowels a more natural impression. All vowels were 200 ms in
duration (including a linear 5 ms onset and offset ramp). Visual stimuli
consisted of Gabor gratings (duration 100 ms) with varying orientation
presented at fixation.
Table 2. Formant frequencies (Hz) in Studies I–III.

Study I
formants /a/–/æ/

Study II

/y/–/i/

/i/

Study III

/a/

/u/

/y–i/

/u–o/

/a–æ/

F1

720

250

185–328

647–867

227–378

240–346

270–566

660–896

F2

1046–2119

1518–2882

2334–2825

967–1240

506–702

1500–2852

500–952

950–2264

F3

3010

3010

3010

3010

3010

3010

3010

3010

F4

3300

3300

3300

3300

3300

3300

3300

3300

F5

3850

3850

3850

3850

3850

3850

3850

3850

F6

-

-

4850

4850

4850

4850

4850

4850

F7

-

-

5850

5850

5850

5850

5850

5850

F8

-

-

-

-

-

6850

6850

6850

3.2.3

PROCEDURE

In all studies, subjects were presented with blocks of concurrent (but
asynchronous) auditory and visual stimuli. During a task block, subjects
responded to either auditory or visual targets by pressing one of two buttons
with their right index and middle fingers (Study I) or by pressing one button
with their right index finger (Studies II and III). Each task block was followed
by a rest period during which subjects focused on a fixation mark (x)
presented in the middle of a screen and waited for the next task block.
During auditory task blocks, subjects were instructed to ignore the
concurrent visual stimuli, while in the visual task blocks subjects focused on
the visual task and ignored the vowels. The tasks used in Studies I–III are
summarized in Table 3. Before fMRI, each subject was carefully trained (60–
90 min) to perform the demanding tasks according to visual task-instruction
symbols.
The auditory stimuli were delivered binaurally with an UNIDES ADU2a
audio system (Unides Design, Helsinki, Finland) via plastic tubes through a
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porous EAR-tip (ER3, Etymotic Research, Elk Grove Village, IL, USA) acting
as an earphone. The scanner noise was attenuated by the earplugs,
circumaural ear protectors (Bilsom Mach 1, SNR 23 dB) and viscous foam
pads attached to the sides of the head coil. The visual stimuli were presented
in the middle of a screen viewed through a mirror fixed to the head coil.
During fMRI, behavioral responses were recorded in order to verify that
subjects performed the demanding tasks in the scanner as expected (for
details, see the original articles).
Table 3. Experimental design in Studies I–III.

Study Tasks

I

vowel rating
vowel discrimination
IRN pitch discrimination
visual

II

III

3.2.4

Stimuli
(type)

Conditions Blocks
(N)
(N)

vowel pairs
IRN sounds 8
Gabors

Vowel pairs/ Targets/
Block duration
block
block
(s)
(N)
(N)

66

30

22

22

vowel discrimination
vowel pairs
vowel categorical n-back
9
Gabors
visual

128

15

15

2–4

vowel discrimination
categorical discrimination vowel pairs
13
vowel categorical n-back Gabors
visual

144

13

13

3–5

FMRI DATA ACQUISITION AND ANALYSIS

Functional images were acquired using a gradient-echo echo-planar imaging
sequence (GE-EPI; Table 4). The middle EPI slices were aligned along the
Sylvian fissures based on a high-resolution anatomical image (MPRAGE,
voxel matrix 256 x 256, FOV 25.6, resolution 1.0 mm x 1.0 mm x 1.0 mm).
The imaging area covered the superior temporal lobe, insula, and most of the
inferior parietal lobe in both hemispheres.
First level statistical analysis (within run) was performed using general
linear modeling in FSL (www.fmrib.ox.ac.uk/fsl). The data were motioncorrected, high-pass filtered (cutoff 100 s), and spatially smoothed (Gaussian
kernel of 5 mm full-width half-maximum). A second-level statistical analysis
was used to combine the data from the two runs.
For analysis across subjects, the high-resolution anatomical images were
normalized
in
spherical
standard
space
using
FreeSurfer
(http://freesurfer.net). The anatomically normalized three-dimensional (3D)
cortical surfaces were rotated and projected to a two-dimensional (2D) space
separately for each hemisphere using equal-area Mollweide projection
(Python
libraries
matplotlib
and
basemap,
http://matplotlib.sourceforge.net). This procedure was then applied
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separately for each subject to transform the results of the 3D second-level
statistical analysis to 2D. Finally, the group analysis (FSL) was run on the
flattened data. Z-statistic images were thresholded using clusters determined
by Z > 2.3 and a (corrected) cluster significance threshold of P < 0.05 (using
Gaussian random field theory). Activations are shown on a flattened mean
2D cortical surface.
Table 4. fMRI acquisition parameters in Studies I–III.

Study Scanner
3.0 T

Year
Slice
Head coil,
TR
TE
of data
thickness
(N of channels) (ms) (ms)
acq.
(mm)

In-plane
Slices
resolution
(N)
(mm)

FOV
(cm2)

Volumes
(N)

I

GE Signa

2010

8

2048 32

2.1

2.1 x 2.1

24

20 x 20

1 x 1322

II

GE Signa

2010–
2011

16

2048 32

2.1

2.1 x 2.1

24

20 x 20

1 x 1470

III

Siemens
MAGNETOM
Skyra

2012

20

2070 30

2.0

2.0 x 2.0
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18.9 x 18.9 2 x 712

3.3 STUDY I. TASK-DEPENDENT ACTIVATIONS OF
HUMAN AUDITORY CORTEX TO PROTOTYPICAL
AND NONPROTOTYPICAL VOWELS
3.3.1

VOWELS

Two vowel continua (/a/–/æ/ and /y/–/i/) with 19 vowels in each were
synthesized. The frequency of the first formant (F1) and upper formants (F3–
F5) in both continua were fixed, but the second formant (F2) varied in steps
of 30 mels (Figure 4). First, each vowel variant was presented 20 times in
random order and subjects indicated by pressing two response buttons
whether they heard /a/ or /æ/ and, in another run, /y/ or /i/. Next, subjects
rated (scale 1–4; 1 = poor category exemplar, 4 = good category exemplar)
the vowel variants that were consistently categorized as /æ/ or /i/ relative to
a good Finnish pronunciation of /æ:/ and /i:/. For each subject, the /æ/ and
/i/ vowels with the highest rating score were used as prototypes and the ones
with lowest rating as nonprototypes.
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Figure 4. Spectrograms of five vowel stimuli from (a) /a/–/æ/ continuum and (b) /y/–/i/ continuum.
Both continua consisted of 19 vowels separated by 30 mel steps in F2.

3.3.2

TASKS AND STIMULUS STREAMS

Study I compared activations to prototypical and nonprototypical vowel pairs
presented during pitch discrimination (performed on noise bursts with pitch;
Figure 5a), visual task (b), vowel discrimination, and vowel rating tasks. In
the vowel discrimination task, subjects indicated whether the vowel pair
consisted of same of different vowels. In the vowel rating task, subjects
indicated whether the first or second vowel of the pair was a better exemplar
of the phoneme category. The difference between the first and second part of
the vowel was 30, 60, 90 or 120 mel.
Prototype and nonprototype vowel pairs were presented in separate task
blocks. In prototype blocks, subjects were presented with vowel pairs in
which one vowel was always prototypical /i/ or /æ/ and the other vowel was
either the same (50 %) or a different vowel from the same vowel continuum
(/y/–/i/ or /a/–/æ/; Figure 5c). In nonprototype blocks, the vowel pairs
were constructed in the same way around a nonprototype (d). Vowel pairs
were presented with a 1200–1600 ms onset-to-onset interval. Concurrently
with the vowel pairs, IRN bursts and Gabor gratings were presented in each
task block. IRN bursts (duration 100 ms) were presented with a 110–190 ms
onset-to-onset interval so that one pitch was repeated 8–10 times after which
the pitch slightly increased or decreased (target; Figure 5a). Analogously,
Gabor gratings were presented with a 140–200 ms onset-to-onset interval so
that one orientation was repeated seven to nine times after which the
orientation slightly changed (target; Figure 5b).
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Figure 5. Task design in Study I. Structure of the stimulus streams (time scale on the horizontal
axis is schematic). (a) In 30 s blocks (alternating with 10 s rest with no stimuli), subjects were
presented with concurrent and asynchronous streams of iterated rippled noise (IRN) bursts with
varying pitch, (b) Gabor gratings with varying orientation, and (c, d) vowel pairs. In pitch and
Gabor discrimination tasks (a, b), subjects were required to detect pitch or orientation changes
and indicate the direction of the change. During the vowel discrimination task, subjects indicated
whether vowels in a pair were the same or different and during the vowel rating task, subjects
indicated whether the first or second vowel in a pair was a better exemplar of the phoneme
category (c, d).

3.3.3

RESULTS AND DISCUSSION

Activations in auditory cortical areas near HG were stronger during vowel
task blocks with prototype than nonprototype vowel pairs (Figure 6a, red).
This effect was mainly due to enhanced activations during vowel
discrimination task with prototype vowels (b, red) as no significant
differences were detected between prototype and nonprototype blocks in the
vowel rating task. Acoustically, the stimuli in prototype and nonprototype
blocks were highly similar as all vowels were taken from the same two vowel
continua and some vowel pairs could even appear in both prototype and
nonprototype blocks. Consistently, no significant stimulus-dependent
activation differences were observed between prototype and nonprototype
blocks presented during the visual task (no directed auditory attention).
Together these results show that auditory cortical areas near HG are sensitive
to the language-specific difference between a vowel prototype and
nonprototype in a task-dependent manner. The enhanced activations
observed during the discrimination task with prototype vowel pairs were
probably because the vowels in the prototype pairs were perceptually more
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similar to each other than to the vowels in the nonprototype pairs (the
magnet effect; Kuhl, 1991). Yet, it is also possible that, due to the perceptual
similarity, the discrimination task with prototype vowel pairs required more
elaborate acoustic analysis of the vowels. Thus, although the enhanced
activation observed during the vowel discrimination blocks with prototype
vowel pairs is a consequence of the language-specific difference between the
prototype and nonprototype pairs, this activation enhancement could be
related to more elaborate acoustic processing of prototype pairs and not to
language-specific processing as such.

Figure 6. (a) Comparison of activations during nonprototype and prototype blocks collapsed
across the vowel rating and discrimination tasks. (b) Areas where activations were stronger
during prototype than nonprototype blocks during vowel rating (blue) and vowel discrimination
(red). (c) Anatomical labels. STG superior temporal gyrus, HG Heschl’s gyrus, IPL inferior
parietal lobule.

3.4 STUDY II. ACTIVATIONS OF HUMAN AUDITORY
CORTEX TO PHONEMIC AND NONPHONEMIC
VOWELS DURING DISCRIMINATION AND MEMORY
TASKS
3.4.1

VOWELS

Three groups of phonemic and nonphonemic vowel categories were
synthesized (9 different vowels in each; see Figure 2). Each category
contained 9 different vowels. The phonemic categories were defined based on
typical Finnish /a/, /i/ and /u/ phonemes. The nonphonemic categories (N1,
N2 and N3) were organized in regions of F1/F2 space where no prototypical
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Finnish phonemes exist so that the categories were not systematically
associated with only one Finnish phoneme. Within a category, the vowels
were separated by at least 60 mel in F1/F2 space.

3.4.2

TASKS AND STIMULUS STREAMS

Study II compared activations to phonemic and nonphonemic vowels during
vowel discrimination task, vowel categorical memory task (n-back), and
visual task with identical but task-irrelevant vowel stimuli (Figure 7).
In the vowel discrimination task (Figure 7a), subjects were required to
indicate when the first and second part of the vowel pair were the same (the
vowels in a pair were either the same or separated by approximately 60 or
120 mel). In the n-back memory tasks (b), subjects indicated when the vowel
pair (the vowels in a pair were always the same) belonged to the same
category as the one presented 1, 2 or 3 trials (depending on the difficulty
level) before. Phonemic and nonphonemic vowel pairs were presented in
separate blocks. The auditory stream consisted of within-category vowel
pairs from three phonemic or nonphonemic categories in all conditions. The
vowel pairs were presented with 900–1100 ms onset-to-onset interval (with
concurrent visual stimuli in every task block).

Figure 7. In 15 s blocks (alternating with 8 s rest with no stimuli), subjects were concurrently
presented with vowel pairs (from three Finnish phonemic or three nonphonemic vowel
categories) and Gabor gratings (onset-to-onset interval 300–500 ms). In the vowel discrimination
task (a), they were required to indicate when the first and the second part of the vowel pair were
the same. In the n-back vowel memory task (b), subjects indicated when the vowel pair belonged
to the same vowel category as the one presented 1, 2 or 3 trials (depending on the difficulty level)
before (2-back task is illustrated). In the visual task (c), subjects were required to detect Gabor
orientation changes. Time scale on the horizontal axis is schematic.

3.4.3

RESULTS AND DISCUSSION

Significant activation differences were detected between task blocks with
phonemic and nonphonemic vowels. Auditory tasks with phonemic vowels
were associated with enhanced activations in areas of IPL (Figure 8a–c,
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blue). Auditory tasks with nonphonemic vowels, in turn, enhanced
activations in anterior and posterior STG (red). Comparisons of activations to
blocks with phonemic and nonphonemic vowels presented during the visual
task (i.e., no directed auditory attention) revealed significantly stronger
activations during phonemic blocks in areas of posterior STG/STS and IPL,
but no areas showed stronger activations to nonphonemic vowels (d).
Together these results suggest that a more thorough acoustic analysis in AC
was required to complete the vowel tasks on nonphonemic than on phonemic
vowels and that phonemic vowels are processed in language-specific
networks in posterior STG and IPL.

Figure 8. Comparisons of activations in task blocks with phonemic (P) and nonphonemic vowels
(N) during (a) vowel discrimination, (b) 1-back vowel memory, (c) 2-back vowel memory task, and
(d) visual task (with task-irrelevant vowels).

Similar to previous studies comparing activations in AC during
discrimination and n-back memory tasks (Rinne et al., 2009, 2012), vowel
discrimination tasks were associated with enhanced activations in
anterior/posterior STG, whereas activations during vowel n-back tasks were
enhanced in IPL (Figure 9). Activations during vowel n-back tasks with
phonemic vowels also increased with memory load (i.e., 3-back > 1-back). In
Study II, it was hypothesized that if IPL activations during n-back tasks are
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due to categorical processing required in these tasks, then these activations
should be higher during tasks performed on nonphonemic (hard to
categorize) than on phonemic (easy to categorize) vowels. However,
enhanced activations during 2-back task performed on nonphonemic vowels
were detected in STG, but not in IPL (Figure 8c). This suggests that the
processing requirements in the 2-back memory task performed on
nonphonemic or phonemic vowels were different only during the earlier
processing stages when auditory information is analyzed to achieve category
labels for each vowel.

Figure 9. Areas where activations were stronger during vowel discrimination than vowel memory
tasks (blue) and areas where activations were stronger during vowel memory than vowel
discrimination tasks (red).

3.5 STUDY III. ACOUSTICAL AND CATEGORICAL
TASKS DIFFERENTLY MODULATE ACTIVATIONS
OF HUMAN AUDITORY CORTEX TO VOWELS
3.5.1

VOWELS

Three groups of phonemic (/i–y/, /u–o/ and /æ–a/; 30, 28 and 45 vowels in
each group, respectively) and nonphonemic vowels (NPh1, NPh2 and NPh3;
12 vowels in each) were synthesized (Figure 10a). In each group, the vowels
were separated by 60 mel in either F1, F2 or both. In order to define
individual phoneme categories and category boundaries, subjects classified
the vowels in each phonemic vowel group into two phonemes. Based on the
results, three phoneme boundaries (/i/–/y/, /u/–/o/ and /æ/–/a/) and six
corresponding phoneme categories were defined. Next, subjects rated the
goodness of the vowels in these categories. The vowel with the highest rating
in each category was selected as the prototype and the vowel with the lowest
rating as the nonprototype. These vowels were then paired with adjacent
vowels (within the same category) to construct prototype or nonprototype
vowel pairs (Figure 10b). Further, cross-category vowel pairs were
constructed based on the individually defined phoneme boundaries. In the
cross-category vowel pairs, one vowel was a nonprototype next to the vowel
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boundary and the other vowel was an adjacent nonprototype vowel at the
same or opposite side of the phoneme boundary (b).

3.5.2

TASKS AND STIMULUS STREAMS

Study III compared activations to prototypical, nonprototypical and
nonphonemic vowels during vowel discrimination, vowel 2-back, category
discrimination, and visual tasks (Figure 10c–f).
Prototype, nonprototype, nonphonemic and cross-category vowel pairs
were presented in separate task blocks. Vowel discrimination, vowel 2-back
memory and visual tasks with Gabor gratings were similar to the tasks used
in Study II. In the category discrimination task subjects were required to
indicate when both parts of the vowel pair belonged to the same phonemic
category.
Each task block contained vowels from all the three vowel categories (/i/,
/u/ or /æ/), vowel groups (/i–y/, /u–o/ or /æ–a/) or nonphonemic
categories (NPh1–3). In all cases, the vowels in a pair were either the same or
separated by approximately 60 mel (in F1, F2 or both).
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Figure 10. Experimental design. (a) In 13 s blocks (alternating with 8 s rest with no stimuli),
subjects were presented with vowel pairs from three Finnish phonemic vowel continua (blue, red
and green) and three nonphonemic (NPh) vowel categories (gray) defined in F1/F2 space. (b)
Individually defined category boundary between /i/ and /y/ vowels (gray dashed line), prototype
(P, diamond) /i/, nonprototype (NPr, square) /i/, and three nonprototype /i/ and two /y/ vowels
(circle) near the category boundary. Examples of prototype (Pr + adjacent vowel), nonprototype
(nonprototype + adjacent vowel) and cross-category vowel pairs are shown (a thin line connects
vowels in a pair). (c) In the vowel discrimination and (d) in the vowel 2-back memory task,
subjects were presented with prototype, nonprototype or nonphonemic vowel pairs. In the vowel
discrimination task subjects were required to indicate when the vowels in a pair were the same.
In the vowel 2-back memory task, subjects indicated when the vowel pair belonged to the same
vowel category as the one presented 2 trials before. (e and f) Three different tasks were
performed on cross-category and within-category vowel pairs (CC) which comprised of vowels
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near the category border. In the discrimination task, the target was a pair in which the parts were
identical (e). In the category discrimination task, the target was a pair in which both parts
belonged to the same vowel category (but were not always identical vowels) (e). In the 2-back
tasks, the target was a vowel pair that belonged to the same vowel group (/i–y/, /u–o/ or /æ–a/)
as the pair presented two trials before (f). In e and f, the markers represent different vowels at a
similar distance from the vowel category border.

3.5.3

RESULTS AND DISCUSSION

Consistent with Study I, stronger activations in AC were observed for
prototype than for nonprototype vowel pairs (Figure 11a) during
discrimination task. However, while in Study I the activation enhancements
to prototype pairs were restricted to areas near HG, in Study III these
activation enhancements were observed in wider areas in STG and IPL. In
Study III, the difference between prototype and nonprototype blocks was
also observed during the vowel 2-back task (b). As in Study I, only minor
stimulus-dependent activation differences between prototype and
nonprototype vowel blocks were observed when the prototype and
nonprototype vowels were presented during visual tasks (i.e., no directed
auditory attention; c). Thus, stimulus-dependent activations alone cannot
explain the activation differences observed between prototype and
nonprototype vowel blocks during active listening tasks.

Figure 11. Activation differences during discrimination, 2-back and visual tasks performed on
nonprototype (NPr) and prototype (Pr) vowel pairs.
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Consistent with Study II, stronger activations in AC were observed for
nonphonemic than for phonemic (nonprototype) vowel pairs during
discrimination task (Figure 12a). This effect was also present during 2-back
task (b). Furthermore, nonphonemic vowel blocks were associated with
stronger stimulus-dependent activations (during visual task) than phonemic
blocks (c). These stimulus-dependent effects were probably due to the fact
that in Study III there were more different vowels in nonphonemic (vowels in
nonphonemic pairs were randomly selected) than in phonemic (the pairs of
phonemic vowels were organized around a nonprototype) blocks. These
stimulus-dependent effects in medial STG, however, cannot explain the
differences between phonemic and nonphonemic vowel blocks in more
lateral STG areas during auditory tasks. Thus, Study III successfully
replicated the main findings of Studies I and II showing that AC activations
during active tasks are sensitive to the language-level differences between
prototype and nonprototype as well as between phonemic and nonphonemic
vowels.

Figure 12. Activation differences during discrimination, 2-back and visual tasks performed on
nonprototype (Npr) and nonphonemic (Nph) vowel pairs.

Consistent with Study II, vowel discrimination and vowel 2-back tasks
enhanced activations in anterior-posterior STG and IPL, respectively (Figure
13a). These task-dependent activation patterns were quite similar
irrespective of whether the tasks were performed on prototype,
nonprototype, nonphonemic or cross-category vowel pairs. Study III also
compared activations to identical cross-category (CC) vowel pairs presented
during discrimination, 2-back memory and category discrimination tasks (b,
c). In general, vowel discrimination and category discrimination were
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associated with quite similar activation patterns in STG regions. The category
discrimination task, however, was associated with enhanced activations in
IPL (b). Further, although quite similar IPL areas were activated during the
category discrimination and 2-back tasks, the category discrimination task
was associated with stronger activations in areas of the insula and STG,
whereas during the 2-back task activations were stronger in IPL (c). These
activation patterns observed during three different tasks performed on
identical stimuli show that activations in areas of AC and IPL strongly
depend on whether the task requires analysis of the acoustical or categorical
features of the sounds. More specifically, these results support the view of
Rinne and colleagues (2009, 2012) that during listening tasks areas of STG
are implicated in analysis of detailed acoustic information, whereas
activations in IPL are associated with operations on categorical
representations.

Figure 13. (a) Comparison of activations during all vowel discrimination (blue) vs. all vowel 2back (red) tasks. (b) Activation differences during discrimination and category discrimination and
(c) during category discrimination and 2-back tasks performed on identical cross-category (CC)
vowel pairs.
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4 GENERAL DISCUSSION
The results of the present thesis are consistent with the view that phonemic
vowels are represented in a categorical manner and that categorical vowel
information is available in human AC during active listening tasks. First,
Studies I and II found that activation in AC is sensitive to the language-level
difference between prototypical and nonprototypical phonemic vowels and
between phonemic and nonphonemic vowels. Importantly, these results were
successfully replicated in Study III. The results of the present thesis also shed
new light on the role of IPL in categorical processing. The results implicate
IPL in tasks requiring operations on categorical representations rather than
categorization as such.

4.1 CATEGORICAL PHONEME REPRESENTATIONS IN
HUMAN AC
The results of Studies I–III showed that activations in AC during active
listening tasks were stronger during prototype compared to nonprototype
vowel blocks and during nonphonemic compared to phonemic vowel blocks.
These results cannot be explained by stimulus-dependent activations as all
vowel groups used in Studies I–III were acoustically highly similar, even
partly overlapping in F1/F2 space. Consistently, the stimulus-dependent
activation differences during visual tasks with identical stimuli (prototype vs.
nonprototype and phonemic vs. nonphonemic vowels) were absent or
negligible.
Previous studies have shown that auditory attention strongly modulates
activation in AC (Grady et al, 1997; Petkov et al., 2004; Rinne et al., 2007,
2009; Woods et al., 2009). It could be argued that native speech sounds are
more attention-engaging than nonspeech sounds. This could result in
stronger attention effects observed during the presentation of phonemic
vowels versus nonphonemic vowels. Similar attention-related effects could
modulate activations to prototype and nonprototype vowels. In all the studies
of the present thesis, however, the vowels were introduced during demanding
active tasks to engage attention. Thus, the activation differences between
prototype vs. nonprototype and phonemic vs. nonphonemic vowel blocks
cannot be easily explained by attention-related differences. Hence, the most
parsimonious interpretation of the present results is that activations in
human AC are sensitive to the phenomena associated with categorical
perception of phonemic vowels.
This interpretation is in concordance with previous studies using
noninvasive brain imaging methods, suggesting different activations to
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acoustically similar but perceptually distinct speech sounds in AC (Chang et
al., 2010; Guenther et al., 2004; Kilian-Hütten et al., 2011). Importantly, the
present results are fully consistent with the predictions based on Kuhl’s
(1991) work. According to her view, phonemic vowel categories are organized
around vowel prototypes. That is, speech sounds near an individual vowel
prototype are perceived more similar to each other than speech sounds near
a nonprototype, which makes the discrimination of the vowels more difficult
around prototypes. This concerns only native phonemic categories, whereas
the representations of nonphonemic (or non-native) vowel categories are not
organized in a similar manner. Kuhl’s ideas were based mainly on behavioral
results. The present fMRI results support the idea that native phonemes are
represented in a categorical manner in the brain and that information about
such categories is available in human AC.
A large number of previous studies have aimed to map the brain regions
involved in the processing of speech (Alho et al., 2014; Binder et al., 2000;
Chang et al., 2010; Davis and Johnsrude, 2003; Desai et al., 2008; Friederici,
2011; Hickok and Poeppel, 2007; Jäncke et al., 2002; Lee et al., 2012;
Liebenthal et al., 2005; Obleser et al., 2006, 2007, Okada et al., 2010;
Rauschecker and Scott, 2009; Scott and Johnsrude, 2003; Turkeltaub and
Coslett, 2010; Uppenkamp et al., 2006). Wide regions of anterior and
posterior STG/STS and adjacent auditory related areas, such as IPL and
inferior frontal areas, have been implicated in different aspects of speech
processing. Specifically, areas of STG have been connected to acoustic
analysis of the speech sounds. Accordingly, it could be argued that in the
present study wide regions in STG, including areas in or near primary AC
showing sensitivity to prototypic or nonphonemic status of the vowels, are
involved in speech processing. However, the present results do not
necessarily reveal speech specific processing regions as the sensitivity to
prototype vs. nonprototype and phonemic vs. nonphonemic vowels could be
related to differences in acoustical processing requirements for the individual
task conditions. For example, during vowel discrimination task on
prototypical vowel pairs, more activation was observed in primary AC regions
probably because the vowels around a prototype are perceived more similar
than vowels around a nonprototype (the perceptual magnet effect, Kuhl
1991). Due to this perceptual similarity, the discrimination task on prototype
vowel pairs may have required more detailed acoustic analysis of the vowels.
Similarly, nonphonemic vowels could require more processing, as the
processing of phonemic vowels could be facilitated by existing phonemic
representations. Thus, although the distinction between prototype and
nonprototype vowels as well as between phonemic and nonphonemic vowels
exists only at the language-specific level, the activation differences observed
during discrimination tasks with prototypical vs. nonprototypical vowels are
not necessarily due to language-specific processing as such.
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4.2 CATEGORICAL PROCESSING IN IPL?
Prior fMRI studies have implicated areas in IPL in categorical processing of
auditory stimuli. For example, Dehaene-Lambertz et al. (2005) and Raizada
and Poldrack (2007) report that IPL was more strongly activated by a
phoneme category change than by an acoustic change of the speech sounds.
Turkeltaub and Coslett (2010) showed in their meta-analysis on sublexical
speech perception (i.e., phonemes and syllables) that IPL was systematically
activated in fMRI studies related to categorical phoneme perception. In
contrast, Rinne and colleagues (2009, 2012) showed that categorical n-back
tasks performed on pitch-varying or location-varying (non-vowel) sounds
were associated with enhanced activations in IPL, suggesting that categorical
processing in IPL is not specific to speech stimuli.
In Study II, IPL activations were stronger during categorical n-back tasks
(in comparison with discrimination tasks) and these activations increased
with increasing load in the n-back task. No significant differences in IPL
activations were found, however, when the categorical 2-back task was
performed on phonemic or nonphonemic vowels although it was expected
that the load on categorical processing would be higher when the task was
performed on nonphonemic vowels that should be harder to categorize than
the phonemic vowels. Thus, if the requirements for categorical processing
were higher during categorical 2-back task with nonphonemic vowels, these
results suggest that IPL is not associated with categorization as such but
rather with general operations on the categorical representations. The
enhanced STG activations observed during categorical n-back tasks
performed on nonphonemic vowels suggest that the categories are resolved
in these regions.
Study III further tested the role of IPL in categorical processing from a
slightly different perspective. Would IPL show enhanced activations also
during a discrimination task if the task required categorical processing (in
addition to acoustic analysis)? To investigate this question, activations to
identical vowel pairs were compared during discrimination (subjects
indicated whether vowels in a pair were acoustically the same or different)
and category discrimination (subjects indicated whether vowels in a pair
belonged to the same or different category) task. During a categorical vowel
discrimination task, activations were significantly enhanced in IPL, whereas
stronger activations were observed in STG during (acoustic) discrimination
task. These results show that task-dependent activations of AC and IPL are
strongly modulated depending on whether the task requires acoustic or
categorical analysis of the speech sounds. To summarize, the present results
indicate that while IPL areas are strongly activated during task requiring
processing of categorical information, IPL does not seem to be involved in
categorization as such. Rather, the present results suggest that categories are
resolved and category labels are obtained earlier in the auditory system (in
STG).
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4.3 THE IMPORTANCE OF STIMULUS AND TASK
CONTROL
Previous studies on speech processing in human AC have often compared
activation to speech and nonspeech stimuli during passive listening or easy
vigilance tasks. In such studies, the interpretation of the results may be
affected by the effects associated with the (unavoidable) acoustic differences
between the speech and nonspeech stimuli. If the speech and nonspeech
stimuli are not well matched acoustically, it is difficult to resolve, whether the
possible activation differences are associated with phonetic or acoustic
processing of the stimuli (Desai et al., 2008; Liu and Holt, 2011). Further,
activations during passive listening conditions could easily be affected by
uncontrolled task and attention effects. AC activations are strongly
modulated by auditory attention (Petkov et al., 2004; Rinne et al., 2007,
2008, 2009; Woodruff et al., 1996; Woods et al., 2009). Behaviorally
relevant and familiar stimuli, such as speech, could be associated with
involuntary attention effects.
In the present thesis, stimulus-related effects and differences were
carefully controlled. All vowels were synthesized using a similar method and
they were acoustically quite similar. The prototypical and nonprototypical
vowels as well as phonemic categories and category boundaries (in Studies I
and III) were individually defined for each subject. In Study III
discrimination, category discrimination and categorical 2-back tasks were all
performed with identical within-category and cross-category vowel pairs.
Importantly, all critical comparisons were made across conditions in which
the vowel stimuli were acoustically very similar or identical.
Task-related effects, in turn, were controlled as follows. In all studies, (1)
activations to vowels were investigated during demanding visual (no directed
auditory attention) and auditory tasks in order to separately investigate
stimulus-dependent activations and effects associated with active listening.
(2) In Study II, task difficulty in categorical n-back tasks was systematically
modulated. Task-difficulty was associated with similar IPL activation
increase irrespective of whether the task was performed on phonemic or
nonphonemic vowel pairs. Such systematic task-difficulty effect supports the
interpretation that similar resources in IPL were used in both cases. (3)
Comparison of activations during different tasks makes the interpretation of
the results easier. For example, any stimulus-dependent effects should be
equally present in all auditory and visual task conditions. Further, this allows
one to separate general auditory attention effects (present during all auditory
tasks) from task-specific effects (e.g., difference between discrimination and
n-back tasks). Furthermore, manipulation of task requirements allowed also
analysis of the functional significance of the activations. (4) In the present
studies, the critical comparisons were made across conditions requiring
identical motor responding. This is important as previous studies have
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shown that AC activations are modulated by motor operations (Ehrsson et
al., 2000; Grezés et al., 2003; Schneider et al., 2014; Wikman et al., 2015).
Thus, activation differences in the present studies cannot be due to different
motor operations. It is noteworthy that, in the present thesis, Study III
successfully replicated the main findings of Studies I and II. This is highly
important especially in the light of recent debate on inflated false-positive
rates in fMRI studies (Monti, 2011; Eklund et al., 2016).

4.4 CONCLUSIONS
The present thesis used fMRI to investigate the sensitivity of AC to
phenomena related to categorical vowel representations. The main results of
Studies I–III are as follows: First, the results support the theoretical view
that phonemic vowels are represented in a categorical manner in the brain.
Further, the studies show that information about categorical vowel
representations is present in human AC. Second, AC activations for vowels
strongly depend on the characteristics of the listening tasks. The effects
associated with the contrasts between prototype vs. nonprototype and
phonemic vs. nonphonemic vowels are most prominent during active tasks.
Third, the present results strongly emphasize the importance of carefully
controlled experiments as surprisingly small differences in the characteristics
of vowel stimuli or tasks performed on these vowels can result in strong
activation differences in AC and adjacent areas. Fourth, the results support
the view that IPL is involved in categorical processing. IPL activations,
however, are not associated with categorization as such but rather with
operations on categorical representations. Finally, the results of the present
studies suggest that replications, albeit often neglected, are a fundamental
part of systematic research.
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