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ARTICLE INFO ABSTRACT

Article history:

The aim of this study was to develop a paradigm for obtaining a multi-feature profile for central auditory pro-
cessing of different magnitudes of prosodic and phonetic changes in speech sounds. We recorded the MMNs
to three vowel identity changes, three magnitudes of changes in intensity, and vowel duration as well as to
two magnitudes of pitch changes from semi-synthetic vowels in 34 min. Furthermore, we examined how
the type and magnitude of deviation affect the size and timing of the MMN. All sound changes elicited statis-
tically significant MMN responses, with the MMN amplitudes increasing with an increase in sound deviance.
Importantly, the MMN amplitudes for the vowel changes reflected the differences between the phonemes, as
did the MMNs to vowel-duration changes reflect the categorization of these sounds to short and long vowel
categories, which are meaningful in the Finnish language. This new multi-feature MMN paradigm is suitable
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processing for investigating the central auditory processing of different magnitudes of speech-sound changes and can be
Sound discrimination used, for instance, in the investigation of pre-attentive phoneme categorization. The paradigm is especially
Language useful for studying speech and language disorders in general, language development, and evolution of

phoneme categories early in life, as well as brain plasticity during native or second language learning.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The mismatch negativity (MMN) component of the electroencepha-
logram (EEG) has become increasingly popular in the studies of central
auditory processing and sound discrimination. The MMN is elicited in a
situation where an auditory regularity is violated in a perceptible man-
ner. At its simplest, this violation can be a change in one sound feature,
such as pitch (Sams et al., 1985; Paavilainen et al., 1993; Tiitinen et al.,
1994) or intensity (Nddtdnen et al., 1989; Woldorff et al., 1991), within
an otherwise homogenous stream of sounds. It can also be a more com-
plex one, such as a repetition of a sound in a descending pitch trend
(Tervaniemi et al., 1994), an omission of sound in an otherwise steady
sound sequence (Nordby et al, 1994; Yabe et al., 1997), or even a
change in a complex spectro-temporal rule (Paavilainen et al.,, 2007).
Initially, the MMN was interpreted to represent a comparison process
where the current auditory input is compared to and found deviating
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from, i.e., mismatching with, the memory trace representing the
preceding auditory input (Nddtdnen et al., 1978). Later on, the theory
has been revised so that the memory trace includes not only the infor-
mation of the previous auditory input but also predictions of future
auditory events in the form of rules or trends (Nddtanen and Winkler,
1999; Nddtdnen et al., 2010). According to the most recent theories,
the MMN is generated when the predictive models of the auditory en-
vironment fail, with the main function of the MMN-generating process
being that of adjusting the neural model to better describe the regular-
ities of the auditory environment (Winkler et al., 1996, 2009).
Typically, the MMN is extracted by subtracting the averaged re-
sponse to the “standard” sounds, which represent the auditory regular-
ity, from the average response to the regularity-violating “deviant”
sounds. In this difference signal, the MMN is most often seen between
100 and 250 ms from the onset of deviation. When the nose is used as
a reference site, the polarity of the MMN is negative at the frontal elec-
trodes and inverts to positive at the mastoids (Alho et al., 1993). The
principal generator of the MMN, and its magnetic equivalent MMNm
(recorded with the magnetoencephalogram, MEG), have been localized
to the supratemporal planes of both left and right temporal lobes, to the
vicinity of the primary auditory cortices (e.g., Hari et al., 1984; Alho


http://dx.doi.org/10.1016/j.ijpsycho.2012.11.010
mailto:satu.pakarinen@helsinki.fi
http://dx.doi.org/10.1016/j.ijpsycho.2012.11.010
http://www.sciencedirect.com/science/journal/01678760

104 S. Pakarinen et al. / International Journal of Psychophysiology 87 (2013) 103-110

etal.,, 1993; Alho, 1995; Frodl-Bauch et al., 1997). This temporal compo-
nent is mainly responsible for the actual modelling of the auditory
events, namely the comparison process between the perceived and pre-
dicted input (Nddtdnen et al., 1993). Further, it has been proposed as the
first level of auditory object formation (Ritter et al., 2000; Winkler et al.,
2009). In addition to the temporal component, several studies suggest
also the existence of a frontal subcomponent, possibly functionally
related to the modulation of attention to the auditory events (for a re-
view, see Deouell, 2007). Furthermore, when presenting speech stimuli,
also a third subcomponent, overlapping with the two aforementioned
ones, has been proposed. It is elicited for changes in the phonemes
of one's own native (Nddtdnen et al., 1997) or later-learned foreign
language (Winkler et al., 1999), and it is usually lateralized to the
language-dominant hemisphere (typically left; Nddtdnen et al., 1997;
Shestakova et al,, 2002, 2003). This third MMN component has been
interpreted to represent the activation of long-term memory traces
for familiar speech sounds (Nditinen et al, 1997; Winkler et al.,
1999; Shestakova et al., 2002, 2003).

When using paradigms that do not carefully control for the refrac-
toriness differences between the repetitive standard and more rare
deviant stimuli, such as the oddball and the multi-feature paradigms,
the MMN amplitude directly correlates with the relative magnitude of
the regularity violation, and usually, to the actual perception of the
difference between the expected and the occurred auditory events
(for a review, see Kujala and Ndidtdnen, 2010). In oddball and
multi-feature paradigms, larger violations elicit higher MMN ampli-
tudes in proportion to smaller violations of similar type (e.g., a
small pitch change elicits a smaller MMN amplitude than a larger
pitch change; Sams et al., 1985; Tiitinen et al., 1994; Pakarinen
et al.,, 2007). The MMN amplitude correlates with the behavioural de-
tection accuracy of the violations (Amenedo and Escera, 2000;
Pakarinen et al., 2007), and an increase in the MMN amplitude coin-
cides with the increased behavioural detection accuracy as a result
of discrimination training (Nddtdnen et al., 1993; Tervaniemi et al.,
2001; Kujala et al, 2001; for a review, see Kujala and Nddtdnen,
2010). Moreover, the MMN is typically not elicited when the sound
change is not perceived (Winkler et al., 1999; see however van
Zuijen et al., 2006; Paavilainen et al., 2007). The few findings of signif-
icant group or experimental-condition differences for MMN ampli-
tudes in the absence of concomitant differences in behavioural
discrimination (Bradlow et al., 1999; Jaramillo et al., 2001; Kozou
et al., 2005) can probably be attributed to both methodological (e.g.,
statistical power) and/or content-related (e.g., the extent to which
they tap sensory discrimination or also other discrimination-related
processes such as response strategy or motivation) dissimilarities be-
tween the MMN and behavioural measurements.

As with the amplitude, the average latency of the MMN varies for
different types of violations, in that the MMN is usually peaking ear-
lier, for instance, for duration, than for location changes (Pakarinen
etal, 2007). When the violation magnitude is varied within the devi-
ation type, as in presenting different magnitudes of pitch changes in
an oddball or in a multi-feature paradigm, the latency is typically
shorter for the large as compared with smaller sound changes, though
this variation may depend on the type of sound changes used
(Pakarinen et al., 2007). For instance, the MMNs peak earlier for
larger and later for smaller pitch changes, and the latencies directly
correlate to the behavioural detection speed of these changes, where-
as the MMN latencies for different magnitudes of duration changes
may not significantly differ from each other (Pakarinen et al., 2007).

However, some other studies, in which the differences in neural
refractoriness between the standard and the deviant stimuli are
very carefully controlled for, suggest that the MMN itself would be
more of an all-or-none type of a response (Winkler et al., 2001;
Horvath et al., 2008). According to these studies, the amplitude and
latency effects that are seen in the MMNs recorded in the oddball
and multi-feature paradigms, result partly from the variation in the

overlapping refractoriness-dependent N1-response (Winkler et al.,
2001; Horvath et al., 2008). In addition, some of the amplitude
enhancement that occurs with an increase of the deviation
magnitude seems to be explained by the fact that when the sound
change is larger, the MMN is elicited more often (e.g., Winkler et al.,
2001), resulting in a higher mean amplitude when averaging over
several trials or subjects, or both. Thus, the traditionally measured
MMN parameters, which indeed well predict the subjective percep-
tion of the sound changes, are most likely a combination of the N1
and MMN signal, though, also in this manuscript, referred to as
MMN only, for simplicity.

One of the major advantages in recording the MMN comes from
the fact that it can be recorded in a passive listening situation without
the subject's attention to the stimulation. Thus, it can be easily
recorded even from subjects who cannot be examined with the
more traditional behavioural methods of sound discrimination. The
MMN has indeed been successfully applied in a multitude of clinical
studies, for instance with patients with schizophrenia (Michie et al.,
2000; Michie, 2001) or an attention deficit (Oades et al., 1996;
Kemner et al., 1996; Sawada et al., 2010), and even with patients in
a vegetative state (Kane et al, 1993, 1996; Fischer et al., 1999,
2010; Wijnen et al., 2007). The MMN is also commonly used in stud-
ies of normal development and ageing, as well as their disorders, such
as developmental language disorders (e.g., specific language impair-
ment and dyslexia; for reviews see Kujala et al, 2007a, 2007b;
Bishop, 2007) and neurodegenerative diseases (e.g., Parkinson's and
Alzheimer's diseases; Pekkonen, 2000; Brgnnick et al., 2010). More-
over as the MMN can be obtained also from foetuses in the uterus
(MMNm, recorded with MEG; Huotilainen et al., 2005; Draganova
et al, 2005, 2007), newborns during sleep (Morr et al, 2002;
Huotilainen et al., 2003; Novitski et al., 2007; Draganova et al.,
2007; Vestergaard et al., 2009), as well as preterm babies (Fellman
et al., 2004; Mikkola et al., 2007), it provides means to evaluate the
development, both the maturational as well as the learning-related
changes in central auditory processing at very early, often critical,
stages in development.

One of the downsides of the MMN recordings has been the relatively
long recording time. This has recently been overcome with the develop-
ment of new multi-feature recording paradigms (e.g., Nddtdnen et al.,
2004; Pakarinen et al., 2007). Since its discovery in 1978 (Nddtdnen
et al., 1978), the MMN was recorded in an oddball paradigm, in which
the majority of the tones were repetitive standards, occasionally inter-
vened by rare (~10%) deviant tones. In the new fast multi-feature para-
digms the different types of sound changes are presented within the
same stimulus sequence, with every other tone as a standard and
every other tone as one of the several deviants. Each of these deviants
differs from the standard in only one respect (such as pitch, intensity,
or duration), and the paradigm is based on the assumptions that the
MMNs can be independently elicited for different auditory attributes,
and that the deviant tones can strengthen the memory trace of the stan-
dard with respect to those stimulus attributes they have in common
(Nousak et al., 1996). For instance, the durations of the pitch and inten-
sity deviants are identical with the standard, thus strengthening the
memory trace for the standard sound duration. As a consequence, the
recording time has dramatically decreased, as the number of standard
repetitions is considerably lower than in the classical oddball paradigm.
Now parametric, multi-attribute profiles of the central auditory pro-
cessing can be obtained within one single recording session. For in-
stance, recording a discrimination profile for small, intermediate, and
large changes in sound pitch, duration, intensity and location, a total
of 12 MMNs, would require only a 30-minute recording time with the
multi-feature paradigm. For comparison, recording the same profile
with the oddball paradigm would require 6 h. Importantly, the MMNs
recorded with the new paradigm do not differ from those recorded
with the oddball paradigm (Nddtdnen et al., 2004; Pakarinen et al.,
2009), and there is some evidence that they may even be more sensitive
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in detecting impairments of the central auditory processing than
the MMNs recorded in the oddball paradigm (Kujala et al.,, 2006;
Thonnessen et al., 2008).

In addition to tone stimuli, multi-feature paradigms employing
speech sounds (Pakarinen et al., 2009; Lovio et al., 2009) and even
pseudowords (Thonnessen et al., 2010) have been developed for
assessing different aspects of linguistic processing. Though the pro-
cessing of linguistic information is known to differ from a non-
linguistic one (Jaramillo et al., 2001), there is also evidence that the
central auditory processing may also be selectively impaired for dif-
ferent magnitudes of sound changes. For instance in dyslexia, dis-
crimination may be impaired for minor sound differences only
(Baldeweg et al., 1999). Therefore, the aim of this study was to devel-
op a paradigm to parametrically assess the processing of speech
sounds, including several magnitudes of sound changes. Moreover,
this approach allows the assessment of phoneme categorisation; in
this case the categorization of four different exemplars of vowel /i:/
(standard /i:/ and three deviants) that differ in their duration, to
two distinct phoneme categories of either short /i/ or long /i:/, a
highly relevant distinction in the Finnish language. This could be
especially useful in the studies of normal and abnormal developments
of phoneme categories early in life as well as during the second
language learning.

2. Materials and methods
2.1. Subjects

Nineteen healthy adults with no reported hearing or language-
related problems participated in the study after giving their written
informed consent. Data of three subjects were discarded because of
technical difficulties, and excessive artefacts. The remaining group of
16 subjects (mean age 23.1, SD 4.5 years, 2 left-handed) is composed
of 12 females. The procedures employed in the study conformed to the
Declaration of Helsinki, and the study was approved by the Ethical
Committee of the Department of Psychology, University of Helsinki.

2.2. Stimuli and procedure

The stimuli were semi-synthetic Finnish-language vowels, created
by using the Semisynthetic Speech Generation method (SSG; Alku
et al., 1999). The duration of the standard tone /i:/ was 170 ms with
a pitch of 100 Hz (Table 1). For formant frequencies, see Table 2.

The deviants differed from the standard /i:/ either in features that
are related to semantics (vowel identity and vowel duration) or in
features that are related to prosody (pitch and intensity). In addition,
the degree of deviance was manipulated at several levels of magni-
tude. The three vowel deviants were /y:/, /e:/ and /a:/. For their for-
mant frequencies, see Table 2. The small, intermediate and large
vowel duration deviants were 135 ms, 100 ms and 70 ms in duration,
respectively. For the intensity deviants, three magnitudes of change
in two directions (softer and louder) were used (see Table 1). For
the pitch changes, two fundamental frequencies (110 and 136 Hz)

Table 1
Stimulus parameters.

Stimulus parameters

Vowel Duration (ms) Intensity (dB) Pitch (Hz)
Soft/loud
Std fiz/ 170 60 100
Small deviant /y:/ 135 55/64 110
Medium deviant /e:/ 100 53/66
Large deviant /a:/ 70 51/68 136

Table 2
Formant frequencies of the vowels.

Formant frequencies (Hz)

/iz/ /y:/ /e:/ /a:/
F1 317 332 431 581
F2 2211 1939 2016 910
F3 2739 2388 2354 2078
F4 3599 3340 3641 3586

were used, with an internal control built to the 110-Hz sound,
which was presented often enough to allow the comparison of inter-
nal coherence of the measurement.

The stimuli were conducted to the ears through thin flexible sili-
con tubes and foam ear tips, by using STIM 10 Q insert earphone
kits (NeuroScan, Herndon, VA) with an intensity of 60 dB above the
subjective hearing level, which was individually measured before
the experiment by using the stimulus sequence. The sounds were
presented as in the multi-feature paradigm with different deviation
magnitudes (Pakarinen et al., 2007). Every other tone was a standard
(P=0.5) and every other one of the 11 deviants (P= 0.04 for each de-
viant except P~0.08 for the small pitch change). The occurrence of
the deviants within the sequence was pseudo randomized in a way
that all 4 deviant types appeared once in an array of 8 successive
stimuli and the same deviant type was never repeated in succession.
Each deviant was presented a total of 200 times (except small pitch
changes 400 times). The stimulus-onset asynchrony (SOA) is
430 ms, and the total recording time is 34 min.

2.3. ERP measurement

During the ERP recording, the subjects watched a subtitled film
(sound off) and were instructed to ignore the stimuli. The EEG was
recorded (sampling rate 500 Hz) from 11 Ag/AgCl electrodes
according to the international 10-20 System of Electrode Placement
(F3, F4, C3, Cz, C4, P3, P4, LM, RM, VEOG, HEOG). An electrode placed
at the tip of the nose served as a common reference. The vertical
electro-oculogram (VEOG) was recorded from below the left eye
and the horizontal electro-oculogram (HEOG) from the outer canthus
of the right eye. The continuous EEG was filtered offline (bandpass
1-20 Hz). Epochs of 600 ms including a 100-ms pre-stimulus period
were separately averaged for the standard and each of the different
deviants. The small pitch deviants were divided into two separate
averages in order to examine the internal consistency of the data.
The mean voltage of the pre-stimulus period served as a baseline
for the amplitude measurements. In order to exclude the artefacts
and the large responses elicited by the first stimuli of the sequences,
epochs including voltage changes exceeding 150 puV and those for
the first 5 stimuli of each sequence were omitted from the averaging.

In order to delineate the MMN, the average response to the stan-
dard was subtracted from those to the deviants, resulting in 12 differ-
ent difference signals (4 deviant types with 2-3 magnitudes of
changes, with two separate averages for the small pitch deviant).
The MMN mean amplitudes were calculated as a mean voltage at a
60-ms period centred at the peak latency (within a 100-250-ms
time window) in the grand average difference signal, separately de-
termined for each deviant type and magnitude. One-tailed t-tests
were conducted to determine whether the MMN mean amplitudes
at Cz differed significantly from zero.

The MMN peak amplitudes and latencies were measured from the
most negative peak occurring 100-250 ms post deviance-onset at the
central electrode Cz (showing the largest MMN amplitude in most
subjects), and from the most positive peak within the same time in-
terval at the mastoid electrodes LM and RM. The MMN peak latencies
for the vowel-duration changes were corrected in relation to the
sound-change onset. For the vowel-duration change the deviance
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onset was at 135 ms for the smallest deviation, at 100 ms for the in-
termediate deviation, and at 70 ms for the large deviation, in relation
to the sound onset, whereas for the other sound changes the deviance
onset was at 0 ms, i.e., the same as the sound-onset. In order to statis-
tically compare the size of the MMN responses at mastoid electrodes
(positive in their polarity) to those at Cz (negative in their polarity),
the mastoid amplitudes were multiplied by — 1. The following analy-
ses of variance, similar to those used in a similar study with sinusoidal
tones (Pakarinen et al, 2007) were decided on a priori: Two
three-way analyses of variance (ANOVA) for repeated measures
were conducted to test the effects of electrodes (3: Cz, RM, LM), devi-
ant type (4: vowel duration, pitch, intensity, and vowel change), and
the magnitude of deviation (3: small, medium, large) on both the
MMN peak amplitude and latency. These analyses were also separate-
ly carried out for the different deviant types (deviation magnitude: 3
levels and electrode: 3 levels). Greenhouse-Geisser corrections were
applied where appropriate (the original degrees of freedom and
p-values after the correction are reported). Least-significant differ-
ence (LSD) tests were carried out as post-hoc analyses.

3. Results

Fig. 1 presents the nose-referenced deviant-minus-standard dif-
ference signals (average of 16 subjects) at a central electrode Cz and
at left mastoid (LM) for each deviant type (vowel duration, pitch, in-
tensity, and vowel change) and deviation magnitude (small, medium,
large). Fig. 2 presents the MMN peak amplitude and latency for the
sound changes at Cz and LM as a function of stimulus deviance. The
MMNs peaked between 100 and 250 ms from the deviance onset. In

Duration MMN

=5

>
=
Q
]
2
=
£
<
5 Time (ms)
-5 Intensity MMN
>
=
T e
2
= -100
=
<
5 Time (ms)

Duration, Intensity, and Vowel MMN
Cz Sound change LM

Small
Medium
[ Large

all 12 subtraction signals, statistically significant MMN responses
were found at Cz (t;5=—1.8——11.2, P<0.05; Table 3.).

3.1. Amplitude

Across deviant types, the three-way ANOVA for repeated mea-
sures on MMN peak amplitude revealed that the electrode had an in-
fluence on the MMN amplitude (F;30=24.03, P<0.001). The MMNs
were smaller at the mastoidal electrodes than at Cz (LSD: P<0.001
for Cz vs. RM and LM). The MMN amplitude differed also between
the different deviant types (Fs45=36.44, P<0.001). The MMNs for
the prosodic pitch and intensity changes were smaller than those
for the phonemic vowel duration and vowel changes (LSD: P<0.001
for pitch and intensity vs. duration and vowel). Also the deviation
magnitude affected MMN amplitude (F,30=13.47, P<0.001; contrast
for linear change as a function of the deviation magnitude F; 5=
20.24, P<0.001). The MMN was smallest for the small, intermediate
for the medium and largest for the large sound change (LSD: P<0.05
for small vs. medium and large, and large vs. small and medium).
An interaction of the electrode and deviation magnitude was found
(Fa60=16.55, P<0.01). The MMN amplitude was modulated by the de-
viation magnitude only at Cz, whereas at mastoids there was no dif-
ference between MMNs for different deviation magnitudes (LSD:
P<0.01 for small, medium and large at Cz vs. all others).

Two-way ANOVAs for repeated measures, conducted separately
for the intensity, duration, vowel, and pitch MMNs further highlight
the influence of the electrode on the MMN amplitude for all deviant
types (pitch F,, 30= 14,67, P<0.01; intensity F» 3o=17,71, P<0.001;
duration F, 30=38,14, P<0.01; vowel F, 3,=19,33, P<0.001). The
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Fig. 1. MMN responses. Grand average deviant-minus-standard difference signals of 16 subjects for the small, intermediate and large sound changes in the vowel duration, inten-
sity, and vowel identity changes, as well as for the two small and one large pitch changes. The solid lines denote the signals at Cz, and the dashed lines those at the LM. Sound onset

is always at 0 ms.
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MMN amplitude as a function of sound-change magnitude
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Fig. 2. MMN peak amplitudes and latencies. The MMN peak amplitude at Cz (upper left panel) and LM (upper right), and the MMN peak latency at Cz (lower left) and LM (lower
right) as a function of stimulus deviance. Error bars denote the standard error of mean. The MMN latencies are presented in relation to the sound onset, except for the

vowel-duration changes, which are presented in relation to the deviation onset.

MMNs were smaller at the mastoid electrodes than at Cz (LSD: pitch,
intensity, vowel P<0.01, and duration P<0.05 for Cz vs. RM and LM).
Also the magnitude of the deviation modulated the MMN amplitudes
of all deviant types (pitch F,, 30=3,93, P<0.05, contrast for linear
change as a function of deviation magnitude F; 15 =5.96, P<0.05; in-
tensity F,, 30=5,71, P<0.01, contrast for linear change F; ;5= 8.86,
P<0.01; duration F,, 3=6,35, P<0.01, contrast for linear change
Fi115=7.39, P<0.05; and vowel F, 3,=7,39, P<0.01, contrast for
linear change F;;5=11.21, P<0.01). For the intensity changes the
MMNs were larger for the large than for the other two sound changes
(LSD: P<0.05 for large vs. small and medium) and for the vowel-
duration and vowel changes the MMNs were smaller for the small
than for the other two sound changes (LSD: duration, vowel P<0.05

Table 3

The mean MMN amplitudes for the 4 types of deviations at different magnitudes of de-
viance. MMN mean amplitudes were measured at electrode Cz, and the data were
referenced to the nose electrode.

Deviant type Mean t Mean t Mean t

Small deviation Medium deviation Large deviation

Vowel
Intensity
Duration

Pitch

—18(3) —7.0"
—06(2) —2.5%
—14(3) —54

Medium deviation

—18(2) —9.7
—12(3) —42"
—16(3) —58%*

Medium deviation

—24(2) —112"
—14(2) —54"
—16(3) —53*

Large deviation

—06(3) —18

—07(3) —26"

—10(2) —43"*

Standard errors of means are in parentheses.

Results of one-tailed t-tests. * P<0.05, ** P<0.01, *** P<0.001.

for the small vs. the medium and large). Moreover, the MMN was
larger for the large than for the two small pitch changes (LSD:
P<0.05 for the large vs. the smalll and small2).

3.2. Latency

Across deviant types, the three-way ANOVA for repeated measures
on MMN peak latency revealed that the MMN latency differed be-
tween the different deviant types (F;45=23.96, P<0.001). The
MMNs for the vowel-duration changes were earlier and those for the
intensity changes later as compared with all other changes (LSD:
P<0.05 for the duration vs. others and intensity vs. others). Also the
deviation magnitude affected the MMN latency (F,30=17.86,
P<0.001; contrast for linear change as a function of deviation magni-
tude F; 15=21.93, P<0.001). The MMN was earlier for the large than
for the small and medium deviations (LSD: P<0.001 for the large vs.
the small and medium).

Two-way ANOVAs for repeated measures, conducted separately for
the MMN latencies of different deviant types revealed that the magni-
tude of the deviation modulated the MMN latencies for pitch and
vowel changes (pitch F,, 30 = 14.86, P<0.001, contrast for linear change
as a function of deviation magnitude F; 15 =19.59, P<0.001; and vowel
F>, 30=9,46, P<0.01, contrast for linear change F; ;5 =10.15, P<0.01).
For the vowel changes the MMNs were earlier for the large than for
the small and medium sound changes (LSD: P<0.01, for the large vs.
the small and medium). For the pitch changes, the MMNs peaked earlier
for the large than for the two small sound changes (LSD: P<0.001 for
the large vs. the smalll and small2).
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4. Discussion

The aim of this study was to develop an MMN paradigm that
allows a parametrical assessment of speech-sound processing in a
short recording time (34 min). All sound changes: the small, interme-
diate, and large deviations in vowel intensity, duration, and identity,
as well as the small and large changes in the pitch, elicited statistically
significant MMN responses (Table 3). In general, the MMN ampli-
tudes increased, and the latencies decreased with an increase in the
deviation magnitude.

The MMN amplitude reflected both the physical and the phono-
logical characteristics of the sound changes. The MMN amplitude for
the vowel-duration changes reflected the physical difference be-
tween the sound deviations but also categorisation of the phoneme
durations to short and long categories of /i:/. This is a highly relevant
contrast in Finnish, a quantity language in which variations in the
duration of, e.g., phoneme /i/ are interpreted as two categories,
short /i/ and long /i:/, giving rise to the semantic differentiation in
words. The MMN amplitude for the two largest vowel-duration
changes i.e., to the 70-ms and 100-ms deviants which belong to the
same phoneme category and are perceived (by a Finnish listener) as
short /i/ did not differ from each other, despite their acoustical differ-
ence. Moreover, these MMNs differed from the MMN to the small
135-ms vowel-duration deviant, which is perceived as long /i:/ in
the Finnish language. Thus, the MMN responses were more similar
for the within-category, than for the between-category changes.

The MMN amplitude for the vowel changes from standard /i:/ to
a rather close vowel /e:/, slightly further /y:/, and the clearly furthest
/a:/ on the phoneme map was expected to directly reflect the distance
between these different phoneme categories on the phoneme map.
Indeed, there was a significant trend towards increasing MMN ampli-
tude with an increasing phonemic deviance, although in the pairwise
comparisons only the MMN to the smallest deviant /e:/ differed from
the MMN amplitude to the vowels /y:/ and /a:/. A similar trend of in-
creasing MMN amplitude with an increasing sound change was also
found for the intensity changes, with the pairwise comparisons re-
vealing larger amplitudes for the two large sound changes as com-
pared with the smallest sound changes.

The MMN amplitude for the pitch changes reflected the degree of
stimulus deviance. As expected, the MMN amplitudes for the two
identical intermediate pitch changes did not differ from each other
but were smaller than the MMN amplitude for the large pitch change.
It should be noted however, that in the sequence, the small pitch
changes were presented twice as often as the large pitch and the
other sound changes (Psmali pitch deviant = 0.08; Pother deviants = 0.04).
As the MMN amplitude decreases with increasing deviant probability
(Ritter et al., 1992), this may also have slightly reduced the MMN am-
plitude for the small, as compared with the large pitch changes. The
MMN amplitude for the pitch changes, even for the large one, was rel-
atively low compared to what one might expect on the basis of the
previous literature (e.g., Tiitinen et al., 1994; Pakarinen et al., 2007).
This may partly derive from the speech context: It is known that
sound changes are differently processed in speech than in the
non-speech contexts (Jaramillo et al., 2001) so that the frequency
changes produce smaller MMN amplitudes in speech than in a
non-speech context (Davids et al., 2009). Moreover, the pitch changes
do not carry as much relevant information in the Finnish (quantity)
language as they do in tonal languages, for instance. The relatively
small MMN amplitude for the intensity changes, in turn, is a common
finding in multi-feature paradigms (e.g., Pakarinen et al., 2007, 2010)
and may be explained by the residual intensity variation in the stim-
ulus sequence.

The MMN peaked earlier for the large vowel and pitch changes as
compared with the smaller ones, whereas the latencies of the intensity
and vowel-duration MMNs were not affected. The results are in concor-
dance with a recent multi-feature study using non-speech sounds,

showing that the latency of the MMN responses decreased with increas-
ing pitch and location changes, with the peak latencies for the intensity
and duration MMNs remaining unaffected (Pakarinen et al., 2007). In
the aforementioned study (Pakarinen et al., 2007), only decrements
(lower intensity) were used, and it was thought that the lower power
of these stimuli may have delayed the N1 and thus affected the accuracy
of the MMN latency estimation. However, the current study also used
intensity increments, and yet the peak latencies for the different magni-
tudes of deviations remained unaffected, further attesting to the sug-
gestion that the MMN latency (at least for the intensity changes)
would not be sensitive to the deviation magnitude (Winkler et al,
2001; Horvath et al., 2008).

When all the deviants were examined together, the MMN ampli-
tude modulation by deviation magnitude was seen only at the frontal
and not at the mastoid electrode sites, possibly partially due to larger
amplitudes, i.e., better signal-to-noise ratio at the frontal site. An al-
ternative explanation would be, that the overlapping N1 response,
which presumably contributes to the amplitude and latency modula-
tion by the deviation magnitude (Winkler et al., 2001; Horvath et al.,
2008), shows better on the frontal electrodes than on the mastoids.
This difference between the electrode locations (frontal vs. mastoid)
however, was not present when the different deviant types were sep-
arately examined. The MMN peak latency, in contrast, did not differ
between the frontal and mastoid sites on any of the comparisons. As
the mastoid amplitudes are rather small, and clearly smaller than
the frontal ones, with the latencies being comparable, it would in
many cases be more practical to reference the data to the mean of
the mastoids in order to get a single integrated value of the entire
MMN signal, instead of separately looking at the frontal and mastoid
signals. Also, one could replace half of the small pitch deviants with
an intermediate or even smaller pitch deviant to obtain a three-
level pitch discrimination profile, if needed. One should however, be
cautious when selecting the smallest deviations. As the processing
of different deviation magnitudes (e.g., small vs. large intensity
changes) is not as independent as it is for different deviation types
(e.g., intensity vs. frequency changes), the comparability of the
MMNs between subject groups may become limited if some of the
subjects in either group do not discriminate all deviations. For in-
stance, if a subject would not be able to discriminate the smallest in-
tensity deviant presented in this study, the probabilities of the
medium and large intensity deviants per se would remain unaffected
(e.g8., Pintensity_medium = 0.04), but there would appear to be fewer in-
tensity changes in general in the sequence (probability of the intensi-
ty deviants as a Category: Pintensity: l)intensity_small + l)intensity_medium +
Pintensity_large = 0+0.04+0.04). This shift in probability might
slightly affect the MMN amplitude for the medium and large intensity
changes, making the comparison to those subjects who would dis-
criminate also the smallest intensity deviants problematic. Therefore,
for the maximum comparability, even the smallest deviations should
be large enough to be perceived by all subjects.

The paradigm introduced here allows one to obtain a profile of
central auditory speech sound discrimination of small, intermediate
and large vowel, pitch, intensity, and vowel-duration changes in
only a 34-minute recording time. Together with a 30-minute non-
speech multi-feature paradigm with three magnitudes of deviations
for pitch, intensity, duration, and location changes (Pakarinen et al.,
2007) one could in just slightly over an hour recording time obtain
a very extensive profile of the central auditory processing of both
speech and non-speech sounds. Multi-feature paradigms with tones,
indeed, have already been successfully applied in healthy children
(Lovio et al., 2009) and newborns (Sambeth et al., 2000) as well as
in several other studies including schizophrenia (Fisher et al., 2008;
Thonnessen et al, 2008), epilepsy (Korostenskaja et al., 2010),
post-traumatic stress disorder (Menning et al., 2008), adults with
dyslexia (Kujala et al., 2006) and Asperger syndrome (Kujala et al.,
20073, 2007b), and the effects of mobile phone fields on adult and
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child brains (Kwon et al., 2009, 2010). Also the multi-feature para-
digm with consonant-vowel syllables (Pakarinen et al., 2009) has
already been applied to clinical studies with children at risk for dys-
lexia (Lovio et al., 2010) and children with Asperger syndrome
(Kujala et al., 2010). In addition, a multi-feature MMN paradigm
with pseudowords has been developed for studying auditory percep-
tion of emotions and prosody (Thénnessen et al., 2010). Furthermore,
musical expertise and perception can be examined with a multi-
feature paradigm where musically relevant sound changes are
embedded within brief melodies (Vuust et al., 2011) and a multi-
feature paradigm with clarinet sounds (Sandmann et al., 2010) has
been used to study music perception of cochlear implant users. The
paradigm presented here could provide new insights in evaluating
whether the underlying problems, for instance in language disorders,
are specific to language content or are more general in nature. One
could also follow the development of the phoneme categories during
the native language or second language learning and simultaneously
examine whether these changes in speech processing are also gener-
alized to the processing of non-speech sounds.
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