
https://helda.helsinki.fi

Healthy full-term infants' brain responses to emotionally and

linguistically relevant sounds using a multi-feature mismatch

negativity (MMN) paradigm

Kostilainen, Kaisamari

2018-03-23

Kostilainen , K , Wikstrom , V , Pakarinen , S , Videman , M , Karlsson , L , Keskinen , M ,

Scheinin , N M , Karlsson , H & Huotilainen , M 2018 , ' Healthy full-term infants' brain

responses to emotionally and linguistically relevant sounds using a multi-feature mismatch

negativity (MMN) paradigm ' , Neuroscience Letters , vol. 670 , pp. 110-115 . https://doi.org/10.1016/j.neulet.2018.01.039

http://hdl.handle.net/10138/234641

https://doi.org/10.1016/j.neulet.2018.01.039

cc_by_nc_nd

publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Contents lists available at ScienceDirect

Neuroscience Letters

journal homepage: www.elsevier.com/locate/neulet

Research article

Healthy full-term infants’ brain responses to emotionally and linguistically
relevant sounds using a multi-feature mismatch negativity (MMN) paradigm

Kaisamari Kostilainena,⁎, Valtteri Wikströma, Satu Pakarinena, Mari Videmanb,
Linnea Karlssonc,d, Maria Keskinenc, Noora M. Scheininc,e, Hasse Karlssonc,e,
Minna Huotilainena,c

a Cognitive Brain Research Unit, Department of Psychology and Logopedics, Faculty of Medicine, University of Helsinki, Finland
bDepartment of Pediatric Neurology, Children’s Hospital, University of Helsinki and Helsinki University Hospital, Finland
c FinnBrain Birth Cohort Study, Turku Brain and Mind Center, Institute of Clinical Medicine, University of Turku, Turku, Finland
dUniversity of Turku and Turku University Hospital, Department of Child Psychiatry, Turku, Finland
eUniversity of Turku and Turku University Hospital, Department of Psychiatry, Turku, Finland

A R T I C L E I N F O

Keywords:
Mismatch negativity
Multi-feature MMN paradigm
Newborn infants
Electroencephalography
Emotion processing
Change detection

A B S T R A C T

We evaluated the feasibility of a multi-feature mismatch negativity (MMN) paradigm in studying auditory
processing of healthy newborns. The aim was to examine the automatic change-detection and processing of
semantic and emotional information in speech in newborns. Brain responses of 202 healthy newborns were
recorded with a multi-feature paradigm including a Finnish bi-syllabic pseudo-word/ta-ta/as a standard sti-
mulus, six linguistically relevant deviant stimuli and three emotionally relevant stimuli (happy, sad, angry).
Clear responses to emotional sounds were found already at the early latency window 100–200ms, whereas
responses to linguistically relevant minor changes and emotional stimuli at the later latency window 300–500ms
did not reach significance. Moreover, significant interaction between gender and emotional stimuli was found in
the early latency window. Further studies on using multi-feature paradigms with linguistic and emotional stimuli
in newborns are needed, especially those containing of follow-ups, enabling the assessment of the predictive
value of early variations between subjects.

1. Introduction

Language development requires a precise capability for sound dis-
crimination and ability to process changes in speech. This preconscious
auditory processing has traditionally been examined with event-related
potentials (ERPs) of the electroencephalogram (EEG) in situations
where unexpected sounds set off a neural activation, the mismatch
negativity (MMN) response [1,2]. Hence, MMN is a brain response
evoked by a change in auditory stimulation [1,3–6], and it exists im-
mediately after birth [2,7] and is found even in fetuses [8].

MMN can be seen as an indicator for accuracy in auditory dis-
crimination, representing the activity of an automatic predictive system
[9]. However, contrary to behavioral measurements where co-opera-
tion with the subject is needed, the MMN measurement is suitable for
studying the sensory auditory system despite possible problems with
communication or task performance, for instance, with newborns
[10,11]. Children with language and/or literacy problems can have

difficulties in discriminating changes in sounds [12]. These impair-
ments can also be selective to different types of changes and, therefore,
the MMN amplitude can be normal or enhanced to one deviant, but
decreased to another. For example, with dyslexic individuals, the dis-
crimination of pitch changes can be impaired while location changes
are enhanced [13], whereas in autism spectrum disorders the impair-
ment appears in the detection of emotional information [14] or in the
tolerance of variation [15,16].

As MMN measurements have shown, newborns have a capability of
learning speech sounds even when sleeping [11]. Therefore, this
method is feasible with sleeping newborns [17–20]. Furthermore,
neonates’ MMN can be measured during all sleeping states, including
active and quiet sleep [7,23,26,30], and also awake state [23,26,28].
MMN responses of neonates have been examined in several studies, and
negative MMN-like responses to tones [10,21–24] and speech sounds
have been found [7,11,20,25–27]. In adults, the MMN response is ty-
pically peaking at 150–200ms after the beginning of the deviation
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[1,3–6], whereas in newborns the deviant deflection is peaking at more
varying latencies and often later than in adults [7,10,18,22,27–31].
Furthermore, a deflection in newborn infant responses can also be po-
sitive and, thus, opposite in polarity [18,27,30–32]. In some cases,
there can even occur a total absence of the MMN response [21,23].
These differences and inconsistences in the neonatal data have been
associated with maturational factors and differences in the auditory
stimulation paradigms.

In the traditional one-deviant oddball paradigm, a deviant is pre-
sented rarely within a sequence of frequently presented standard sti-
muli. A disadvantage of this paradigm is the duration of the overall
measurement, since only one deviant can be measured at a time.
Näätänen et al. [33] further developed this paradigm by creating a new
multi-feature MMN paradigm (Optimum-1), where five different types
of deviants were used. In contrast to the one-deviant oddball paradigm
where only one deviant and a standard tone were presented in a se-
quence, the new paradigm enabled to include more deviants and, thus,
provide more information in the same recording time. The multi-feature
MMN paradigm has been used in several studies with adults [34,35];
children [36–38], toddlers [39] and newborns [27,30].

Sound discrimination has been studied using the multi-feature
paradigm, not only with tones, but also language-relevant sounds, like
syllables [37,40] and multisyllabic pseudo-words [27,36]. These lan-
guage-related sounds have introduced deviants with high relevance for
speech understanding, such as changes in vowel or consonant identity,
duration, or frequency. In addition to this, Pakarinen et al. [35] in-
troduced a further developed multi-feature MMN paradigm with three
types of rarely occurring emotional speech stimuli for studying atten-
tion allocation and processing of emotional information in speech.

Infants can utilize prosodic cues when structuring their native lan-
guage [41,42]. This capability of extracting cues from speech is present
shortly after birth [19]. In this process of language structuring in-
dividual prosodic cues such as intonation, tone, rhythm and stress re-
flect the emotional state of the speaker. Consequently, affective prosody
is an important component of language development. In order to study
the development of neonatal language and emotional perception skills a
systematic study of the variations in the change-detection responses is
of primary importance. Therefore, our study investigated processing of
both linguistic and emotional information in speech in healthy new-
borns.

The first aim of this study was to evaluate the feasibility of the
multi-feature MMN paradigm that Pakarinen et al. [35] introduced, in
studies of healthy newborns. Second, we wanted to investigate whether
newborns are capable of detecting and processing emotional informa-
tion content in speech. There is a lack of systematic knowledge about
newborn infants’ brain responses to emotional content in speech, and
an efficient paradigm to compare semantic and emotional change-de-
tection in the newborn brain is urgently needed.

2. Methods

2.1. Participants

There were overall 207 healthy infants recruited in this study. The
parents gave their written informed consent for the infants to partici-
pate in the studies, which were approved by the Ethics Committee of
the Hospital District of Southwest Finland and the Ethics Committee of
the Hospital District of Helsinki and Uusimaa. The study protocol fol-
lowed the Declaration of Helsinki.

The infants were born full-term between 37 and 42 weeks of ge-
station to either native Finnish-speaking (n= 201) families or Swedish-
speaking families (n=6, speaking Finland-Swedish) and their birth
weights were between 2635 and 4770 g (See Table 1). Our inclusion
criteria were that the infants were healthy (Apgar score of 7–10 at
5min), had stable physical condition and normal hearing. Five infants
were excluded from participation due to prematurity (< 37 GA) or low

Apgar score at 5min (< 7). The brain responses of the remaining 202
infants were recorded 0–34 days postpartum. From these, data of 10
infants were omitted from the analysis and, finally, data from 192 in-
fants were included in the analysis (see Chapter 2.3 for details).

2.2. Stimuli

The data were measured with the multi-feature MMN paradigm
including a standard stimulus and six types of linguistically relevant
deviant stimuli as well as three types of emotionally uttered stimuli.
The standard stimulus (46% probability, 100 in each stimulus block)
was a 336ms, bi-syllabic, naturally uttered pseudo-word/ta-ta/with the
stress on the first syllable and slightly falling intonation, typical to
Finnish language. The six linguistically relevant deviants were vowel
duration change (/ta-ta:/, 11% probability, 25 in each stimulus block),
vowel change (/ta-to/, 11% probability, 25 in each stimulus block),
intensity changes (± 6 dB, 5% probability each, 11 in each stimulus
block) and frequency changes (± 25.5 Hz, 6% probability each, 14 in
each stimulus block). Furthermore, there were three emotionally ut-
tered/ta-ta/stimuli (happy, angry, sad) infrequently occurring in the
stimulus stream (3% probability each, 6 in each stimulus block). In all
deviants the changes occurred in the second syllable of the pseudo-
word. The three rare emotional variants differed from the standards and
all other deviants already from the first syllable onwards as they were
prosodically exaggerated natural utterances. All sounds were presented
with a 650ms stimulus onset asynchrony (SOA) and each subject was
presented with 4–6 stimulus blocks. (See Tables 2 & 3 for detailed in-
formation and supplement for an excerpt of the audio stimuli file).

2.3. ERP recording and data analysis

The infants were mainly sleeping during the ERP recording. The
EEG was recorded using the International 10–20 System electrode lo-
cations and a sampling frequency of 500 Hz. The stimuli were presented
via loudspeakers located at a distance of approx. 1 m from the head of
the infant. The data were collected from the electrodes F3, Fz, F4
(frontal), C3, Cz, and C4 (central), and Oz (back of the head). For data
analysis, the data-sampling rate was decimated to 250 Hz. Data were re-
referenced to the Oz electrode and band-pass filtered between 1 and
20 Hz. The data were cut into epochs beginning 100ms before the sti-
mulus onset and ending 650ms after. The epochs were baseline cor-
rected to the mean value of the signal for the period of 100–0ms before
the stimulus onset. Epochs with signal values at any channel larger
than±150 μV were rejected from the analysis. Data of seven partici-
pants had more than 50% of total epochs rejected and were excluded
from the rest of the analysis. Additionally, data of three participants
were excluded due to too few or incomplete data files.

Intervals between 100–200ms and 300–500ms for the emotional
sounds and 300–500ms for the deviants were chosen as descriptive of
the brain responses and the averaged value of the filtered signal within

Table 1
Participant information (mean and ranges).

n= 192 (103 boys, 86 girls, **)

Gestational age at birth (weeks) 40.13 (37.43–42.29)
Weight (g) 3622.35 (2635–4770)
Height (cm) 51.02 (47–57)
Apgar* 1 8.70 (3–10)
Apgar 5 9.09 (7–10)
pH (uA) 7.28 (7.06–7.46)
Gestational age at measurement day (weeks) 40.67 (37.86–43.71)
Age at measurement day (days) 0–34 (4.26)

* Apgar score= newborn health assessment scale 1–10 (Appearance, Pulse, Grimace,
Activity, Respiration; assessed 1 and 5min postnatally).

** Data on the gender of 3 infants missing.
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these latency windows was collected. When the response average at an
individual electrode was larger than±10 μV, the response was left out
from the statistical analysis as it was considered to be artefactual. After
this the remaining averages from the mean amplitude values from
electrodes F3, Fz and F4 as well as electrodes C3, Cz and C4 were
averaged together as electrode lines F and C. The mean values were
separately calculated for each infant and each stimulus type either to
one or both time windows.

A one-sample t-test was used to determine whether the standard-
subtracted mean amplitudes from the electrode lines F and C differed
significantly from 0 μV. We utilized two-tailed t-test as we did not want
to presume the polarity of the MMNs. First, we tested whether the mean
amplitudes of the EEG response of the three emotional stimuli from the
latency window 100–200ms differed significantly from zero. Second,
the responses from latency window 300–500ms for the six deviants and
three emotional sounds were tested similarly. To evaluate the differ-
ences between the mean amplitudes of deviants and emotional stimuli,
gender, and electrodes, we performed repeated-measures ANOVA
(Greenhouse-Geisser corrected values are reported). The possible effect
of infant age on the brain responses was tested with Pearson’s corre-
lation test.

3. Results

The waveforms of all the deviants, emotional variants and standard
from electrode line F are shown in Fig. 1. Two-tailed one-sample t-test
showed that the mean EEG amplitudes significantly differed from 0 μV
in the electrode line F, in the early latency window 100–200ms for the
emotional variant sad: t(185)=−2.125, p= 0.035 and emotional
variant angry: t(185)=−2.258, p=0.025. In the electrode line C there
was a significant response for the emotional variant angry: t
(191)=−3.101, p= 0.002. In the later latency window 300–500ms
only the following emotional response in the electrode line C reached
close to a significant result: happy: t(189)= 1.959, p=0.052.

No significant main effect of stimuli or gender was found using re-
peated-measures ANOVA. However, a significant main effect of elec-
trode was found in the later latency window 300–500ms (F(1,
169)= 6.010, p= 0.015), due to the mean amplitudes in the central
line being bigger than in the frontal line. A significant interaction effect

between gender and stimulus type was found in the early latency
window 100–200ms (F(2, 171)= 3.681, p= 0.027): The mean am-
plitudes for emotional stimulus happy were stronger in female infants
(female −0.938 μV, male −0.081 μV), whereas in male infants the
mean amplitudes were stronger for emotional stimuli sad (female
−0.109 μV, male −0.878 μV) and angry (female 0.095 μV, male
−0.874 μV). The results of Pearson’s correlation test showed no cor-
relation between the two variables, age at the measurement day and the
brain responses. All statistical results, mean amplitudes, standard de-
viations and 95% confidence intervals are reported in Table 4.

4. Discussion

The first aim of this paper was to introduce a new multi-feature
MMN paradigm, that has been successfully used in studying dis-
crimination skills of toddlers, children and adults and evaluate its us-
ability with newborn infants. We utilized a multi-feature MMN para-
digm that Pakarinen et al. [35] developed but we reduced the amount
of deviant types. In addition to the six linguistically relevant deviants,
the multi-feature MMN paradigm consisted of three rare emotional
stimuli, which were natural utterances (happy, sad and angry) of the
pseudo-word/ta-ta/.

By visual inspection we found a prominent negative deflection for
all emotional stimuli that peaked around 150ms after stimulus onset.
We also found a large, later positive deflection that peaked around
400ms for emotional stimulus happy, 450ms for emotional stimulus sad
and 500ms for emotional stimulus angry. The linguistically relevant
deviants had smaller negative peaks around 350ms after stimulus onset
for all other deviants except for intensity changes (± 6 dB) that had
minor positive deflections around 450ms. The latencies of the negative
peaks for the deviants correspond approximately to 180ms after change
onset, and that of the positive deflection for intensity change corre-
sponds approximately to 280ms after change onset. The results of the t-
tests showed that most of the large negative responses elicited by the
emotional stimuli were statistically significant or close to significance at
the early latency window 100–200ms. The emotional variant angry
elicited the largest amplitudes in the early time window, most likely as
a result of differences in the acoustical features. All the emotional sti-
muli had naturally different timbre, stress and intensity, and in angry

Table 2
Details of the standard, deviant and emotional stimuli (partially same as in Pakarinen et al. [35]).

Stimulus Utterance Total duration (ms) 1 st syllable 2nd syllable Deviance information

Standard /ta-ta/ 336 168 168 Frequency: 175 Hz
Emotional variants
Happy /ta-ta:/ 388 125 263 Frequencies: 276 Hz and 177 Hz

Intensities: +1 dB and −2 dB
Sad /ta:-ta:/ 436 218 218 Frequencies: 276 Hz and 260 Hz

Intensities: −1 dB and −2 dB
Angry /ta-ta/ 337 125 212 Frequencies: 196 Hz and 163 Hz Intensities: +3 dB and −6 dB

Deviants
Vowel change /ta-to/ 336 168 168 Intensity difference from Std:< 1 dB

Frequencies: 1 st and 2nd syllable 175 Hz and 168.5 Hz
Vowel duration /ta-ta:/ 400 168 232 Intensity difference from Std of the 1 st syllable: −2 dB

Frequencies: 168 Hz and 162 Hz
Frequency change /ta-ta/ 336 168 168 Frequencies: ± 25.5 Hz

(50% each): perceived as pitch changes
Intensity change /ta-ta/ 336 168 168 Intensity± 6 dB (50% each): perceived as loudness changes

Table 3
Example of the recording sequence of standard, deviant and emotional stimuli.

Std Sad Std Dev3 Std Dev4 Std Dev1 Std Dev2 Std Happy Std

Approx. 8s
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Fig. 1. The mean EEG amplitudes for the three rare emotional stimuli (A) and the six deviant stimuli (B) at frontal line (F). The bold line illustrates the emotional stimulus (A) or deviant
stimulus (B), the thicker line the standard stimulus and the dotted line the difference wave (* P < 0.05). The sound waves of the stimuli appear in grey at the timeline and the thicker
lines represent the latency windows 100–200ms and/or 300–500ms.
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stimuli these differences were occurring most strongly at the first syl-
lable of the pseudo-word. The later positive deflections at the second
time window 300–500ms of the emotional sounds did not reach sig-
nificance, nor did linguistic deviants.

The second aim of our study was to find out whether newborn in-
fants are able to detect and process emotionally relevant information
content in speech and if that can be seen in the MMNs. Although ac-
cording to visual inspection responses in emotional stimuli were larger
and the averaged mean amplitudes were higher when compared to
deviants, our results showed statistically significant responses to emo-
tional stimuli only in the early latency window 100–200ms. However,
when interpreting these results, one has to be aware of multiple testing.
Additionally, our results demonstrated significant differences in the
mean amplitudes of the emotional stimuli between genders in the early
latency window. Hence, the differences in the processing of emotional
sounds should be studied across genders in future studies.

In this multi-feature paradigm, emotional stimuli set off larger re-
sponses for two reasons. First, they appear less frequently in the sound
stream than the standard and deviants. Second, the acoustic differences
between the emotional and standard stimuli are larger than the dif-
ferences between the deviants and standard. The results suggest that
newborn infants’ brain respond automatically and pre-attentively to
emotionally relevant information in speech, and this seem to be caused
by the acoustic differences that emotionally uttered speech contain.
These prosodic differences in infant-directed speech are the important
factors that help to get and maintain infants’ attention and, thus, focus

on language learning [43,44]. Additionally, exaggerated pitch features
have been shown to enhance statistical structuring of speech in new-
borns [45].

Our results demonstrate an extensive variation in the brain re-
sponses between the newborn infants, which can directly contribute to
lower amount of significant responses at the group level. These results
are in line with other studies reporting high individual differences in
MMN amplitudes between neonates and lack of significant group-level
responses [18,22,26]. Due to such variation in the amplitudes in in-
dividual subjects, MMN peaks have in some studies been measured
individually rather than on the group level [18,19,39]. It should be
noted that the variation in the data could partially be a result of ma-
turational factors and be a feature typical to newborn infant data, as
newborns’ brains go through large developmental changes after birth.
Some studies have shown that gestational age affects the MMN ampli-
tude [29], however, our results showed no correlation between the
responses and age at the measurement day.

The lack of group-level significant responses to deviants provokes
the question whether the multi-feature paradigm is too challenging for
newborns, as they need to detect changes from a sound stream con-
sisting of a large amount of stimuli. Therefore, it would be of interest to
study 3 month old infants with the same paradigm and see if the
change-detection of the deviants would be more efficient. In our
paradigm it might be that the emotional sounds interrupt the detection
of the deviant stimuli, considering that Partanen et al. [27] used a
multi-feature paradigm with multi-syllabic pseudo-word and five lan-
guage-related deviants with newborns and showed significant group-
level responses. In future studies emotional sounds and deviants could
be recorded in separate blocks and see if the results differ compared to
when all stimuli are mixed in a single block like in our study. Inter-
subjective variation could also indicate relevant differences between
infants predicting divergences of auditory processing or attentive skills.
For this reason, follow-ups on the predictive value of the responses
would be of high importance.

In conclusion, when using a multi-feature MMN paradigm with
newborns there are advantages and disadvantages to take into con-
sideration. With a multi-feature paradigm it is possible to record mul-
tiple responses in a shorter period of time. This is an important factor in
developmental disorders where responses may show in one deviant but
not in another, like in dyslexia [13,46,47] and children with autism
spectrum disorders [15,48]. Even though variation between subjects
can reduce the amount of significant responses it can also be beneficial
when studying subjects with increased risk for later developmental
difficulties. In future infant studies, multi-feature MMN paradigms with
linguistic and emotional stimuli should be evaluated more, and ex-
amine if they could be utilized with different target groups, such as
premature infants and other infants with greater risk for developmental
problems.
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Table 4
Results of the two-tailed t-tests; t-values and P-values, mean amplitudes, standard de-
viations and 95% confidence intervals.

t sig MEAN (SD) (CI)

Electrode line F C
Time latency
100–200ms

Emotional variants
Happy −1,8 −0.5 (4.1) −1.8 −0.5 (3.6)

(−1.14…+0.04) (−0.99…+0.03)
Sad −2.1* −0.7 (4.3) −1.0 −0.2 (3.5)

(−1.3…−0.04) (−0.74…+0.25)
Angry −2.3* −0.6 (3.8) −3.1*** −0.8 (3.4)

(−1.17…−0.07) (−1.25…−0.27)
Time latency
300–500ms

Emotional variants
Happy 1.7 0.5 (4.0) 2.0 0.5 (3.6)

(−0.06…+1.08) (−0.00…+1.02)
Sad 0.7 0.2 (4.3) 1.1 0.3 (3.5)

(−0.39…+0.86) (−0.23…+0.78)
Angry 1.5 0.5 (4.5) 0.8 0.2 (3.9)

(−0.14…+1.15) (−0.34…+0.78)

Deviants
Vowel duration −1.3 −0.2 (2.3) −1.6 −0.2 (1.8)

(−0.55…+0.10) (−0.47…+0.04)
Vowel change 0.3 0.06 (2.4) −0.6 −0.08 (1.8)

(−0.28…+0.39) (−0.34…+0.18)
Intensity change

(+6 dB)
−0.07 −0.02 (3.2) 0.3 0.07 (2.7)

(−0.47…+0.44) (−0.31…+0.45)
Intensity change

(–6 dB)
1.1 0.3 (3.6) 1.4 0.3 (2.9)

(−0.22…+0.82) (−0.12…+0.70)
Frequency change

(+25.5 Hz)
0.7 0.1 (3.0) −0.1 −0.02 (2.5)

(−0.28…+0.57) (−0.37…+0.33)
Frequency change

(−25.5 Hz)
1.1 0.2 (2.8) 1.5 0.3 (2.4)

(−0.17…+0.62) (−0.07…+0.6)

* P < 0.05.
*** P < 0.002.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.neulet.2018.01.039.

References

[1] R. Näätänen, A.W.K. Gaillard, S. Mäntysalo, Early selective-attention effect on
evoked potential reinterpreted, Acta Psychol. 42 (1978) 313–329.

[2] R. Näätänen, P. Astikainen, T. Ruusuvirta, M. Huotilainen, Automatic auditory in-
telligence: an expression of the sensory-cognitive core of cognitive processes, Brain
Res. Rev. 64 (2010) 123–136.

[3] R. Näätänen, The role of attention in auditory information processing as revealed by
event-related potentials and other brain measures of cognitive function, Behav.
Brain Sci. 13 (1990) 201–233.

[4] R. Näätänen, The perception of speech sounds by the human brain as reflected by
the mismatch negativity (MMN) and its magnetic equivalent (MMNn),
Psychophysiology 38 (2001) 1–21.

[5] R. Näätänen, K. Alho, Mismatch negativity—a unique measure of sensory proces-
sing in audition, Int. J. Neurosci. 80 (1995) 317–337.

[6] R. Näätänen, K. Alho, Mismatch negativity—the measure for central sound re-
presentation accuracy, Audiol. Neurotol. 2 (1997) 341–353.

[7] O. Martynova, J. Kirjavainen, M. Cheour, Mismatch negativity and late dis-
criminative negativity in sleeping human newborns, Neurosci. Lett. 340 (2003)
75–78.

[8] M. Huotilainen, A. Kujala, M. Hotakainen, L. Parkkonen, S. Taulu, J. Simola,
J. Nenonen, M. Karjalainen, R. Näätänen, Short-term memory functions of the
human fetus recorded with magnetoencephalography, Neuroreport 16 (2005)
81–84.

[9] I. Winkler, Interpreting the mismatch negativity, J. Psychophysiol. 21 (2007)
147–163.

[10] K. Alho, K. Sainio, N. Sajaniemi, K. Reinikainen, R. Näätänen, Event-related brain
potential of human newborns to pitch change of an acoustic stimulus,
Electroencephalogr. Clin. Neurophysiol. 77 (1990) 151–155.

[11] M. Cheour, O. Martynova, R. Näätänen, R. Erkkola, M. Sillanpää, P. Kero, A. Raz,
M.-L. Kaipio, J. Hiltunen, O. Aaltonen, J. Savela, H. Hämäläinen, Speech sounds
learned by sleeping newborns, Nat. Neurosci. 1 (2002) 351–353.

[12] D.V.M. Bishop, Using mismatch negativity to study central auditory processing in
develompental language and literacy impairments: where are we and where should
we be going? Physiol. Bull. 133 (2007) 651–672.

[13] T. Kujala, R. Lovio, T. Lepistö, M. Laasonen, R. Näätänen, Evaluation of multi-at-
tribute auditory discrimination profile in dyslexia with the mismatch negativity,
Clin. Neurophysiol. 117 (2006) 885–893.

[14] H.J. Nuske, G. Vivanti, C. Dissanayke, Are emotion impairments unique to uni-
versal, or specific in autism spectrum disorder? A comprehensive review, Cognit.
Emot. 27 (2013) 1042–1061.

[15] T. Lepistö, T. Kujala, R. Vanhala, P. Alku, M. Huotilainen, R. Näätänen, The dis-
crimination of and orienting to speech and nonspeech sounds in children with
autism, Brain Res. 1066 (2005) 147–157.

[16] T. Lepistö, M. Kajander, R. Vanhala, P. Alku, M. Huotilainen, R. Näätänen,
T. Kujala, The perception of invariant speech features in children with autism, Biol.
Psychol. 77 (2008) 25–31.

[17] V. Carral, M. Huotilainen, T. Ruusuvirta, V. Fellman, R. Näätänen, C. Escera, Short
communication: a kind of auditory ‘primitive intelligence’ already present at birth,
Eur. J. Neurosci. 21 (2005) 3201–3204.

[18] A. Sambeth, M. Huotilainen, E. Kushnerenko, V. Fellman, E. Pihko, Newborns
discriminate novel from harmonic sounds: a study using magnetoencephalography,
Clin. Neurophysiol. 117 (2006) 496–503.

[19] A. Sambeth, K. Ruohio, P. Alku, V. Fellman, M. Huotilainen, Sleeping newborns
extract prosody from continuos speech, Clin. Neurophysiol. 119 (2008) 332–341.

[20] E. Kushnerenko, M. Cheour, R. Ceponiene, V. Fellman, M. Renlund, K. Soininen,
P. Alku, M. Koskinen, K. Sainio, R. Näätänen, Central auditory processing of
durational changes in complex speech patterns by newborns: an event-related brain
potential study, Dev. Neuropsychol. 19 (2001) 83–97.

[21] R. Ceponiené, E. Kushnerenko, V. Fellman, M. Renlund, K. Suominen, R. Näätänen,
Event-related potential features indexing central auditory discrimination by new-
borns, Cognit. Brain Res. 13 (2002) 101–113.

[22] M. Cheour, E. Kusherenko, R. Ceponiené, V. Fellman, R. Näätänen, Electric brain
responses obtained from newborn infants to changes in duration in complex har-
monic tones, Dev. Neuropsychol. 22 (2002) 471–479.

[23] M. Cheour, R. Ceponiené, P. Leppänen, K. Alho, T. Kujala, M. Renlund, V. Fellman,
R. Näätänen, The auditory sensory memory trace decays rapidly in newborns,
Scand. J. Psychol. 43 (2002) 33–39.

[24] E. Kushnerenko, R. Ceponiené, P. Balan, V. Fellman, R. Näätänen, Maturation of the
auditory change detection response in infants: a longitudinal ERP study,
Neuroreport 13 (2002) 1843–1848.

[25] M. Cheour-Luhtanen, K. Alho, T. Kujala, K. Sainio, K. Reinikainen, M. Renlund,
O. Aaltonen, O. Eerola, R. Näätänen, Mismatch negativity indicates vowel dis-
crimination in newborns, Hear. Res. 82 (1995) 53–58.

[26] M. Cheour, K. Alho, R. Ceponiené, K. Reinikainen, K. Sainio, M. Pohjavuori,
O. Aaltonen, R. Näätänen, Maturation of mismatch negativity in infants, Int. J.
Psychophysiol. 29 (1998) 217–226.

[27] E. Partanen, S. Pakarinen, T. Kujala, M. Huotilainen, Infants’ brain responses for
speech sound changes in fast multifeature MMN paradigm, Clin. Neurophysiol. 124
(2013) 1578–1585.

[28] M. Cheour-Luhtanen, K. Alho, K. Sainio, T. Rinne, K. Reinikainen, M. Pohjavuori,
M. Renlund, O. Aaltonen, O. Eerola, R. Näätänen, The ontogenetically earliest
discriminative response of the human brain, Psychophysiology 33 (1996) 478–481.

[29] P.H.T. Leppänen, T.K. Guttorn, E. Pihko, S. Takkinen, K. Eklund, H. Lyytinen,
Maturational effects on newborn ERPs measured in the mismatch negativity para-
digm, Exp. Neurol. 190 (2004) 91–101.

[30] A. Sambeth, S. Pakarinen, K. Ruohio, V. Fellman, T.L. van Zuijen, M. Huotilainen,
Change detection in newborns using a multiple deviant paradigm: a study using
magnetoencephalography, Clin. Neurophysiol. 120 (2009) 530–538.

[31] P.H.T. Leppänen, K.M. Eklund, H. Lyytinen, Event-related potentials to change in
vowels in newborns, Dev. Neuropsychol. 13 (1997) 175–204.

[32] G. Dehaene-Lambertz, Cerebral specialization for speech and non-speech influences
newborns’ perception of speech sounds, J. Cogn. Neurosci. 12 (2000) 449–460.

[33] R. Näätänen, S. Pakarinen, T. Rinne, R. Takegata, The mismatch negativity (MMN):
towards the optimal paradigm, Clin. Neurophysiol. 115 (2014) 140–144.

[34] E. Partanen, M. Vainio, T. Kujala, M. Huotilainen, Linguistic multifeature MMN
paradigm for extensive recording of auditory discrimination profiles,
Psychophysiology 48 (2011) 1372–1380.

[35] S. Pakarinen, L. Sokka, M. Leinikka, S. Henelius, J. Korpela, M. Huotilainen, Fast
determination to MMN and P3a responses to liquistically and emotionally relevant
changes in pseudoword stimuli, Neurosci. Lett. 577 (2014) 28–33.

[36] E. Partanen, R. Torppa, J. Pykäläinen, T. Kujala, M. Huotilainen, Children’s brain
responses to sound changes in natural pseudo words in a multi-feature paradigm,
Clin. Neurophysiol. 124 (2013) 1132–1138.

[37] R. Lovio, S. Pakarinen, M. Huotilainen, P. Alku, S. Silvennoinen, R. Näätänen,
T. Kujala, Auditory discrimination profiles of speech sound changes in 6-year- old
children as determined with the multi-feature MMN paradigm, Clin. Neurophysiol.
5 (2009) 916–921.

[38] R. Lovio, R. Näätänen, T. Kujala, Abnormal pattern of cortical speechfeature dis-
crimination in 6-year-old children at risk for dyslexia, Brain Res. 1335 (2010)
53–62.

[39] V. Putkinen, R. Niinkuru, J. Lipsanen, M. Tervaniemi, M. Huotilainen, Fast mea-
surement of auditory event-related potential profiles in 2–3-year- olds, Dev.
Neuropsychol. 37 (2012) 51–75.

[40] S. Pakarinen, R. Lovio, M. Huotilainen, P. Alku, R. Näätänen, T. Kujala, Fast multi-
feature paradigm for recording several mismatch negativities (MMNs) to phonetic
and acoustic changes in speech sounds, Biol. Psychol. 82 (2009) 219–226.

[41] J. Mehler, G. Jusczyk, G. Lambertz, N. Halsted, J. Bertoncini, C. Amiel- Tison, A
precursor of language acquisition in young infants, Cognition 29 (1998) 143–178.

[42] P. Kuhl, K. Williams, F. Lacerda, K. Stevens, B. Lindblom, Linguistic experience
alters phonetic perception in infants by 6 months of age, Science 255 (1992)
606–608.

[43] E.D. Thiessen, J.R. Saffran, When cues collide: use of stress and statistical cues to
word boundaries by 7- to 9-month-old Infants, Dev. Psychol. 39 (2003) 706–716.

[44] P. Kuhl, Is speech learning ‘gated’ by the social brain? Dev. Sci. 10 (2007) 110–120.
[45] A.N. Bosseler, T. Teinonen, M. Tervaniemi, M. Huotilainen, Infant directed speech

enhances statistical learning in newborn Infants: an ERP study, PLoS One 11 (2016).
[46] T. Baldeweg, A. Richardson, S. Watkins, C. Foale, J. Gruzelier, Impaired auditory

frequency discrimination in dyslexia detected with mismatch evoked potentials,
Ann. Neurol. 45 (1999) 495–503.

[47] T. Kujala, J. Halmetoja, R. Näätänen, P. Alku, H. Lyytinen, E. Sussman, Speech- and
sound-segmentation in dyslexia: evidence for a multiple-level cortical impairment,
Eur. J. Neurosci. 24 (2006) 2420–2427.

[48] T. Lepistö, S. Silokallio, T. Nieminen-von Wend, P. Alku, R. Näätänen, T. Kujala,
Auditory perception and attention as reflected by the brain event- related potentials
in children with Asperger’s syndrome, Clin. Neurophysiol. 117 (2006) 062–2171.

K. Kostilainen et al. Neuroscience Letters 670 (2018) 110–115

115

https://doi.org/10.1016/j.neulet.2018.01.039
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0005
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0005
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0010
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0010
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0010
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0015
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0015
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0015
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0020
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0020
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0020
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0025
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0025
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0030
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0030
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0035
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0035
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0035
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0040
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0040
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0040
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0040
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0045
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0045
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0050
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0050
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0050
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0055
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0055
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0055
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0060
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0060
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0060
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0065
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0065
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0065
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0070
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0070
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0070
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0075
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0075
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0075
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0080
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0080
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0080
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0085
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0085
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0085
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0090
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0090
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0090
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0095
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0095
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0100
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0100
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0100
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0100
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0105
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0105
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0105
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0110
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0110
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0110
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0115
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0115
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0115
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0120
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0120
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0120
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0125
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0130
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0130
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0130
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0135
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0135
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0135
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0140
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0140
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0140
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0145
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0145
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0145
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0150
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0150
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0150
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0155
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0155
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0160
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0160
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0165
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0165
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0170
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0170
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0170
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0175
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0175
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0175
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0180
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0180
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0180
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0185
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0185
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0185
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0185
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0190
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0190
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0190
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0195
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0195
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0195
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0200
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0200
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0200
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0205
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0205
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0210
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0210
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0210
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0215
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0215
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0220
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0225
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0225
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0230
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0230
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0230
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0235
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0235
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0235
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0240
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0240
http://refhub.elsevier.com/S0304-3940(18)30046-6/sbref0240

