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Abstract

The speech multi-feature MMN (Mismatch Negativity) offers a means to explore the neurocognitive background of the
processing of multiple speech features in a short time, by capturing the time-locked electrophysiological activity of the
brain known as event-related brain potentials (ERPs). Originating from Né&étinen et al. (Clin Neurophysiol 115:140-144,
2004) pioneering work, this paradigm introduces several infrequent deviant stimuli alongside standard ones, each differing
in various speech features. In this study, we aimed to refine the multi-feature MMN paradigm used previously to encompass
both segmental and suprasegmental (prosodic) features of speech. In the experiment, a two-syllable long pseudoword was
presented as a standard, and the deviant stimuli included alterations in consonants (deviation by place or place and mode
of articulation), vowels (deviation by place or mode of articulation), and stress pattern in the first syllable of the pseudow-
ord. Results indicated the emergence of MMN components across all segmental and prosodic contrasts, with the expected
fronto-central amplitude distribution. Subsequent analyses revealed subtle differences in MMN responses to the deviants,
suggesting varying sensitivity to phonetic contrasts. Furthermore, individual differences in MMN amplitudes were noted,
partially attributable to participants’ musical and language backgrounds. These findings underscore the utility of the multi-
feature MMN paradigm for rapid and efficient investigation of the neurocognitive mechanisms underlying speech processing.
Moreover, the paradigm demonstrated the potential to be used in further research to study the speech processing abilities in
various populations.

Keywords Speech processing - Event-related brain potentials - Mismatch Negativity - Multi-feature paradigm - Segmental
speech features - Prosodic speech features

Introduction

As Gyorgy Adam suggested in one of his articles (Addm
2001, p. 1166), “input unconscious processes” are sensory
processes that influence neural networks in a non-conscious
way, and much of the information that enters the brain from
the outside world remains outside of awareness. One of
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Adam’s many interests included the study of unconscious
or nonconscious processes in the human brain. As he wrote
in his book Visceral Perception: understanding internal
cognition (Adam 1998, p. 10): “It’s an old observation that
when people are questioned about the detailed processes
mediating the impact of a given set of stimuli in a series
of responses, they are unable to report on the sequence of
events. In other words, the process of coming to someone’s
knowledge remains unconscious, the outcome of the process,
i.e., the product or the consequence may become report-
able, i.e., conscious.” Language can be considered as one
such process, as it involves several different mechanisms
that are not available for consciousness: e.g., extracting
phonetic information from speech sounds, establishing the
transitional probabilities leading to the acquisition of word
meaning, or implicitly acquiring the rules of language in the
form of syntax.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42977-024-00219-1&domain=pdf
http://orcid.org/0000-0002-5266-0188

146

Biologia Futura (2024) 75:145-158

The input processes of language involve first and foremost
the perception of speech. The goal of speech perception is
to map sounds onto meaning. This is accomplished by stor-
ing speech related auditory information in auditory sensory
memory and transforming it into representations that can
be matched to the elements of the mental lexicon. These
elements (i.e., words) are spelled from contrastive sound
units (i.e., phonemes): abstract tokens that are essentially
invariant across contexts and speakers (Port 2007). It can
be argued that the processing of speech information is based
on sensory processes that are largely unconscious, and one
way to investigate them is by looking at the brain’s electrical
activity elicited by them.

The examination of the electrical activity of the brain
has proven to be a productive method in understanding neu-
ral activity since it allows to follow the neural activity in a
continuous online way. Despite their limited spatial reso-
lution, event-related brain potentials (ERPs) offer insight
into the real-time neural dynamics of linguistic processing
(Steinhauer 2008). A particularly valuable ERP component
in this area of research is the Mismatch Negativity (MMN)
(Néitédnen et al. 2007). The MMN is an ERP response elic-
ited by any type of change in the stimulus sequence and can
be observed peaking at 150-250 ms after the onset change.
The MMN is characterized by a fronto-central voltage maxi-
mum with a negative polarity and is typically observed in
passive oddball paradigms where frequently repeated stand-
ard stimuli are interspersed by infrequent deviant stimuli that
differ from the standards in some discriminable feature. The
MMN ERP component can be elicited without the partici-
pant’s attention and is interpreted as an electrical correlate of
the pre-attentive detection of regularity violations (Winkler
et al. 2009).

Studies investigating the MMN elicited by speech sounds
found that differences between speech sounds (i.e., phonetic
contrasts) evoke MMN if the difference between the sounds
is perceivable (Naétidnen 2001). Processing is significantly
modulated by the long-term representations (i.e., phoneme
representations) of speech sounds. These long-term repre-
sentations exist for native speech sounds, and foreign speech
sounds that the listener is familiar with. In a study compar-
ing Finnish and Hungarian participants (Winkler et al. 1999)
speech sound pairs that were within-category contrasts in
Hungarian but between-category contrasts in Finnish, and
vice versa, were presented. According to the results, the
MMN was present in all conditions, however it was larger for
across- than the within-category contrasts for both groups.
The larger MMN to the language-specific across-category
difference suggests that the processing system considers not
only the physical differences between the speech sounds, but
also the native long-term linguistic representations. In their
seminal paper, Néditdnen et al. (1997) investigated the pho-
neme representations more closely in another cross-linguistic
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MMN study. Using MEG, the authors studied the processing
of prototypical speech sounds in Finnish and Estonian. The
MMN component was observed in both conditions but was
smaller in the non-prototypical vowel condition. A dipole
analysis of the cortical sources of MMN showed enhanced
activity in the left auditory cortex in the prototypical vowel,
which was not observed in the non-prototypical vowel.
This was interpreted as evidence of the existence of long-
term phoneme representations. Similar results were found
by Dehaene-Lambertz (1997) showing that native across-
category deviants elicited a larger MMN than non-native or
within-category deviants, suggesting that language-specific
phonetic information has a separate neural representation,
and it can serve as the basis for the mismatch detection.
Ylinen et al. (2006) also found evidence for native-language
phoneme representations influencing the MMN, by showing
an enhanced MMN amplitude to across-category deviants in
native as compared to non-native speakers.

Nadtidnen (2001) proposed a model to explain the MMN
results in speech sound perception. According to the model,
the recognition of speech sounds is facilitated by language-
specific phoneme representations, called phoneme traces,
which are abstract representations of the native speech
sound categories. Research has shown that phoneme traces
develop rapidly from birth on, undergo a delicate develop-
ment in early childhood and are in effect from the age of
6 to 12 months (Cheour et al. 1998). The MMN response
in speech perception experiments is therefore reflective
not only of the acoustic differences between standard and
deviant stimuli, but also of the differences between the
incoming speech information and the long-term phoneme
representations.

A more complex model for the MMN’s emergence is pro-
posed in the AERS (Auditory Event Representation System)
predictive coding model suggested by Winkler and Schroger
(2015). The predictive coding theory (Friston 2005, 2010)
is probably the most influential current framework of cog-
nitive neuroscience, positing that the human brain is an
inference machine, actively predicting and explaining its
sensations through internal representations that combine
sensory input with top-down predictions. The AERS model
suggests that the predictive model of the acoustic environ-
ment stores representations of the current regularities of the
environment together with our long-term experience about
it. In the case of speech, the long-term representations are
available for different linguistic units: native speech sounds,
prosodic patterns, words, etc. According to the model, the
auditory system first analyzes incoming sounds, identify-
ing basic speech-related features such as voicing, formant
transitions, pitch, and intensity. These elements are then
combined into sensory memory representations like pho-
nemes and prosodic features. Finally, these representations
are compared to the model's predictions of the surrounding
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sound environment. The predictive model is the basis of the
mechanisms comparing incoming information with the regu-
larity representations. If predictions from the model fail, the
model needs to be corrected via an updating process, which
is reflected by the MMN.

As an alternative method for eliciting the MMN
response beyond the traditional passive oddball para-
digm, the multi-feature paradigm has been suggested by
Nididtédnen et al. (2004). This paradigm involves the pres-
entation of various types of acoustic changes where every
other stimulus serves as the standard and every other
stimulus is one of the different deviants. The multi-feature
paradigm is based on the premise that each sound feature
elicits a distinct MMN and simultaneously strengthens
the memory trace of the standard stimulus with respect to
the features shared between them (Pakarinen et al. 2013).
The paradigm enables efficient recording of ERP responses
to multiple deviants in a single stimulus sequence, and
research suggests that there is no difference between the
MMN elicited in the oddball and multi-feature paradigms
(Naitdnen et al. 2004; Pakarinen et al. 2009).

Several studies have applied the multi-feature paradigm
to explore the MMN elicited by speech sounds (Fisher
et al. 2011; Kuuluvainen et al. 2014; Lovio et al. 2009;
Pakarinen et al. 2009, 2013; Sorokin et al. 2010). Paka-
rinen et al. (2009) and Sorokin et al. (2010) examined the
processing of feature changes in consonant—vowel (CV)
syllables in both passive oddball and multi-feature para-
digms and found that changes in all five aspects (f0, inten-
sity, vowel duration, vowel change, and consonant changes
in the first study and vowel, vowel duration, consonant,
syllable intensity, and frequency changes in the second
study) elicited similar MMN ERP responses in both para-
digms. Pakarinen et al. (2013) reported that the ampli-
tude and latency of the MMN followed the magnitude
of deviation in several acoustic and phonetic features in
vowel stimuli: the larger the deviation was, the larger and
earlier the MMN peaked. Kuuluvainen et al. (2014) dem-
onstrated that the MMN/MMNm (i.e., the magnetic coun-
terpart of MMN) was enhanced for the same features in
speech CV syllables compared to their non-speech coun-
terparts, providing further evidence for the activation of
phoneme traces during speech perception. Partanent et al.
(2011) found that the MMN was elicited by acoustic (f0,
intensity) and phonetic (vowel duration, vowel identity)
changes in all syllables of a three-syllable pseudoword.
The results of these studies support that the multi-feature
paradigm is an effective tool for investigating the neural
mechanisms underlying speech sound processing.

In the present study, we aimed to create a slightly modi-
fied version of multi-feature MMN paradigms used in previ-
ous studies. Our goal was to devise a paradigm that reliably
elicits the MMN component to multiple speech features,

including both segmental and suprasegmental (prosodic),
allowing to profile the speech perception abilities of partici-
pants. In subsequent studies, we plan to use this paradigm to
study the speech perception abilities of children with speech
and language difficulties; therefore, it was crucial to estab-
lish if the paradigm 1) can reliably elicit the MMN and 2)
can show individual differences.

One novelty of the paradigm was the inclusion of a pro-
sodic feature, word stress. Previous studies already estab-
lished that changes in word stress elicit the MMN compo-
nent in classic oddball paradigms (Honbolygdé et al. 2004,
2020; Honbolygd and Csépe 2013; Weber et al. 2004; Ylinen
et al. 2009; Zora et al. 2015, 2016, 2023). Multi-feature stud-
ies also presented linguistically relevant prosody changes,
i.e., changes in fO and intensity in speech sounds (Pakarinen
et al. 2009, 2013; Partanent et al. 2011; Sorokin et al. 2010),
and in affective prosody (Kostilainen et al. 2020; Pakarinen
et al. 2014), but there is only one study that examined lin-
guistic prosodic changes in a multi-feature paradigm (Zavo-
gianni et al. 2024). In this study, the authors included seg-
mental, prosodic, and acoustic changes to investigate the
processing of a wide range of speech related features, while
in the present study, we wanted to focus on a more in-depth
examination of segmental speech features. Therefore, we
included two types of consonant changes: place, and place
and mode of articulation, and two types of vowel changes:
mode and place of articulation. We selected these pho-
netic contrasts because we wanted to introduce systematic
changes in the stimuli: instead of randomly selecting devi-
ant consonants and vowels, we selected particular phonetic
features in which the deviants differed from the standards
(see Table 1). We also included a contrast in the word stress
pattern (iambic as compared to trochaic), and to allow the
investigation of word stress change, we created two-syllable
long pseudowords.

To follow the main goals of the study first we investigated
if the paradigm can reliably elicit the MMN component.
Based on previous studies, we expected that all phonetic
contrasts will elicit the MMN component, including the
word stress change (Honbolygé et al. 2017, 2020; Hon-
bolygd and Csépe 2013; Zavogianni et al. 2024). However,
we didn’t have any specific hypothesis concerning the pho-
netic features. Moreover, we wanted to investigate whether
the paradigm is sensitive enough to reveal individual differ-
ences. We collected information about participants’ music
and foreign language learning background, and we expected
to find that participants with better proficiency in music and/
or language learning will show enhanced MMNs (see Kiih-
nis et al. 2013; Marie et al. 2012; Shahin 2011).
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Table 1 Characteristics of experimental stimuli

Stimulus (IPA Phonetic contrast Phonetic features Total dura-  Duration of 1st and
transcription) tion (ms) 2nd syllable (ms)
keke (/'ksks/) Standard /k/: voiceless, plosive, velar; /e/: 600 280
front, unrounded, mid; trochaic 320
peke (/'peke/) Consonant deviant—place of articulation (PoA) Ip/: voiceless, plosive, labial 600 270
330
feke (/'feke/) Consonant deviant—place and mode of articula- /f/: voiceless, fricative, labial 680 380
tion (PMoA) 300
kike (/'kike/) Vowel deviant—mode of articulation (MoA) /i/: front, unrounded, close 590 255
335
koke (/'koke/) Vowel deviant—place of articulation (PoA) /o/: back, mid 680 290
390
ke’ke (/ke'ke/) Stress deviant iambic 650 290
360
Methods presented in a random order. During the experiment, partici-
pants were comfortably seated in a chair inside a soundproof
Participants and electrically shielded experiment booth. They were asked

A total of 29 native Hungarian-speakers (25 females) par-
ticipated in the research; all of them were right-handed. The
mean age of participants was 22.4 years (SD: +3.75). The
oldest participant was 39 years old, and the youngest was
19. Participants had normal hearing and did not report any
neurological, auditory, or speech-related issues. Participants
were all students of E6tvds Lordand University, and they
participated in the experiment for course credits. The study
was approved by the United Ethical Review Committee for
Research in Psychology (EPKEB) in Hungary and was con-
ducted in accordance with the Declaration of Helsinki.

Stimuli and procedure

The stimuli were audio recordings of two syllable long pseu-
dowords, voiced by a female actor. There were altogether
six stimuli: one standard and five deviants. The standard
stimulus was the pseudoword ‘keke’. The deviant stimuli
were modifications of the standard stimulus in the follow-
ing characteristics: changes in one consonant or vowel, and
changes in stress pattern (see Table 1). We chose the fol-
lowing stimuli: ‘kike’ and ‘koke’ for the vowel deviants,
‘peke’ and ‘feke’ for the consonant deviants, and the iambic
version (i.e., stress on the second syllable) of ‘keke’ for the
stress deviant.

The stimuli were presented in a multi-feature paradigm
(following the paradigm of Partanent et al. 2011). The
stimulus onset asynchrony (SOA) was randomly varied
between 750 and 950 ms. We presented 630 standard and
120 deviant stimuli per condition (altogether 1230 stimuli)
in two blocks. Each block started with the presentation of
15 standard stimuli, and every other stimulus was a deviant
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to watch a movie of their preference without any sound or
subtitles while the stimulus sequence was presented to them
through headphones (Sennheiser PX200). The duration of
the recording was about 17 min. The presentation of the
experiment was performed by using Presentation software
(v. 21.1, Neurobehavioral Systems).

Participants completed a questionnaire in which we
inquired about their formal music education: whether
they received it or not (Music education) and if yes for
how long they received it (Music education years); if they
were actively engaged in music activities at the time of the
data collection (Current music activity). We also inquired
about their foreign language proficiency, i.e., highest pro-
ficiency level according to the CEFR (Common Euro-
pean Framework of Reference for Languages): beginner:
B1-B2; advanced: C1-C2 (Foreign language proficiency).

EEG recording and analysis

We recorded the EEG activity with a 64-channel record-
ing system (BrainAmp amplifier and BrainVision Recorder
software, BrainProducts GmbH) with a sampling rate of
1000 Hz. The Ag/AgCi sintered active electrodes were
mounted in an electrode cap (actiCAP) on the scalp of each
participant according to the 10% equidistant system at the
following positions Fpl, Fp2, AF7, AF3, AFz, AF4, AFS,
F7, F3, F1, F2, Fz, F4, F6, F8, FCS5, FC1, FC3, FCz, FC2,
FC4, FC6, FT7, FT9, FT8, FT10, T7, C5, C3, Cl1, Cz, C2,
C4, C6, T8, TP9, TP7, CPS5, CP3, CP1, CPz, CP2, CP4, CP6,
TPS8, TP10, P7, PS5, P3, P1, Pz, P2, P4, P6, P8, PO7, PO3,
POz, PO4, PO8, O1, Oz, 02, 1z. The reference and ground
electrodes were at the FCz and AFz locations, respectively.
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Fig.1 Grand average ERPs of the standard and five deviants on the
FCz electrode. Negativity is plotted upwards here and on the follow-
ing figures

During the recording, electrode contact impedances were
kept below 10 kQ.

We analyzed the EEG data offline with the BrainVision
Analyzer 2.2 software (Brain Products GmbH, Munich,
Germany). The analysis pipeline consisted of the follow-
ing steps. Continuous EEG was filtered with a band-pass
filter between 1 and 30 Hz (48 db/oct), and with a notch
filter at 50 Hz to remove additional electrical noise. This
was followed by the removal of horizontal and vertical
eye-movement artifacts as well as heartbeats by applying
an Independent Component Analysis (ICA) (Delorme et al.
2007). During ICA, the EEG signals were first decomposed
into 32 independent components, and components match-
ing the waveform and amplitude distribution of blinks,
horizontal eye-movements and heartbeats were removed
manually (1-3 per participant). Finally, the EEG data were
recomposed based on the remaining components. After
that, EEG data were re-referenced to the average activity
of all electrodes. This was followed by the segmentation
of continuous EEG time locked to the onset of the stim-
uli. Segments were created separately for the standard and
five deviants from 100 ms before stimulus onset to 700 ms
after. Next, to remove potentially remaining artifacts, we
applied an automatic artifact rejection algorithm on the seg-
mented data, which rejected segments where the activity
exceeded + 80 pV at any of the electrode sites (minimum
number of retained segments per condition per participant:
104 out of 120, 86.7%). Finally, remaining epochs were
baseline corrected (— 100-0 ms) and averaged (Fig. 1).

Statistical analysis

To quantify the MMN components, difference curves were
created individually by subtracting the ERP waveform of the
standard from that of the deviants. We performed a point-
by-point paired samples -test (see Fig. 2) to determine
those time windows where the deviants elicited a signifi-
cantly different ERP activity compared to the standard. This
method ensures an unbiased selection on temporal regions
to quantify ERP components and has been previously used
by for example Kostilainen et al. (2020). Of the several sig-
nificant time windows demonstrating a significant difference
between the standard and deviant stimuli, we selected the
earliest ones, corresponding to the expected time window
of the MMN (150-250 ms after the onset of change, see
Nidtidnen et al. 2007).

These time windows were the following: PoA consonant:
245-330 ms; PMoA consonant: 115-250 ms; MoA vowel:
125-280 ms; PoA vowel: 160-255 ms; stress: 185-300 ms.
We used these time windows to direct the automatic detec-
tion of MMN component peaks and exported the peak ampli-
tude and latency values. One participant’s amplitude value
in the PMoA consonant deviant condition were deemed as
outlier; therefore, we removed the participant from further
statistical analysis, and only the data of 28 participants were
considered for further analysis.

To investigate whether MMN peaks were elicited in a
statistically significant manner, we performed one-sample
t-tests against 0 on the peak amplitude values. We also com-
pared the latency and amplitude values of deviants using
repeated measures ANOVA, using a factor of Stimulus with
five levels.

To study individual differences, we calculated correla-
tions (in the case of continuous variables) and point biserial
correlations (in the case of binary variables) between the
MMN peak amplitude and latency values and the partici-
pant’s musical background and foreign language proficiency
(see above). As some of the variables were not normally dis-
tributed, according to the Shapiro—Wilk test, we performed
Spearman correlations. Because multiple comparisons were
conducted, we corrected significance levels according to the
method described by Benjamini and Hochberg (1995), which
controls for the False Discovery Rate (FDR) using sequential
Bonferroni-type corrections. The statistical analyses were
performed using JASP (Version 0.16.4).

Results
The grand average ERPs of all stimuli (see Fig. 1) depict a

series of positive going ERPs on the frontal electrodes in
the first 300 ms after stimulus onset, followed by a series
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Fig.2 Difference curves of the five deviants on the FCz electrode.
Red horizontal lines depict the time periods where the point-by-point
paired t-test comparing the amplitudes of the deviant and standard

of negative deflections. ERPs elicited by the stimuli start to
deviate from each other after around 100 ms.

The MMN component appeared on the difference curves
(see Fig. 2). Figure 2 shows the difference curves on the
FCz electrode, together with the results of the point-by-point
paired z-test, the amplitude distribution of the MMN peaks
and the audio waveform of the stimuli. As visible in Fig. 2.,
the deviants elicited slightly different ERP waveforms, with
different morphology and temporal characteristics, which
necessitated quantifying the MMN component in time
windows with slightly different latencies (see above). As
it visible on the topoplots, each deviant elicited the MMN
component, with a characteristic fronto-centrally negative
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showed a significant difference. Topoplots present the amplitude dis-
tribution of the MMN peaks at the time point indicated by the arrows.
Below the time axis, the audio waveform of the stimuli is shown

amplitude distribution, accompanied by a polarity reversal
on the occipital electrode sites.

Additionally, according to the point-by-point z-tests, devi-
ants elicited significantly different ERPs compared to the
standard in later time windows. These could be identified
either as a P300 (when positive around 300 ms) or Late
Discriminative Negativity (LDN, when negative around
400 ms). As the focus of the current study was the MMN,
we did not analyze or interpret these additional components.

To demonstrate if the MMN components were sig-
nificantly elicited by the deviant stimuli, we performed
a series of one-sample 7-tests against 0 on the peak
amplitude values of MMN. Figure 3 demonstrates the
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Fig. 3 Raincloud plots showing a combination of jittered individual values, the boxplot and the probability density plot of the MMN amplitudes
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Table 2 Results of the one-sample #-test distribution of the amplitude values in each condition,
; i » and Table 2 summarizes the results of the #-tests. Figure 3

depicts a so-called “raincloud plot”, which is the combi-

PoA consonant —-8.71 27 <.001 nation of several forms of data visualization: raw jittered
PMoA consonant —-13.53 27 <.001 individual data points, a boxplot, i.e. the visualization of
MoA vowel —10.01 27 <.001 central tendency, and a “split-half violin”, which is un-
PoA vowel —8.94 27 <.001 mirrored probability density plot (i.e., a plot of the likeli-
Stress —-8.85 27 <.001 hood of occurrence of a data point using the probability
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Table 3 Results of the Holm post-hoc test for the MMN latencies

Stimuli Mean differ- SE t Pholm
ence

PoA cons PMoA cons  96.929 8415 11.518 <.001%#%*
MoA vowel  71.607 8.415  8.509 <.0071***
PoA vowel 87.929 8.415 10.449 <.001%**
Stress 52.857 8.415  6.281 <.001%**

PMOoA cons MoA vowel —25.321 8.415 -3.009 0.013*
PoA vowel -9 8415 -1.07 0.287
Stress —44.071 8.415 —5.237 <.001%**

MoA vowel PoA vowel 16.321 8.415 1.94 0.11
Stress —18.75 8.415 —2.228 0.084

PoA vowel  Stress —35.071 8.415 —4.168 <.001%*%**

P-value adjusted for comparing a family of 10.* p <.05, *** p <.001

density function) plotted against the redundant data axis
(Allen et al. 2023).

To control for multiple comparisons, we used Bonferroni
correction which set the critical p-value to 0.01. According
to the results, the MMN amplitude was significantly different
in all deviant conditions (p <0.001).

We compared the latency and amplitude values of the
MMN components elicited in the five conditions using
repeated measures ANOVAs. In the case of latency, the
main effect of Stimulus was significant, F (4,108)=41.75,
p<0.001, n,>=0.607 (see Fig. 4). The Holm post-hoc test
(see Table 3) demonstrated that the POA consonant deviant
had the largest latency which significantly differed from the
latency of all other deviants (p <0.001). Additionally, the
PoA consonant deviant differed from the MoA vowel and
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PMoA MoA PoA
vowel

stress

stress deviants (p <0.05), and the PoA vowel deviant dif-
fered from the stress deviant (p <0.001).

In the case of amplitude, the main effect of Stimulus was
significant, F' (4,108)=7.09, p <0.001, npz =0.208 (see
Fig. 5). The Holm post-hoc test (see Table 4) demonstrated
that the amplitude of the PoA consonant deviant significantly
differed from the PMoA consonant and the stress deviants
(p<0.01). Additionally, the PMoA consonant deviant sig-
nificantly differed from the PoA vowel deviant (p <0.01).

To investigate individual differences, we calculated cor-
relations between the participants’ musical background and
foreign language proficiency, and the latency and amplitude
values of MMN components in the five conditions. Correla-
tions were calculated separately for the MMN latency (see
Table 5) and amplitude (see Table 6) data. According to the
results, in the case of MMN latencies, the latency of the
stress deviant correlated negatively with Foreign language
proficiency, r= —0.46, p <0.05, indicating that participants
who were more advanced speakers of a foreign language had
an earlier MMN peak.

In the case of MMN amplitudes, the amplitude of the
PMOoA consonant deviant correlated positively with Music
education years, r=0.58, p <0.05, indicating that par-
ticipants who had more music education, showed a more
positive, i.e., smaller MMN to this deviant. Moreover, the
amplitude of the PoA vowel deviant correlated positively
with Music education, r=0.41, p <0.05, meaning that par-
ticipants who had a formal music education, showed also a
more positive, MMN. Similarly, the amplitude of the PoA
vowel deviant correlated positively with Current music
activity, r=0.40, p <0.05, indicating that participants who
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Fig.5 Raincloud plots showing 2 -
the MMN amplitudes in the

five conditions. Connected data
points belong to the same par-
ticipant. NB negativity is plotted
downwards
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Table 4 Results of the Holm post-hoc test for the MMN amplitudes

Stimuli Mean differ- SE t Pholm
ence

PoA cons PMoA cons  0.837 0.185  4.532 <.001***
MoA vowel  0.499 0.185 2.701 0.055
PoA vowel 0.135 0.185 0.73 0923
Stress 0.635 0.185 3.44  0.007%**

PMoA cons MoA vowel —0.338 0.185 —1.832 0.279
PoA vowel —0.702 0.185 —3.802 0.002%*
Stress -0.202 0.185 —1.093 0.831

MoA vowel PoA vowel —0.364 0.185 —1.97 0.257
Stress 0.136 0.185 0.739 0.923

PoA vowel  Stress 0.5 0.185 2.709 0.055

P-value adjusted for comparing a family of 10. ** p<.0l, ***
p<.001

[ I I |

PMoA MoA PoA
vowel

stress

were engaged in musical activities, showed a more positive
MMN amplitude.

Discussion

In the present study, we investigated the pre-attentive pro-
cesses related to perceiving speech information, i.e., using
Adam’s terms, we studied the input unconscious processes
of speech perception (Adam 2001). We created a speech
multi-feature MMN paradigm that allowed the fast investiga-
tion of the neural mechanism underlying multiple segmental
and prosodic linguistic features. We also studied whether
individual differences of participants related to their musi-
cal and foreign language proficiency modulates the MMN
response. In the experiment, participants were presented
with five different kinds of deviant stimuli: two consonant
deviants with place of articulation (peke, PoA), or place and
mode of articulation (feke, PMoA) contrasts; two vowel
deviants with mode of articulation (kike, MoA) or place of

Table 5 Correlation

. MMN latency Music education  Music education Current musical ~ Foreign
between.MMN latenc.les years activity language profi-
and participant’s musical ciency
background and foreign
language proficiency PoA consonant 0.19 -0.02 0.17 0.13

PMOoA consonant -0.38 -0.23 -0.23 -0.04
MoA vowel -0.15 -0.04 -0.14 -0.20
PoA vowel 0.03 —-0.16 -0.24 0.26
Stress —0.06 -0.15 -0.03 —0.46*

All data present Spearman’s rho values. Values in bold indicate correlations that survived FDR correction.

#p<.05
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Table 6 Correlation . MMN latency Music education  Music education Current musical Foreign
between.MMN arnph.tudes years activity language profi-
and participant’s muslcal ciency
background and foreign
language proficiency PoA consonant 0.19 -0.19 0.07 -0.02

PMOoA consonant 0.58%* 0.13 0.32 0.25

MoA vowel 0.18 0.14 0.33 0.05

PoA vowel -0.18 0.41* 0.40* 0.12

Stress 0.39 0.18 0.33 0.12

All data present Spearman’s rtho values. Values in bold indicate correlations that survived FRD correction.

p<.05

articulation (koke, PoA) contrasts, and a stress deviant. The
results showed that all deviants elicited the MMN ERP com-
ponent. This corroborates the findings of previous speech
multi-feature studies (Fisher et al. 2011; Kuuluvainen et al.
2014; Lovio et al. 2009; Pakarinen et al. 2009, 2013; Sorokin
et al. 2010) that also showed reliable MMN for different
acoustic and phonetic contrasts. We also found an MMN to
the word stress contrast, which confirms the results of Zavo-
gianni et al. (2024). As the ERP correlates of word stress
processing were mainly investigated in oddball paradigms
(Honbolygé et al. 2004, 2020; Honbolygé and Csépe 2013;
Weber et al. 2004; Ylinen et al. 2009; Zora et al. 2015, 2016,
2023), this finding supports that the multi-feature paradigm
allows to investigate the processing of prosodic contrasts.
The investigation of prosodic contrast is important, because
in some developmental speech and language disorders (e.g.,
developmental dyslexia), apart from other speech features,
the processing of word stress seems to be impaired (Schaadt
and Minnel 2019).

We also found that the segmental and prosodic deviants
induced different MMN peak latencies and amplitudes. The

Fig.6 Summary of latency and 300
amplitude values of MMNSs in

the five conditions. Latency: left

axis, blue bars; amplitude: right 250
axis, red curve

200

MMN latency (ms)
(blue)
[
3

100

analysis of MMN peak latencies showed that the PoA conso-
nant deviant elicited the MMN with the longest latency that
significantly differed from all other latencies (see Fig. 6.).
The PMoA consonant deviant elicited the shortest MMN
latency, differing significantly from all, but the PoA vowel
deviant. The analysis of MMN peak amplitudes revealed
that the PMoA consonant deviant elicited the largest MMN
that differed significantly from the PoA consonant and PoA
vowel deviants, and the PoA consonant deviant elicited the
smallest MMN that differed significantly from the PoA con-
sonant and the stress deviants. These differences between
the amplitude and latency values of the MMN component
elicited by the different deviants show that the multi-feature
paradigm is adequately sensitive to reveal stimulus related
processing differences.

Concerning the interpretation of MMN differences,
Naiténen et al. (2007) suggested that the MMN amplitude
gets larger and the peak latency shorter with the increasing
magnitude of stimulus deviation. This effect has been shown
for several different stimulus features: frequency, intensity,
duration, spectral complexity, spatial locus (for review, see

-2.5

=
9]

MMN amplitude (uVv)
(red)

'
Jay

-0.5
50
0 0
PMoA PoA MoA stress PoA
consonant vowel vowel consonant
Conditions
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Naitédnen et al. 2007). Moreover, the MMN shows an addi-
tivity effect, being larger for a conjunction of two features, as
compared to one feature (Takegata et al. 1999).

Studies using the multi-feature MMN paradigm also
found stimulus related differences in the MMN peak latency
and amplitude. Pakarinen et al. (2007) investigated the
processing of four different types of deviants (frequency,
intensity, duration, spatial location) in non-speech tones,
and changed the magnitude of the deviation in six steps.
The authors found that the MMN peak amplitude increased
with increasing stimulus deviance for all deviants, but the
MMN latency followed the magnitude of change only in the
case of frequency and location deviations. The MMN ampli-
tude change corresponded to the improvement of behavioral
discrimination performance. Pakarinen et al., (2013) inves-
tigated the processing of small, medium and large devia-
tions in the case of vowels by changing the vowel identity,
intensity, duration and pitch, and found that the increase
in the magnitude of deviation induced an increase in the
amplitude, and a decrease in the latency of the MMN peak.
Furthermore, Pakarinen et al. (2009) recorded speech and
non-speech deviances in a multi-feature MMN paradigm
presenting syllables, and found notable MMN peak ampli-
tude and latency differences in stimuli: the MMN was the
smallest and latest for the consonant change, and the larg-
est for the vowel change. This pattern of MMN amplitude
difference followed the behavioral discrimination perfor-
mance, as participants had a low performance in the conso-
nant change condition and a high performance in the vowel
change condition.

In our study, the POA consonant deviant elicited the
smallest and latest MMN peak, and the PMOA consonant
elicited the largest and earliest MMN peak, while the vowels
and stress deviants elicited MMNs in between (see Fig. 6).
Pakarinen et al. (2009) used a place of articulation differ-
ence for the consonant deviant (/p/ vs. /t/) which is similar to
our PoA consonant deviant (/p/ vs. /k/), suggesting that this
contrast is difficult to discriminate in both languages. In our
case, the other consonant deviant (PMoA) involving both a
mode and place of articulation change, elicited the largest
and earliest MMN peak, suggesting an easier discrimina-
tion when two consonant features are changed compared to
the standard. These results support the assumption that the
MMN follows the magnitude of stimulus deviance.

Alternatively, the additivity effect (Takegata et al. 1999)
could also explain these findings: the MMN was larger for
the PMoA consonant deviant involving the conjunction of
two phonetic features, as compared to the PoA consonant
deviant, involving a single phonetic feature. In any case, the
results suggest that the MMN amplitude and latency might
reflect how much the deviant differs from the standard in
phonetic terms. However, we did not find a similar gradient
in the case of vowel contrasts: this might be explained by

the fact the in the case of vowel contrast, there was a single
feature difference, and no conjunction of several features.
The reason for this is that there are no feature conjunctions
in Hungarian vowel contrast: vowels can differ from each
other either in the place of articulation, or in the mode of
articulation, but not both.

In the Introduction, we referred to the AERS as a more
complex model explaining the emergence of the MMN com-
ponent (Winkler and Schroger 2015). Concerning the pro-
cessing of speech information, the AERS model assumes
that the auditory system extracts basic speech-related fea-
tures from the incoming sounds, such as voicing, formant
transitions, etc., and later combines these into sensory
memory representations, such as phonemes and prosodic
features. These representations are compared to the model's
predictions that are based on the long-term representations
of different linguistic units: native speech sounds, prosodic
patterns, words, etc. We think that the assumptions of AERS
are in accordance with the above interpretation of MMN
differences related to the magnitude of stimulus deviance,
or the additivity effect: the deviant speech features are com-
pared against the standard speech features (relying on both
the actual sensory information and the top-down represen-
tation of the features) and if the deviant and the standard
differ from each other in more features (or if the magnitude
of the deviance is larger) this leads to an enhanced MMN.
The present study did not allow the systematic investigation
of a wide range of different phonetic contrasts, which neces-
sitates further studies to establish how the MMN reflects
different kinds of phonetic contrasts.

We also found individual differences in the MMN peak
latencies and amplitudes of the different stimuli: participants
who were more advanced speakers of a foreign language
had an earlier MMN peak to the stress deviant; moreo-
ver, participants who had more years of music education,
showed a smaller MMN amplitude to the PMOA consonant
deviant; furthermore, participants who had a formal music
education, and participants who were currently participat-
ing in musical activities showed also a smaller MMN to the
POA vowel deviant. These results contradicted somewhat
our expectation that participants with more music training
would show enhanced MMN. Based on previous studies, we
assumed that apart from its sensitivity to stimulus features,
the MMN also reflects discrimination accuracy (Nditinen
et al. 2007), and we expected that participants with a musi-
cal training have a better acoustic discrimination. Lang et al.
(1990) and Tervaniemi et al. (1997) found that the MMN
amplitude in a pitch and temporal information processing
task was larger for those participants who demonstrated a
better behavioral discrimination accuracy. Amenedo and
Escara (2000) showed that the MMN amplitude elicited by
the duration changes of spectrally rich tones predicted the
behavioural detection of these changes. Kujala et al. (2001)
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investigated the discrimination of sound pairs with different
silent inter-pair intervals and found that the appearance of
the MMN was related to whether participants could behav-
iorally discriminate the sound pairs. Aaltonen et al. (1994)
found a correlation between the MMN amplitude and the
participant’s behavioral performance of discriminating
small, within-category changes in vowels. At the same time,
Bazana and Stelmack (2002) could not demonstrate a cor-
relation between performance accuracy and MMN measures
in a tonal frequency discrimination task.

In our study, we found that participants with a more
advanced knowledge of any foreign language (we did not
take into account what exactly the language was) had an
earlier MMN peak to the stress deviant. We might assume
that more experience with a second language increased the
sensitivity of participants to prosodic (stress) cues. However,
this contradicts previous results on the stress processing defi-
cit of speakers of fixed-stressed languages (Domabhs et al.
2012; Honbolygo et al. 2019; Peperkamp and Dupoux 2002).

Furthermore, studies investigating auditory process-
ing in musicians consistently found more enhanced neu-
ral responses to different kinds of auditory deviances.
Tervaniemi et al. (1997) found a larger MMN amplitude in
musicians than non-musicians in a paradigm involving tem-
poral changes. Nikjeh et al. (2009) investigated musicians
and non-musicians in a paradigm involving pure tones, har-
monic tone complexes, and speech sounds, and found shorter
MMN latency in the case of musicians. Marie et al. (2012)
showed that musicians showed a larger MMN to duration
and frequency changes than non-musicians. Using the multi-
feature paradigm, Tervaniemi et al. (2016) not only demon-
strated that musicians had an enhanced processing of tuning,
timbre, rhythm, melody transpositions, and melody con-
tour, but also that musicians with different training history
(i-e., classical and jazz musicians) show a specific auditory
processing profile reflecting the importance of the sound
features in the different music genres. Kiihnis et al. (2013)
applied a multi-feature paradigm to investigate the speech
processing in trained musicians. Participants were presented
with a CV syllable as standard and four deviants including a
pitch, duration, vowel, and consonant change. The authors
found increased MMN amplitude for musicians in the pro-
cessing of vowel and duration changes and concluded that
professional musicians demonstrated a general improvement
in auditory processing as compared to non-musicians.

In our study, we found that participants with more musi-
cal training showed a smaller MMN in one of the consonant
(PMoA) and one of the vowel (PoA) deviants. This clearly
contradicts the findings of previous studies. An important
caveat is that our study was not designed to show music
training related differences, and we didn’t assess the musi-
cal background of the participants carefully. Moreover, we
used a continuous measure of years of training, instead of
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a dichotomous measure to create groups of musicians and
non-musicians as in previous studies. Still, it might be inter-
esting to consider that participants with more music training
showed a smaller MMN amplitude in the case of the PMoA
consonant deviant, which was otherwise presumably the eas-
iest to discriminate. We can speculate that participants with
more music training were better at predicting the deviant
because of their enhanced auditory perception skills, there-
fore they showed a smaller MMN to the deviant (as it was
not as surprising). However, this does not explain why they
also showed a smaller MMN in the case of the PoA vowel
deviant, which was not specifically easy or difficult to dis-
criminate. [rrespective of the precise explanation, our find-
ings show that the MMN to multiple segmental and prosodic
contrasts in the current paradigm can reflect individual dif-
ferences. Further studies are needed to determine the effect
of musical expertise and second language proficiency on the
processing of speech contrasts.

In conclusion, the speech multi-feature paradigm we cre-
ated to profile the neural background of processing differ-
ent speech features was adequately sensitive to reveal dif-
ferences in the MMN component’s amplitude and latency
in the different deviant conditions. The MMN component
reflected the magnitude of stimulus deviance and was elic-
ited by both segmental (vowel and consonant change) and
prosodic (word stress) features. We also found individual
differences in MMN amplitudes and latencies according to
the second language and musical background of participants,
although these differences did not necessarily coincide with
the findings of the literature.

Although several studies have shown that the MMN com-
ponent’s magnitude correlates with the behavioral perfor-
mance of the participants, it is important to emphasize that
the neural mechanism involved in the MMN’s generation
are largely pre-attentive. Thus, as Néaitidnen et al. (2012, p.
443) suggests “the MMN provides a unique window to the
neuropsychology of central auditory processing, and hence
a possibility for the objective assessment of auditory dis-
crimination”. We think that this resonates well with Gyorgy
Adam’s suggestion about the importance and prevalence of
“input unconscious processes” in the human brain.
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