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� The positive mismatch response (P-MMR) in neonates increases by 6 months and decreases by
28 months; mismatch negativity (MMN) and late discriminative negativity (LDN) become larger
and more prevalent with increasing age.

� P-MMR and MMN latencies decrease with age between birth and 28 months; LDN latency increases
from 6 to 28 months.

� Familial dyslexia risk affects MMRs and their maturation, but not always by diminishing or delaying
them.

a b s t r a c t

Objective: We investigated early maturation of the infant mismatch response MMR, including mismatch
negativity (MMN), positive MMR (P-MMR), and late discriminative negativity (LDN), indexing auditory
discrimination abilities, and the influence of familial developmental dyslexia risk.
Methods: We recorded MMRs to vowel, duration, and frequency deviants in pseudo-words at 0, 6, and
28 months and compared MMRs in subgroups with vs. without dyslexia risk, in a sample over-
represented by risk infants.
Results: Neonatal MMN to the duration deviant became larger and earlier by 28 months; MMN was eli-
cited by more deviants only at 28 months. The P-MMR was predominant in infancy; its amplitude
increased by 6 and decreased by 28 months; latency decreased with increasing age. An LDN emerged
by 6 months and became larger and later by 28 months. Dyslexia risk affected MMRs and their matura-
tion.
Conclusions: MMRs demonstrate an expected maturational pattern with 2–3 peaks by 28 months. The
effects of dyslexia risk are prominent but not always as expected.
Significance: This large-scale longitudinal study shows MMR maturation with three age groups and three
deviants. Results illuminate MMR’s relation to the adult responses, and hence their cognitive underpin-
nings, and help in identifying typical/atypical auditory development in early childhood.
� 2022 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The mismatch negativity (MMN) of the auditory event-related
potentials (ERPs) provides an attractive means to examine the
emerging auditory cognitive functions from birth onwards (e.g.
Alho et al., 1990; or even in foetuses, Huotilainen et al., 2005,
and infants born preterm, Cheour-luhtanen et al., 1996; for
reviews, see Cheour et al., 2000, Cheour, 2007, Kushnerenko
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et al., 2013). After 30 years of research in the field, the maturation
of the MMN during the first years of life, when it is often called the
mismatch response (MMR), has still been studied rarely in longitu-
dinal settings. The first aim of the present work is to determine,
using a large longitudinal sample, the maturational tract of the
MMN together with other change-detection-related ERP responses.
For the reader’s convenience, as the relationship of the infant and
adult ERP components is still not well established, the whole
change-related response complex is here referred to as MMR. Bet-
ter understanding of the maturation of the MMR is urgently
needed in order to grasp how it develops towards the components
found in adults and what cognitive functions it reflects (for a sug-
gestion, see Kushnerenko et al., 2013). Knowing the typical matu-
ration of the responses and their neurocognitive underpinnings
will also promote their use as neural predictive markers for future
development and disorders.

The auditory ERPs are sensitive to auditory and speech-
processing deficits in the heritable neurodevelopmental reading
deficit developmental dyslexia (Ozernov-Palchik and Gaab, 2016)
and comorbid conditions, such as developmental language disorder
(Kujala and Leminen, 2017). Dyslexia is a prevalent disorder,
understood to stem from a largely auditory system -based deficit
in acquiring and adequately processing the native language pho-
nemes (the phonological deficit, Eden et al., 2016; Giraud and
Ramus, 2013; Peterson and Pennington, 2015; Vellutino et al.,
2004). Accordingly, the promises of the ERPs as indices of auditory
processing deficits in dyslexia and related conditions and in pre-
dicting future language development and its delays have received
interest (e.g. Choudhury and Benasich, 2011). The second aim of
the present work is to compare MMRs and their maturation in sub-
groups with or without a familial risk for dyslexia, in order to
reveal neural deficits that may be predictive of future language
and reading problems.

1.1. MMRs and their maturation in the first years of life

In adults, the MMN is a fronto-central negativity of auditory
cortical origin at around 150–250 ms after deviance onset in
response to an irregular or unpredicted event in the auditory
stream (e.g., Näätänen et al., 2007; Winkler, 2007). Instead of or
in addition to the MMN-like negativity, many newborn studies
have reported a change-related positivity, often termed MMR or
positive-MMR (P-MMR) and interpreted as an ‘‘immature MMN”
(e.g. He et al., 2007, 2009; Trainor et al., 2003; Trainor, 2012). As
the relationship of these two responses is not known, longitudinal
studies are needed to understand how they relate to each other
and to the adult MMN.

However, only few studies on MMN/(P-)MMRmaturation in the
first years of life have been published so far (Čeponienė et al., 2000;
Cheng et al., 2013, 2015; Choudhury and Benasich, 2011; Fellman
et al., 2004; Kushnerenko et al., 2002; Pihko et al., 1999). Only
three of them collected data from more than two follow-up points
(ranging from birth to 48 months), and they all presented a tone
frequency change in an oddball paradigm (Kushnerenko et al.,
2002; Fellman et al., 2004; Choudhury and Benasich, 2011). These
studies report an early and a late negativity, both increasing in
amplitude with age (MMN and late negativity LN/negative compo-
nent Nc), and a positivity (P-MMR/difference positivity DP/P3a)
between them that decreases after 6 months.

Similar findings on a prevalent positivity (P-MMR) preceded by
an emerging and growing negativity (MMN) and an emerging later
negativity (termed ‘‘immature MMN” but resembling the LN/Nc:
Shafer et al., 2011; see also Basirat et al., 2014) during infancy
and early childhood have been obtained cross-sectionally (Cheng
et al., 2013, 2015; Cheng and Lee, 2018; Cheour et al., 1998; He
et al., 2007, 2009; Morr et al., 2002; Trainor et al., 2001, 2003).
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For example, both MMN, growing in amplitude and decreasing in
latency with age (see also Cheour et al., 1998; Morr et al., 2002),
and P-MMR, diminishing in amplitude with age (see also Shafer
et al., 2011 who also reported a decrease in latency with age), were
observed in four age groups of 2–13-month-old infants to (sound-
source-) location deviants (Slugocki and Trainor, 2014).

An extensive review suggests that the aforementioned three
components would mature into MMN, P3a, and reorienting nega-
tivity (RON), respectively (Kushnerenko et al., 2013; see also
Gomes et al., 2000; Kushnerenko et al., 2007; Wetzel and
Schröger, 2014). The P3a in adults is a positivity at around
300 ms from deviance onset, thought to reflect an involuntary
attention switch towards a salient stimulus (e.g. Horváth et al.,
2008). Following it, the RON at around 400–600 ms from deviance
onset returns the focus of attention back to the task at hand
(Horváth et al., 2008). A component described in children (e.g. in
2–3-year-olds, Putkinen et al., 2012) resembling the infant LN/Nc
and adult RON is the late discriminative negativity (LDN,
Korpilahti et al., 1995). LDN has been suggested to be particularly
associated with speech or higher-order processing of stimuli (e.g.
Bishop et al., 2011; Kuuluvainen et al., 2016). Therefore, its rela-
tionship to adult RON is not straightforward (see e.g. Shestakova
et al., 2003). MMN and LDN have been reported as separate compo-
nents already in newborn infants (e.g., Kushnerenko et al., 2001;
Martynova et al., 2003: MMN latency of �150–200 and LDN
latency of �350–400 ms to deviants in speech stimuli), although
originally LDN was called the late MMN (Korpilahti et al., 1995;
for a review, see Cheour et al., 2001). In the present study, the con-
secutive negative, positive, and negative peaks of the MMR will be
referred to as MMN, P-MMR, and LDN, respectively.
1.2. MMRs and deficient auditory discrimination skills in dyslexia

Many background factors could potentially affect the MMRs and
their maturation, a family history of dyslexia being one of them
(Volkmer and Schulte-Körne, 2018). In dyslexia risk infants, both
positive and negative MMRs were often found to be diminished
or absent to speech sound duration (Leppänen et al., 2002), conso-
nant changes (van Leeuwen et al., 2006, 2008), and (complex) tone
frequency changes (in infants at risk for dyslexia or developmental
language disorder, Benasich et al., 2006; Choudhury and Benasich,
2011). Atypical hemispheric lateralization of the MMRs in dyslexia
risk is also typically reported, e.g., group differences only in the left
hemisphere (e.g. Benasich et al., 2006; Choudhury and Benasich,
2011; Leppänen et al., 2002), atypically right-lateralized
phoneme-MMRs in dyslexia risk infants (van Leeuwen et al.,
2008), or less left-lateralized phoneme-MMRs in school-aged chil-
dren with dyslexia (Maurer et al., 2003). LDN amplitudes in dys-
lexic children have been diminished in school-age (Halliday
et al., 2014; Neuhoff et al., 2012) but enlarged in at-risk children
in kindergarten age (Hämäläinen et al., 2015). Enlarged LDNs in
kindergarten age could indicate immature processing, as LDN
should diminish with maturation in this age group (e.g.,
Linnavalli et al., 2018).

The auditory stimuli and exact neural measures (e.g. which
response) that have been investigated vary markedly between
studies. Still, particularly speech-elicited MMRs in young children
seem to be quite coherently associated with both dyslexia risk
and subsequent reading skills, in line with the phonological deficit
theory of dyslexia (Volkmer and Schulte-Körne, 2018). The present
study provides a comprehensive report of the associations of
MMRs (MMN, P-MMR, and LDN response amplitudes and latencies
and hemispheric lateralization) and their early maturation with
dyslexia risk. This can further clarify the picture of whether and
how the early MMRs can reflect the auditory and speech process-
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ing deficits associated with or contributing to the development of
dyslexia.
1.3. Research questions and hypotheses

The present study investigated the morphology and early mat-
uration of the MMR complex to three auditory deviants (vowel
duration, syllable frequency, vowel identity) in a pseudo-word
from birth to 6 months and up to 28 months in a longitudinal set-
ting. We studied the elicitation of MMN, P-MMR, and LDN in each
measurement point, as well as maturational changes in their
amplitude, latency, and hemispheric lateralization. In two subsam-
ples, we further analyzed the differences in the MMR responses
and their maturation between infants with or without a familial
risk for dyslexia.

Based on previous reports, it was hypothesized that a positive–
negative-positive pattern (MMN-P-MMR -LDN) would be observ-
able in the deviant-standard subtraction waveform and be statisti-
cally significant at least by 28 months. We expected the MMN and
LDN amplitudes to become larger with age, and the P-MMR to
decrease in amplitude and latency after 6 months. MMN may also
decrease in latency. Based on previous results, maturational tracts
of the morphology of the infant MMR differ depending on the stim-
ulus, so that larger and more salient deviants are more likely to eli-
cit negative responses from early on, whereas smaller and less
salient changes elicit positive responses, if any (Cheng et al.,
2013, 2015; Cheng and Lee, 2018; Kushnerenko et al., 2007;
Peter et al., 2016; see also He et al., 2007, Morr et al., 2002,
Leppänen et al., 1997). It was therefore expected that some devi-
ants elicit certain responses, e.g., MMN, already at birth, while
some others only elicit them later in development. For example,
the vowel identity deviant used in the present study may be the
least salient of the deviants and therefore not elicit MMNs at birth
(see Thiede et al., 2019). Based on the above-reviewed literature,
we hypothesized that the MMRs are diminished in amplitude,
delayed in latency, or absent in the infants at dyslexia risk, and
their maturation might be slower than in the control group. The
MMRs were also expected to be atypically right- or bi-lateralized
in the dyslexia risk group, or show group differences only in the
left hemisphere electrodes.
2. Methods

2.1. Participants

A total of 210 infant participants were recruited during preg-
nancy or around the time of birth via traditional media appear-
ances and social media advertisements, local maternity clinics
and wards, and via the website of the DyslexiaBaby study. The par-
ticipant selection process, exclusions, and final sample sizes of the
whole sample in different parts of the follow-up are described in
Fig. 1 and background information of the final samples in Table 1.
The recruitment during pregnancy was targeted mainly for parents
with dyslexia (target-N = 150), but also infants of non-dyslexic par-
ents (target-N = 50) were recruited with the same strategies. In
order to be enrolled in the longitudinal study, the infants had to
be born healthy, at term (gestational age at least 37 weeks and
birth weight at least 2500 g), and with normal hearing. Evoked
Oto-Acoustic Emissions (EOAE) were conducted to newborns rou-
tinely at the hospital; in two infants of the present sample, this
information was missing but hearing was later screened in a
maternity clinic and was normal. In addition, Finnish had to be
(one of) their native language(s).

Infants included in the dyslexia risk group of the DyslexiaBaby
study had one or two biological parents with dyslexia. Parental
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dyslexia was confirmed either by a recent (within the last five
years) diagnostic statement from a health care professional, or by
reading test performance in the present study, together with self-
reported reading- and writing-related difficulties in childhood.
Reading tests were conducted by psychology master students
supervised by a licensed psychologist, and consisted of a Finnish
standardized test measuring speed and accuracy of oral text, word,
and pseudo-word reading, and writing speed (Nevala et al., 2006).
Criteria for dyslexia were below-norm performance of at least one
standard deviation (SD) in reading or writing speed or accuracy in
at least two out of four subtests. However, some parents did not
entirely meet the criteria but still reported clear reading and writ-
ing difficulties in childhood and dyslexia in biological relatives.
They were classified as compensated dyslexics. Infants with a par-
ent who had indications of neurodevelopmental conditions other
than dyslexia or developmental language disorder (diagnosed
attention deficit disorder or an individualized curriculum in ele-
mentary school of the dyslexic parent suggesting broader cognitive
deficits), or of a non-heritable cause for the reading deficit (brain
trauma in childhood) were not accepted to the DyslexiaBaby study,
or if they were already enrolled in the study when these issues
came up, they were excluded from the present study (Fig. 1 ‘‘Par-
ental diagnosis”). Only very severe health conditions of the chil-
dren that were known to affect their nervous system and
language development resulted in exclusion from the present
study (e.g. severe dysmorphias, chromosomal abnormalities,
Rolandic epilepsy, brain tumors; Fig. 1 ‘‘Child’s later diagnosis”).
Additionally, in different parts of the longitudinal study, problems
related to scheduling the measurement (Fig. 1 ‘‘Scheduling”) or
suboptimal data quality (Fig. 1 ‘‘Poor data quality”) resulted in
excluding the data of certain infants from that measurement point.
Very few families dropped out from the DyslexiaBaby study during
the first 28 months (N = 5/210, Fig. 1 ‘‘Family withdrawn”, ‘‘Contact
lost”).

MMR maturation was investigated in the whole sample
(Table 1), including all children with usable electroencephalo-
graphic (EEG) data from at least one measurement point. The
majority of these children were at familial dyslexia risk, and within
the at-risk children, the majority participated in a music listening
intervention at 0–6 months (with two groups: intervention
1 = int1 and intervention 2 = int2 in Table 1; for a description of
the intervention, see Virtala and Partanen, 2018) while some did
not (no intervention group = no-int in Table 1). In order to compare
the MMRs between infants with or without familial dyslexia risk,
two subsamples (dyslexia) risk and control, respectively, were
additionally taken from the whole sample (Table 1). The risk group
consisted of those infants of the DyslexiaBaby dyslexia risk group,
1) whose parents currently met criteria for dyslexia (N = 34/160
were excluded as their parent was classified as a compensated
dyslexic, and in one case, as the parental dyslexia status could
not be confirmed as compensated or uncompensated), and 2)
who did not participate in the music listening intervention (as that
may affect their ERPs; N = 101/160 were excluded). The Dyslex-
iaBaby control group infants (con in Table 1) were all included in
the control group of the present study. Their parents (or one, if
the other parent was not available) had to report neither suspected
nor diagnosed dyslexia nor other language- or learning-related
disorders.

This study was conducted as part of the DyslexiaBaby longitudi-
nal study, approved by the Ethics Committee for Gynaecology and
Obstetrics, Pediatrics and Psychiatry of the Hospital District of Hel-
sinki and Uusimaa. The study is conducted in compliance with the
Declaration of Helsinki. At study enrollment in the EEG recording
session at 0 months, one or both parents of the infant gave their
written informed consent.



0mo-EEG recording n=210
Excluded (n=1 , Drop-out (n=1))8
Parental diagnosis* (n=17)
Child's later diagnosis (n=1)
Family withdrawn (n=1)

Recruited n= rsample isk, 50 control)210 healthy full-term infants (160

Drop-out (n=2)
Contact lost (n=1)·
Family withdrawn (n=1)

0mo-EEG data n=190

n=191

Poor data quality (n=1)

6-mo EEG recording
n=139 6mo-EEG data n=90

Poor data quality (n=49)

Scheduling problem
n=50

Drop-out (n=2)
·Family withdrawn (n=2)

28-mo EEG recording
n=160 28 146mo-EEG data n=

Poor data quality (n=14)

n=187

No EEG (n= )27
Scheduling problem (n= )· 20
Child/parent refused (n=4)
Other/unknown cause (n=3)

Fig. 1. Description of the participant selection process, drop-out, and exclusions in the DyslexiaBaby longitudinal electroencephalogram (EEG) data at 0 (0mo), 6 (6mo), and
28 months (28mo), with final sample sizes of the present study in bold.
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2.2. Experimental stimuli and paradigm

The experimental stimuli and paradigm have been previously
described in Thiede et al. (2019) and Kailaheimo-Lönnqvist et al.
(2020). ERPs were recorded to a bi-syllabic pseudo-word /tata/
(original stimulus) and its three variants, which conform to the
participants’ native language Finnish (Pakarinen et al., 2014;
Fig. 2). The original /tata/ stimulus was spoken by a female native
Finnish speaker, and uttered naturally with stress on the first syl-
lable. Stimulus duration was 300 ms, �250 ms audible, including
a natural ending. The second syllable started at �168 ms, and
the second /a/ at�181ms. In the three variants, the second syllable
(1) frequency (fundamental frequency fo lifted from 175 to 225 Hz,
5 semitones), (2) vowel duration (length of second syllable
increased from 71 to 158 ms, total length 400 ms of which
�327 ms audible), or (3) vowel identity (second syllable replaced
with naturally uttered /to/, start time, duration, and fo-level
matched to /tata/) was modified by editing the original /tata/
sound file with Adobe Audition (CS6, 5.0, Build 708) and Praat
(5.4.01) softwares. Sound intensity level was root-mean-square
normalized in the three variants in order to match their average
intensity level to that of the original /tata/stimulus. The experi-
mental stimulus sequences additionally included a fifth stimulus
type: novel sounds of human (e.g., sigh, cry, laugh) and non-
human (e.g., telephone ring, electric drill) origin (the data will be
reported elsewhere).

The stimuli were presented in a multi-feature paradigm with
the original /tata/ stimulus as the repeating standard, the three
variants frequency, vowel duration (henceforth: duration), and
vowel identity (henceforth: vowel) as occasional deviant stimuli,
and the novel stimuli presented rarely. An inter-stimulus-interval
of 850–950 ms, alternating in 10-ms steps randomly (Fig. 2), was
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used. The paradigmwas presented in four blocks of 472 stimuli (al-
together 1340 standards, 160 each deviant), where the stimuli
were presented otherwise ina random order, but so that four stan-
dards started each block and a standard always followed a deviant
or novel stimulus. At all age stages, given that the infant/child
stayed calm, additional shorter paradigms were presented in the
EEG recording following this paradigm (will be reported
elsewhere).
2.3. EEG recordings

All EEG recordings were conducted with a BrainProducts Quick-
Amp amplifier (v. 10.08.14; software: BrainVision Recorder
1.20.0801, Brain Products GmbH, Gilching, Germany) at a sampling
rate of 500 Hz, low-pass filter of 100 Hz, and high-pass filter of
0 Hz, and an online reference at the average of all electrodes.
EEG was recorded with an electrode cap (ActiCap, Brain Products
GmbH, Gilching, Germany) with 18 (at 0 months and 6 months)
or 32 (at 28 months) electrodes placed according to the extended
international 10/20 system (for details, see Fig. 3). The experimen-
tal paradigms were presented with Presentation 17.2 Software
(Neurobehavioural Systems Ltd., Berkeley, CA, USA) via one (at 0
and 6 months) or two (at 28 months) Genelec speakers with a
stimulus intensity of �65 dB (sound pressure level, SPL) at the
infant’s/child’s head. At all age stages, EEG recordings were con-
ducted with identical equipment and protocol, except for age-
specific procedures described below. The measurement, with
preparations included, took approximately 1–2 hours at all age
stages.

0 months. Recordings were conducted in a quiet room at Jorvi
Hospital, Helsinki University Hospital, Espoo, Finland
(N = 170/190 of the whole sample), or in a sound-proof laboratory



Table 1
Background information and sample sizes in the whole sample (in bold) and in the risk (RISK) and control (CON) subgroups at birth (0mo), 6 months (6mo), and 28 months (28
mo): amounts of the DyslexiaBaby dyslexia risk and con(trol) participants; amounts of the DyslexiaBaby intervention (int1, int2), no-int(ervention), and con(trol) group
participants; gender distributions; socio-economic status as indicated by amounts of high and low edu(cation); Electroencephalogram (EEG) recording age (in days or months);
and birth-related information (unit specified; with standard deviation, SD; in parentheses). Participants in the ‘‘low edu” group had no parents with higher education (tertiary
education leading to an academic degree).

0mo 6mo 28mo

whole sample
(N = 190)

CON
(N = 46)

RISK
(N = 38)

whole sample
(N = 90)

CON
(N = 16)

RISK
(N = 17)

whole sample
(N = 146)

RISK
(N = 28)

CON
(N = 32)

dyslexia risk/
con

144/46 74/16 114/32

int1/int2/
no-int/con

46/45/53/46 26/26/22/16 37/37/40/32

female/
male

88/102 20/26 14/24 39/51 7/9 6/11 67/79 11/17 14/18

high/low edu 155/34 36/9 35/3 77/13 14/2 17/0 125/21 26/2 29/3

age, d/mo/mo (SD) 9.1
(4.2)

8.9 (5.2) 8.9 (3.7) 6.1
(0.3)

6.1 (0.3) 6.1 (0.3) 28.1 (0.4) 28.0
(0.4)*

28.3
(0.4)*

birth weight, g
(SD)

3585.7 (454.3) 3553.6
(533.0)

3567.0
(424.5)

birth height, cm
(SD)

50.7 (1.9) 50.9 (2.2) 50.5 (1.8)

gestational age, w
(SD)

40.1 (1.0) 40.1 (1.1) 40.2 (0.9)

last Apgar score
(5/10 min)

9.5
(0.7)

9.5 (0.6) 9.5 (0.8)

Note 1. In two infants in the whole sample (N = 1 from the RISK group), Apgar score was only 6, but the infants were in good health at the 0-mo-EEG (age 13 d). In two infants
in the whole sample (N = 1 from the RISK group), the Apgar score was missing, but there was no indication of health issues at time of 0-mo-EEG (7–8 d). Edu information was
missing from one infant in the 0mo whole sample.
Note 2. Differences in background variables between RISK and CON were analyzed with One-way ANOVA and Chi Square tests. Age at 28 months differed statistically
significantly between groups, p =.013 (�10 d). The difference was considered irrelevant (range in the whole sample 27.2–29.2 mo). The amounts of the RISK/CON groups
participating in the EEG recording in the Jyväskylä University recording site was 3/8, 2/4, and 1/6 at 0, 6, and 28 mo, respectively.
Note 3. Partly overlapping but differently analyzed EEG data of the participants of this study were reported in Thiede et al., 2019 (0mo data of N = 88/190 of participants
reported here; a study of the effect of high dyslexia risk on MMR) and Kailaheimo-Lönnqvist et al., 2020 (6mo data reported here and additional participants; a study of ERP
associations to prelinguistic development).
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Fig. 2. Experimental paradigm and stimuli modified from Thiede et al., 2019. Top: Illustration of the experimental paradigm with the stimulus types separated by colors as
described in the left bottom corner, with fundamental frequencies (fo, in Hz) separately for the frequency deviant and for the other stimulus types, and with durations (in ms)
separately for the duration deviant, novel stimuli, and the other stimulus types, and for the inter-stimulus interval. Bottom: In the left, stimulus types, their color labels, and
their probabilities (in %) in the experimental paradigm. In the right, illustration of the sound waveform of the standard /tata/ stimulus, with time (in seconds, s) in the x-axis
and relative sound amplitude in the y-axis.
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at the University of Jyväskylä, Finland (N = 20/190). Infants were
lying in a hospital crib on their back, with the speaker placed
�40 cm from infant’s head, and their state was monitored by a
trained nurse or research assistant who conducted the recording
(marked with button presses on a response box, Cedrus RB844,
Cedrus Corporation, California, USA, as ‘active sleep’, ‘quiet sleep’,
‘awake’, or ‘intermediate sleep stage’, based on Grigg-Damberger
et al., 2007). All alertness states are included in the present data.
The risk and control groups did not differ in the proportion of dif-
ferent alertness states: 51 vs. 64% of the risk and control groups
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were awake part of the time, all infants in both groups were in
active sleep part of the time, and 78 vs. 67% were in quiet sleep
part of the time, with no statistically significant differences
between groups in Chi Square tests, p >.20 (data missing from
one infant in each group). Active sleep state was the most common
in 65 vs. 51 % of the risk and control groups. The background noise
of the room was �40 dB (SPL) at the infant’s head.

6 months. Recordings were conducted at the same recording
sites (Jorvi Hospital N = 76/90, University of Jyväskylä
N = 14/90), speaker placement, and background noise intensity
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as at 0 months. Infants were awake, sitting in the caretaker’s lap
with the research assistant or nurse entertaining them silently
with making facial expressions, showing toys, mirrors etc.

28 months. Recordings were carried out after a 2-hour language
skill assessment typically on a separate day, in a sound-proof, elec-
trically shielded booth in a laboratory at the University of Helsinki
(N = 131/146) and in the same laboratory at University of Jyväskylä
as at 0 and 6 months (N = 15/146). The children were awake and
sitting in a chair placed 160 cm from the speakers. Either a parent
or a research assistant accompanied the child in the measurement
room, and the child played self-chosen tablet games (during prepa-
rations) and watched a self-chosen silenced cartoon DVD (during
the recording). The child was asked not to talk or move (when nec-
essary, also during the recording) and not to pay attention to the
sounds presented. Time stamps with any talking or moving of
the child during the recording were saved in the continuous EEG
data and taken into account during manual rejection (see Sec-
tion 2.4). The child’s informed consent was ensured and possible
fears regarding the EEG recording minimized by presenting an
illustrated ‘‘storybook” leaflet of the recording before they entered
the laboratory.
2.4. EEG data analysis

Prior to preprocessing, EEG from those stimulus blocks during
which the infant/child was crying or voicing loudly most of the
time or during which the 6-month-old or 28-month-old acciden-
tally fell asleep, were excluded from the data. Additionally, the
data set of one 28-month-old was excluded due to technical issues
during the recording. These exclusions are included in Fig. 1 ‘‘poor
data quality”.

Preprocessing was conducted with Matlab 2017a–2020a (The
MathWorks, Inc., USA), with Toolboxes EEGLAB 14.0.0b and
2019_0 (Delorme and Makeig, 2004) and ERPLAB 7.0.0 (Lopez-
Calderon and Luck, 2014). EEG was first filtered (0.025–40 Hz band
pass) to exclude large low and high frequency artifacts and to allow
for visual inspection of ‘‘bad” electrodes. Electrodes with flat or
continuously noisy (large-amplitude, high-frequency activity or
massive drifting) signal were marked as ‘‘bad”. No more than five
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electrodes (28 %) in the 0- and 6-month-EEG and six electrodes
(19 %) in the 28-month-EEG were marked ‘‘bad”. If a stimulus block
had more flat or noisy electrodes, it was excluded. Bad electrodes
that were peripheral (0 and 6 months: Fp1, Fp2, F7, F8, and Oz;
28 months: additionally T7, T8, Po9, Po10, O1, O2, see Fig. 2) were
omitted from analysis, while the rest of the electrodes (0 and
6 months: F3, Fz, F4, C3, Cz, C4, P3, Pz, P4; 28 months: additionally
FC5, FC1, FC2, FC6, CP5, CP2, CP3, CP6) marked bad were interpo-
lated (max 2 per infant or 3 per child) at a later stage based on
the signal in the rest of the valid electrodes. In the 28-month data,
parts with clear muscle-related artifacts confirmed both visually in
the continuous EEG and from time-stamped recording notes were
manually omitted from the data. Eye-movement and heart-beat
artifacts visible in the 28-month data (at Fp1 and Fp2 close to eyes
and LM and RM at mastoids, respectively) were marked in the data
for a later artifact removal stage. In the 0-month and 6-month data,
muscle-related, eye-movement, and heart-beat artifacts were not
clearly identifiable and therefore not searched.

EEG was then filtered 0.5 high-pass and 25 Hz low-pass, and re-
referenced to an average of four electrodes close to the mastoids
(LM, RM, P7, and P8). Reference electrodes that were flat or had a
signal continuously exceeding ±250 mV were considered broken;
in this case, the electrode and its contralateral pair were elimi-
nated, and an average of the remaining reference electrodes was
used. If both reference electrodes on one side of the head were con-
sidered broken, data of that stimulus block were excluded. Interpo-
lation of non-peripheral bad channels was conducted. Eye-
movement and heart-beat artifacts marked in the 28-month data
were then corrected for with independent component analysis
(ICA). The independent components found with fastica
(Hyvärinen, 1999) or, in case it did not converge, runica algorithms
in EEGLAB were compared to the artifact in the raw data and its
expected scalp distribution to decide whether a component should
be removed from the data. Components were not removed if the
removal of the component from the data was unsatisfactory based
on visual inspection (e.g., artifact was not diminished or algorithm
changed other parts of the data).

Continuous EEG was segmented to epochs starting at –100 ms
and ending 840 ms after stimulus onset, with baseline correction
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according to the average voltage in the –100–0 ms pre-stimulus
interval. Epochs were excluded based on the following criteria to
omit eye-movement-related artefacts and slow drifts from the sig-
nal: if amplitude exceeded ±120 lV at Fp1 and Fp2 electrodes, and
if the epoch had a drift of >100 lV or data points ±3 SD from the
mean amplitude of all epochs (jointprob algorithm in EEGLAB, sep-
arately for each electrode and averaged across electrodes). The
remaining epochs were separated by stimulus type (standard,
duration deviant, frequency deviant, vowel deviant), for each stim-
ulus block and electrode. Epochs for standard stimuli immediately
following a deviant were not included in the standard epochs.
Epochs of all stimulus blocks of the same stimulus type, separate
for each participant were then merged, resulting in one dataset
per participant and stimulus type. Data of infants/children with
less than 30 accepted epochs for more than one of the three devi-
ants were excluded (0 months N = 0, 6 months N = 41,
28 months N = 7; included in Fig. 1 ‘‘poor data quality”).

The final whole sample at 0, 6, and 28 months had on average
113 (range: 29–188), 51 (24–94), and 78 (23–137) accepted trials
per infant for each deviant, respectively. Subtraction waveforms
were calculated separately for the duration, frequency, and vowel
deviants by subtracting the standard response from the deviant
response and shifting the baseline correction to �100–0 ms from
the onset of the deviation, i.e., 125–225 ms from the stimulus onset
for the duration subtraction waveform and 80–180 ms for the fre-
quency and vowel subtraction waveforms.

2.5. ERP quantification and statistical analysis

Cluster-based mass permutation tests implement in Fieldtrip
toolbox (Oostenveld, et al., 2011; Maris and Oostenveld, 2007)
were employed to determine spatiotemporal windows of signifi-
cant deviant-standard differences for each deviant type and mea-
surement time point between deviance onset and epoch end
(840 ms). First, time ranges with significant deviant-standard dif-
ferences (p <.05) with the same polarity in adjacent time points
at two or more neighboring channels were determined. Then, the
sum of t-values for each such cluster was computed. The test
statistic was defined as the maximum of these sum t-values. To
determine a null distribution for the test statistic, the stimulus
labels (deviant vs. standard) were randomly permuted 5000 times
and the test statistic was computed for each iteration. The cluster
sum t-values obtained with the true labels were deemed signifi-
cant if they exceeded the top or bottom 2.5 percentile of the test
statistics obtained with the permuted labels. All except the periph-
eral and reference electrodes were included in the analyses (see
Fig. 3). Note, that this approach controls for the Type I error rate.

For quantifying the mean amplitudes and peak latencies of
MMN, P-MMR, and LDN responses, individual peak latencies were
searched from broad time windows (Table 2) in a large region-of-
Table 2
Search windows used for mean amplitude calculation of the mismatch negativity (MM
responses at birth (0mo), 6 months (6mo), and 28 months (28mo). Search windows des
response peaks. Width (in ms, in brackets) indicates the width of the latency window that w
amplitudes. The epoch ends at 615 ms from deviance onset for the duration deviant and

Age MMR Search windows (

Duration

0mo MMN 100–200 (40)
P-MMR 225–615 (100)

6mo P-MMR 175–375 (40)
LDN 275–615 (90)

28mo MMN 100–200 (25)
P-MMR 115–265 (30)
LDN 415–615 (45)
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interest (ROI) of 6 electrodes that seemed most appropriate based
on the permutation tests (see Fig. 3: F3, Fz, F4, C3, Cz, and C4 for all
responses except for LDN at 6 months, C3, Cz, C4, P3, Pz, P4) with
an additional low-pass filter of 10 Hz. Mean amplitudes were cal-
culated from the large ROIs from original-filtered data, from time
windows (width �peak latency standard deviation) centered
around the individual peak latencies. Four additional electrodes
FC1, FC2, FC5, and FC6 were added to the mean amplitude calcula-
tion in the 28-month-data in order to improve the signal-to-noise
ratio. As the added electrode locations fall between the F- and C-
rows included in the large ROI (Fig. 3), they were assumed not to
markedly affect the response amplitudes or latencies. In order to
study the hemispheric distribution of the MMN, P-MMR, and
LDN amplitudes, additional left ROI and right ROI mean amplitudes
were calculated from the left and right hemisphere electrodes,
respectively (all large ROI electrodes except for the midline Fz,
Cz, and in 6mo LDNs, Pz). This was done separately for each deviant
and measurement point, only for the responses that were statisti-
cally significantly elicited in the whole sample based on the above-
described mass permutation tests.

For 0mo P-MMRs and 28mo LDNs, peak latencies were searched
from a window that ended at the end of epoch. For individuals with
peak latencies close to the end of epoch (closer than windowwidth
for amplitude calculation divided by two), the latest possible
latency window was used for calculating the mean amplitude.
For individuals without a peak in the search window (missing val-
ues), mean amplitude was calculated from a window centered at
the group average peak latency. Their peak latencies were not
replaced in the data but were treated as missing values. Percent-
ages of missing peak values in the whole sample were highest
for duration-MMNs (54% at 0mo and 25% at 28mo), but otherwise
<10% (for 0mo-P3a’s 0–1%; for 6mo-P-MMRs 0–1%; for 6mo-LDNs
0–2%; for 28mo-frequency-MMN 2%; for 28mo-P-MMRs 5–7%;
28mo-LDN’s 3–8%).

Maturational changes in peak latencies and mean amplitudes in
the large ROI were investigated with linear mixed models (LMMs)
in R using the lme4 package (Bates, et al., 2007) with age as fixed
factor and subject as a random factor. This was done when based
on the mass permutation tests, a response was statistically signif-
icantly elicited by the same deviant in at least two measurement
points in the whole sample. As an exception, maturation of the
P-MMR was not statistically analyzed across all the three ages
because (1) the change of the response amplitude seemed non-
linear and (2) it seemed particularly unclear whether the compo-
nents reflected the same neural process across ages (see Results).
Separate analyses were conducted for MMN, P-MMR, and LDN,
but when the same response was elicited by several deviants in
more than one measurement point, deviants were analyzed
together, and deviant was included as a fixed factor in the model
(main effect of stimulus not reported). In order to investigate
N), positive mismatch response (P-MMR), and late discriminative negativity (LDN)
cribe the latency windows (in ms from deviance onset) for searching the individual
as centered at the individual response peaks in order to calculate the individual mean
at 660 ms from deviance onset for the frequency and vowel deviants.

width), ms

Frequency Vowel

220–660 (100) 170–660 (100)

100–450 (80) 100–450 (80)
320 –660 (90)

100–300 (45)
100–250 (45)

460–660 (45) 460–660 (45)
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hemispheric differences in mean amplitudes, the LMMs were
repeated with the left and right ROIs, with hemisphere included
as a fixed factor in the model. Only those main and interaction
effects that include the effect of hemisphere are reported for these
LMMs.

Statistical significance of the MMRs within the risk and control
groups was analyzed with One Sample t tests (Bonferroni-
corrected for multiple comparisons within age group). Group dif-
ferences were analyzed for all responses that were statistically sig-
nificantly elicited by at least one deviant and at least one of the two
groups based on the One Sample t tests. When a response was sta-
tistically significantly elicited by a deviant in at least two age
groups, group differences (risk vs. control) in peak latencies and
mean amplitudes and their maturation were investigated with
LMMs described above, with the effect of group added to the
model. Only those main and interaction effects that include the
effect of group are reported for these LMMs. When a response
was statistically significantly elicited in only one age group, the
group comparison was conducted with a (repeated-measures)
analysis of variance, (RM)-ANOVA, with stimulus type as a
within-subject factor (if several deviants elicited the same
response), or a One-way ANOVA (if only one deviant elicited the
response). In order to investigate hemispheric differences in mean
amplitudes between groups, the LMMs and ANOVAs were repeated
with the left and right ROIs, with hemisphere included as a fixed/
within-subject’s factor in the model. Only those main and interac-
tion effects that include the effect of hemisphere are reported for
these LMMs.
3. Results

3.1. MMRs and their maturation in the whole sample

At birth, duration deviants elicited an MMN followed by a broad
P-MMR, and frequency and vowel deviants only elicited a broad P-
MMR (deemed significant by the mass permutation tests, Fig. 4). At
6 months, all three deviants elicited a P3a, and duration and fre-
quency deviants elicited an LDN in the centro-parietal electrodes.
At 28 months, duration deviants elicited an MMN-P-MMR-LDN
complex, frequency deviants elicited an MMN followed by an
LDN, and vowel deviants elicited a P-MMR followed by an LDN.

Maturation of the MMRs is illustrated in Fig. 5, mean ampli-
tudes and peak latencies are listed in Table 3, and a summary of
the statistically significant effects is provided in Table 4. Complete
statistics of the LMMs are provided in the Supplementary Table S1.
The duration-MMN was significantly larger and earlier at 28 than
0 months [main effect of time for amplitude: F(1,334) = 22.27,
p <.001; main effect of time for latency: F(1,130) = 23.788,
p <.001]. The P-MMRs to all three deviants were significantly larger
and earlier at 6 than 0 months [main effect of time for amplitude: F
(1,831) = 251.988, p <.001; main effect of time for latency: F
(1,819) = 455.617, p <.001]. The duration- and vowel-P-MMRs were
significantly smaller and earlier at 28 than 6 months [main effect of
time for amplitude: F(1,450) = 81.275, p <.001; main effect of time
for latency: F(1,440) = 231.529, p <.001]. The duration- and
frequency-LDNs were significantly larger and later at 28 than
6 months [main effect of time for amplitude: F(1,445) = 33.789,
p <.001; main effect of time for latency: F(1,441) = 120.101,
p <.001].
3.2. Hemispheric distribution of the MMRs and its maturation in the
whole sample

When hemispheric lateralization (left vs. right ROI) was added
to the LMMs, no significant main or interaction effects of hemi-
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sphere were found (for duration- and frequency-LDNs at 6 and
28 months, main effect of hemisphere was p =.063 with numeri-
cally larger amplitudes on the right than left ROI; for all others
p >.10). Other effects were not investigated. The complete results
of the LMMs including hemispheric lateralization are listed in the
Supplementary Table S2.

3.3. MMRs and their maturation in the control and dyslexia risk groups

One Sample t test statistics of group-wise response significance
are reported in Table 5 and MMRs in the two groups are illustrated
in Fig. 6. At birth, P-MMRs were significant to all three deviants in
both groups. Duration-MMN did not reach significance in either
group. At 6 months, P-MMRs were significant to all three deviants
in both groups, while duration- and frequency-LDNs remained sig-
nificant after Bonferroni corrections only in the risk group. At
28 months, duration-P-MMR, frequency-MMN, frequency-LDN,
vowel-P-MMR, and vowel-LDN were significant in both groups,
while duration-LDN remained significant after Bonferroni correc-
tions only in the control group. Duration-MMN did not reach sig-
nificance in either group. Based on these results, all responses
except for the duration-MMN at 0 and 28 months were included
in the group comparison LMMs and ANOVAs. A summary of the
statistically significant effects is provided in Table 6. Complete
statistics of the LMMs are reported in Supplementary Table S3.

The LMM analysis on the maturation of duration-, frequency-,
and vowel-P-MMR amplitude at ages 0 and 6 months yielded a
Group � Stimulus interaction, F(2,267) = 5.948, p <.01, which
results from a larger duration-P-MMR in the risk vs. control group
(p <.05) and a larger vowel-P-MMR in the control vs. risk group
(p <.01). The corresponding analysis for response latency revealed
a significant Group � Time interaction, F(1, 334) = 4.850, p <.05,
indicating that the age-related reduction in P-MMR latency for
duration, frequency, and vowel changes was larger in the risk
group than in the control group. The LMM analysis conducted on
the duration- and vowel-P-MMR amplitudes at ages 6 and
28 months revealed a Group � Stimulus interaction, F
(1,102) = 8.602, p <.01, which resulted from a larger duration-P-
MMR in the risk group (p <.05) and larger vowel-P-MMR in the
control group (p <.05). No significant group differences were
observed in the corresponding analysis for response latency.

The LMM analysis conducted on the duration- and frequency-
LDN amplitudes at ages 6 and 28 months revealed a
Group � Time interaction, F(1,178) = 6.042, p <.05, indicating that
the increase in duration and frequency LDN amplitudes between 6
and 28 months was larger in the control than in the risk group,
reaching significance only in the control group (p <.001). The cor-
responding analysis for latency yielded a significant
Group � Time � Stimulus interaction, F(1,116) = 4.721, p <.05.
The post hoc pairwise comparisons showed that in the risk group,
the duration-LDN latency did not significantly increase with age,
whereas the latency of the frequency-LDN did (p <.05). In contrast,
both the duration- and frequency-LDN increased in latency in the
control group (both p <.05) between 6 and 28 months. One-way
ANOVAs of the frequency-MMN and vowel-LDN mean amplitudes
and latencies at 28 months, not included in the LMMs, yielded no
statistically significant group differences.

3.4. Hemispheric differences between groups

When hemispheric lateralization was added to the LMMs, no
statistically significant main or interaction effects of hemisphere
on MMR amplitudes or their maturation were found (in all
p >.20). Other effects were not investigated. Complete results of
the LMMs including hemispheric lateralization are listed in Supple-
mentary Table S2.
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ranges (x-axis with the same scale as for the MMRs) of statistically significant deviant-standard difference (as light blue squares) as determined by cluster-based mass
permutation tests.
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A RM-ANOVA of the frequency-MMN mean amplitude at
28 months yielded a statistically significant Hemisphere � Group
interaction, F(1,58) = 5.212, p =.026, ɳ2p =.082. This resulted from a
statistically significant hemispheric difference in frequency-MMN
amplitude in the control group only, p =.048. Numerically, mean
amplitudes were larger in the right (�3.828 mV) than left hemisphere
(�3.203) in the control group, and larger in the left (�3.567) than
right hemisphere (�3.160) in the risk group. A corresponding RM-
ANOVA of the vowel-LDN mean amplitude at 28 months yielded
no statistically significant main or interaction effects.
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4. Discussion

The present results demonstrate the expected emergence of a
positive–negative-positive MMR to three deviants in speech
sounds by 28 months of age in the longitudinal DyslexiaBaby sam-
ple. A broad positivity, here termed P-MMR, was the most preva-
lent response at birth and at 6 months in response to all three
deviants, and it was elicited by duration and vowel deviants but
not by frequency deviants also at 28 months. The P-MMR grew
with age by 6 months and then decreased by 28 months, while



Table 3
Mean amplitudes (in mV, with standard deviation, SD, in parentheses), peak latencies (in ms from deviance onset, SD in parentheses), and sample sizes (N) of each peak latency of
statistically significant mismatch negativity (MMN), positive mismatch response (P-MMR), and late discriminative negativity (LDN) responses in the whole sample at birth (0mo),
6 months (6mo), and 28 months (28mo) at the large, left, and right regions-of-interest (ROIs).

Mean amplitude, mV (SD) Peak latency, ms (SD) Peak latency N

Large ROI Left ROI Right ROI

0mo N = 190
Duration-MMN �0.16 (1.98) �0.10 (2.07) �0.10 (1.90) 371.59 (30.44) 87
Duration- P-MMR 2.86 (2.73) 2.89 (2.93) 2.73 (2.81) 654.56 (106.68) 190
Frequency- P-MMR 1.95 (2.60) 1.89 (2.76) 1.92 (2.79) 622.24 (132.58) 188
Vowel- P-MMR 1.95 (2.19) 1.77 (2.34) 1.98 (2.29) 594.88 (146.43) 188

6mo N = 90
Duration- P-MMR 5.80 (4.95) 6.10 (7.70) 5.78 (4.85) 489.51 (40.44) 89
Frequency- P-MMR 6.75 (4.70) 7.27 (4.86) 6.38 (5.00) 425.00 (75.17) 90
Vowel- P-MMR 5.84 (4.06) 6.10 (4.67) 5.77 (4.14) 426.13 (76.04) 90
Duration-LDN �3.21 (4.62) �2.66 (5.16) �3.32 (4.38) 671.66 (85.29) 88
Frequency-LDN �3.02 (4.21) �2.28 (4.37) �3.30 (4.53) 677.09 (77.70) 90

28mo N = 146
Duration-MMN �1.55 (3.38) �1.52 (3.46) �1.67 (3.49) 352.89 (23.25) 108
Frequency-MMN �3.35 (3.80) �3.24 (3.78) �3.42 (4.10) 389.72 (40.78) 143
Duration- P-MMR 2.34 (3.65) 2.35 (3.77) 2.20 (3.75) 422.99 (30.96) 138
Vowel- P-MMR 2.86 (3.19) 2.94 (3.33) 2.71 (3.28) 357.01 (36.12) 136
Duration-LDN �4.33 (3.54) �4.08 (3.85) �4.65 (3.59) 738.65 (46.27) 141
Frequency-LDN �6.04 (3.79) �6.26 (4.05) �6.05 (3.79) 741.40 (47.26) 140
Vowel-LDN �3.57 (3.82) �3.43 (4.01) �3.70 (3.79) 735.60 (50.89) 135

Note 1. Peak latency was searched separately from each individual and therefore the data contains missing values. Sample sizes available for each response at each age group
are reported in the column ‘‘peak latency N”.
Note 2. The electrodes included in the large ROIs at 0mo and 6mo are F3, Fz, F4, C3, Cz, and C4, except for the 6mo-LDNs, C3, Cz, C4, P3, Pz, and P4, and at 28mo, F3, Fz, F4, C3,
Cz, C4, Fc1, Fc2, Fc5, and Fc6. The electrodes included in the left and right ROIs at 0mo and 6mo are F3 and C3 and F4 and C4, respectively, except for the 6mo-LDNs, C3 and P3
and C4 and P4, respectively, and at 28mo, F3, C3, Fc1, and Fc5 and F4, C4, Fc2, and Fc6, respectively.

Table 4
Summary of the statistically significant(p <.05) main results of the linear mixed model (LMM) analyses for mean amplitudes (AMPL) and peak latencies (LAT) of the mismatch
negativities (MMNs), positive mismatch responses (P-MMRs), and late discriminative negativities (LDNs) with the effect of time (age in months, mo) and stimulus (deviant type
duration, vowel, and/or frequency or all three) as fixed factors. Main effects of stimulus are not reported.

Age AMPL/LAT Stimulus Effect p Description

MMN
0–28mo AMPL Duration Time <.001 Larger MMN at 28 than at 0 months

LAT Duration Time <.001 Earlier MMN at 28 than at 0 months

P-MMR
0–6mo AMPL All Time <.001 Larger P-MMR at 6 than at 0 months

LAT All Time <.001 Earlier P-MMR at 6 than at 0 months
6–28mo AMPL Duration, vowel Time <.001 Smaller P-MMR at 28 than at 6 months

LAT Duration, vowel Time <.001 Earlier P-MMR at 28 than at 6 months

LDN
6–28mo AMPL Duration, frequency Time <.001 Larger LDN at 28 than at 6 months

LAT Duration, frequency Time <.001 Later LDN at 28 than at 6 months
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its latency decreased throughout the follow-up period, in line with
the hypotheses. Only the duration deviant elicited an early nega-
tivity, here termed MMN, already at birth. It grew in amplitude
and decreased in latency by 28 months, as hypothesized, at which
age it was also elicited by frequency but not vowel deviants. The
late negative response, here termed LDN, was first seen at 6months
in centro-parietal electrode locations to duration and frequency
but not vowel deviants. The LDN was the most prevalent response
at 28 months, when it was elicited by all three deviants. The LDN
grew in amplitude, as hypothesized, but unexpectedly, it also
increased in latency by 28 months.

MMRs that were statistically significant in the whole sample,
mostly also reached statistical significance in the control and dys-
lexia risk groups, with some exceptions in one (particularly 6-
month-LDNs in the control group) or both groups (duration-
MMN at 0 and 28 months). In the dyslexia risk compared to the
control group, consistently across the ages, the vowel-P-MMR
was diminished, in line with the hypotheses, and the duration-P-
MMR was enlarged, against the hypotheses. The P-MMR latency
decrease between 0 and 6 months was larger in the dyslexia risk
169
than the control group. The duration- and frequency-LDN ampli-
tude increase from 6 to 28 months seen across the whole sample
was larger in the control than the dyslexia risk group, and signifi-
cant only in the control group. Its latency increase with age was
statistically significant in the control group for both deviants, but
in the dyslexia risk group, only for the frequency deviant.

4.1. MMRs and their maturation in the first years of life

We expected a three-peaked pattern in the infant MMR, con-
sisting of an early negativity that grows with age (MMN), a positiv-
ity (P-MMR/DP/P3a) that decreases after 6 months, and a late
negativity (LN/Nc/late negativity) that grows with age (longitudi-
nal studies: Choudhury and Benasich, 2011; Fellman et al., 2004;
Kushnerenko et al., 2002; cross-sectional evidence: e.g., Shafer
et al., 2011; Slugocki and Trainor, 2014). The present findings are
well in line with this pattern, validating previous findings with a
larger sample size (N = 90–190 depending on the age group, com-
pared to a total N = 12–56 in the three previous longitudinal stud-
ies). As response elicitation and maturation seemed to vary



Table 5
Mismatch negativity (MMN), positive mismatch response (P-MMR), and late discriminative negativity (LDN) mean amplitudes (mean ampl, in mV, with standard deviation SD in
parentheses), peak latencies (in ms from deviance onset, standard deviation in parentheses), and One Sample t statistics of mean amplitudes in the risk (RISK) and control (CON)
subgroups at the large regions-of-interest (ROIs). Statistically significant mean amplitudes (after corrections) are in bold.

Mean ampl, mV
(SD)

t (df),
p-value

Peak latency, ms
(SD)

Peak latency
N

Mean ampl, mV
(SD)

t (df),
p-value

Peak latency, ms
(SD)

Peak latency
N

0mo (8 tests, Bonferroni-corrected criterion p =.006)
CON N = 46 RISK N = 38

Duration-MMN �0.64 (2.45) �1.77 (45),
p =.084

135.27 (27.32) 22 �0.18 (1.67) �0.66
(37),
p =.515

150.82 (25.91) 11

Duration-P-
MMR

2.31 (2.58) 6.06 (45),
p <.001

402.87 (102.19) 46 2.92 (2.72) 6.64 (37),
p <.001

429.47 (113.78) 38

Frequency-P-
MMR

1.58 (3.39) 3.15 (45),
p =.003

423.55 (140.56) 44 1.55 (1.76) 5.41 (37),
p <.001

446.47 (135.64) 38

Vowel-P-MMR 2.30 (2.21) 7.07 (45),
p <.001

372.17 (155.80) 46 1.56 (1.52) 6.31 (37),
p <.001

429.78 (159.95) 37

6mo (10 tests, Bonferroni-corrected criterion p =.005)
CON N = 16 RISK N = 17

Duration-P-
MMR

4.33 (3.90) 4.44 (15),
p <.001

234.33 (30.35) 15 6.54 (2.87) 9.41 (16),
p <.001

263.94 (46.95) 17

Frequency-P-
MMR

6.26 (5.20) 4.82 (15),
p <.001

265.25 (103.23) 16 4.91 (2.71) 7.46 (16),
p <.001

213.53 (61.04) 17

Vowel-P-MMR 5.79 (3.14) 7.38 (15),
p <.001

254.00 (83.31) 16 3.38 (3.52) 3.96 (16),
p =.001

220.82 (73.62) 17

Duration-LDN �2.95 (4.42) �2.67 (15),
p =.018

454.73 (89.00) 15 �3.79 (3.89) �4.02
(16),
p =.001

474.06 (94.40) 17

Frequency-LDN �1.58 (4.39) �1.45 (15),
p =.169

441.88 (87.90) 16 �3.93 (3.19) �5.07
(16),
p <.001

467.29 (63.52) 17

28mo (14 tests, Bonferroni-corrected criterion p =.004)
CON N = 32 RISK N = 28

Duration-MMN �1.32 (4.16) �1.80 (31),
p =.082

125.50 (25.86) 20 �1.36 (3.58) �2.01
(27),
p =.054

122.85 (15.81) 26

Frequency-
MMN

�3.44 (3.32) �5.87 (31), p
<.001

214.19 (28.49) 31 �3.37 (4.13) �4.31
(27),
p <.001

206.21 (41.37) 28

Duration-P-
MMR

2.50 (3.94) 3.60 (31),
p =.001

189.69 (31.63) 32 3.13 (3.72) 4.44 (27),
p <.001

199.30 (25.53) 27

Vowel-P-MMR 3.57 (3.51) 5.75 (31),
p <.001

183.67 (33.05) 30 2.49 (2.85) 4.63 (27),
p <.001

166.72 (35.69) 25

Duration-LDN �4.59 (2.82) �9.22 (31),
p <.001

525.60 (49.26) 30 �2.73 (4.89) �2.95
(27),
p =.006

511.00 (45.12) 26

Frequency-LDN �6.43 (4.32) �8.41 (31),
p <.001

544.13 (51.55) 31 �5.33 (3.76) �7.49
(27),
p <.001

576.38 (50.99) 26

Vowel-LDN �2.82 (3.79) �4.20 (31),
p <.001

544.67 (51.77) 30 �3.31 (4.64) �3.78
(27),
p =.001

554.15 (57.86) 27

Note 1. Peak latency was searched separately from each individual and therefore the data contains missing values. The column ‘‘peak latency N” lists the sample size available
for each response at each age group.
Note 2. Mean amplitudes are calculated from the following large ROIs: at 0mo and 6mo, F3, Fz, F4, C3, Cz, and C4, except for the 6mo-LDNs, C3, Cz, C4, P3, Pz, and P4; at 28mo,
F3, Fz, F4, C3, Cz, C4, Fc1, Fc2, Fc5, and Fc6. The peak latencies are calculated from the following large ROIs: at 0mo, 6mo, and 28mo, F3, Fz, F4, C3, Cz, and C4, except for the
6mo-LDNs, C3, Cz, C4, P3, Pz, and P4.
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according to deviant type but most previous studies only report
one deviant (see below), reporting MMRs to three auditory devi-
ants increases the value and generalizability of the present
findings.

MMN. The MMNwas prevalent (significantly elicited by two out
of three deviants) in the present dataset only at 28 months,
whereas at earlier ages, it was only elicited by the duration deviant
at birth (a small non-significant negativity was visible also to the
frequency deviant). The absence of an MMN to the other deviants,
together with the longer duration of the duration deviant
(standard-deviant difference significant already at deviance onset,
Fig. 4), suggests that rather than genuine deviance detection, the
neonatal ‘‘duration-MMN” may in part or fully reflect a prolonged
obligatory ERP to the long duration deviant stimulus (see also
Thiede et al., 2019, partly same newborns: using a controlled stan-
170
dard stimulus abolished the neonatal duration-MMN). The absence
of an MMN (e.g., Friederici et al., 2002; Shafer et al., 2011 - the
obtained late negativity rather resembles the LDN), or the lack of
statistical confirmation for its significance (e.g., Cheng and Lee,
2018; Kushnerenko et al., 2001) is a typical finding also in previous
studies. Hence, the MMN may not be such an ontogenetically early
response as previously argued (see e.g., Cheour et al., 2000). Possi-
bly MMNs are elicited only by sufficiently large deviances in
infants and young children, in line with our finding that the
MMN was not elicited at 28 months by the presumably least
acoustically salient vowel deviant (see below). Alternatively, the
absence of an MMN in the present data may be (partly) due to
the large proportion of dyslexia risk infants (see below). If the
neonatal duration-MMN still reflects some genuine MMN-like pro-
cessing, the observed maturational pattern of its amplitude grow-
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Fig. 6. Mismatch responses (MMRs) mismatch negativity (MMN), positive mismatch response (P-MMR), and late discriminative negativity (LDN) to duration (left), frequency
(middle), and vowel deviants (right) in the dyslexia risk (RISK, red line, red font) and control (CON, black line, black font) subgroups at birth (0mo, top), 6 months (6mo,
middle), and 28 months (28mo, bottom), depicted at the large regions-of-interest (ROIs), with baseline correction at deviance onset (dashed vertical line; latency in ms,
amplitude in mV). Colorful bars illustrate the time windows used for searching the individual peak latencies, and arrows mark the mean peak latencies in each group
(red = RISK, black = CON). Response labels in parentheses mark the responses that did not remain statistically significant after corrections but still were p <.05 in uncorrected
tests (see Table 4).

Table 6
Summary of the statistically significant (p <.05) main results of the linear mixed model (LMM) analyses for mean amplitudes (AMPL) and peak latencies (LAT) of the mismatch
negativities (MMNs), positive mismatch responses (P-MMRs), and late discriminative negativities (LDNs) in the risk vs. control subgroups (effect: group) with effects of time (age
in months, mo) and stimulus (deviant type duration, vowel, and/or frequency or all three) as fixed factors. Only the effects including group are reported.

Age AMPL/
LAT

Stimuli Effect p Description

P-MMR
0–6mo AMPL All Stimulus � Group .003 Larger duration-P-MMR in the risk group and larger vowel P-MMR in the control group

LAT All Time � Group .028 Larger reduction in P-MMR latency in the risk group
6–28mo AMPL Duration,

vowel
Stimulus � Group .004 Larger duration-P-MMR in the risk group and larger vowel-P-MMR in the control group

LDN
6–28mo AMPL Duration,

frequency
Time � Group .015 Larger increase in LDN amplitude in the control group

LAT Duration,
frequency

Time � Stimulus � Group .032 Increase in LDN latency for both deviants in the control group but only for frequency
deviant in the risk group
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ing and the latency decreasing with age is in line with previous
studies (Fellman et al., 2004; Slugocki and Trainor, 2014).

P-MMR. The P-MMR (also called P3a/ MMR/DP; e.g., Trainor
et al., 2001; Kushnerenko et al., 2002; Slugocki and Trainor,
2014) was the most prevalent response across ages in the present
data (although, for some reason, not elicited by the frequency devi-
ant at 28 months). It has been the most often reported MMR also in
previous infant literature (e.g., Choudhury and Benasich, 2011;
Slugocki and Trainor, 2014; Cheng et al., 2015; Háden et al.,
2015) and even in older children (6.5 years: Maurer et al., 2003).
In line with earlier reports, it decreased in amplitude after
171
6 months (Choudhury and Benasich, 2011; see also Slugocki and
Trainor, 2014; Shafer et al., 2011). The P-MMR grew from 0 to
6 months and was so predominant at 6 months that the MMN-
like negativities visible at birth and 28 months to duration and
(not significantly to) frequency deviants were not visible at all in
the 6-month grand averaged data (Figs. 4, 5). As the MMN and P-
MMR did not reliably co-exist in the infant MMR (both statistically
significantly elicited only by the duration deviant at birth), it
remains rather unclear whether the broad infant-P-MMR seen in
the present study represents an ‘‘immature P3a” (as suggested by
Kushnerenko et al., 2013) or an ‘‘immature MMN” that would shift



P. Virtala, V. Putkinen, L. Kailaheimo-Lönnqvist et al. Clinical Neurophysiology 137 (2022) 159–176
polarity with maturation (e.g., He et al., 2007, 2009; Trainor et al.,
2003; Trainor, 2012). Nevertheless, it seems to be the most robust
index of auditory change detection in infancy but not necessarily at
28 months (see below). However, the neonatal P-MMR peak was
flat and broad in the present data, even resembling a low-
frequency drift (despite drift rejections, see 2.4). In fact, a stricter
high-pass filter of 1 Hz seemed to abolish the P-MMR to some devi-
ants (see Supplementary Figure S1; He et al., 2007). As the focus of
the present study was on MMR maturation, and the a priori
decided less strict 0.5 Hz high-pass filter that was used also in pre-
vious longitudinal studies (e.g. Choudhury and Benasich, 2011; see
however Cheng and Lee, 2018; Háden et al., 2015; Fellman et al.,
2004) seemed to work well overall, we chose not to re-analyze
the data with a stricter filter.

LDN. The LDN (also called LN/Nc/late MMN, e.g., Kushnerenko
et al., 2002; Fellman et al., 2004; Shafer et al., 2011; Korpilahti
et al., 1995) was elicited by duration and frequency deviants at
6 months and robustly by all three deviants at 28 months. Previous
infant (e.g. Kushnerenko et al., 2002; Fellman et al., 2004;
Martynova et al., 2003) and early childhood (e.g., Putkinen et al.,
2012) studies have reported similar late negativities. The growth
in its amplitude from 6 to 28 months is in line with previous find-
ings that the LDN emerges during the first two years of life (e.g.
Kushnerenko et al., 2002; Shafer et al., 2010), after which it should
start to diminish with age (e.g., Cheour et al., 2001; Linnavalli et al.,
2018). The increasing latency of the LDN with age in the present
study is in contrast with at least one previous study (Courchesne,
1990), but could be attributable to the emergence of the MMN at
an earlier latency, ‘‘pushing” the LDN peak further (for a similar
suggestion regarding the obligatory N2, see Choudhury and
Benasich, 2011). The rather incidental finding of the 6-month
LDN being statistically significant at posterior (centro-parietal
rather than fronto-central, as suggested by previous work, see
Cheour et al., 2001) electrode sites is compromised by the poor
data quality of the 6-month EEG (see below). As the scalp distribu-
tion outside of the hemispheric lateralization was not in focus in
the present study, future studies should investigate this question
further.

Deviant type. Although differences between the three deviants
were not of main interest in the present study, it is notable that
the response complex elicited by them differed particularly at
28 months (see also Supplementary Tables S1–S3). Also, e.g.,
Putkinen et al. (2012) reported 1–3 different MMR response peaks
in 2–3-year-olds in a multi-feature paradigm depending on the
deviance type. It thus seems that in small children and maybe
for several years in childhood (e.g. at 5–6 years, Linnavalli et al.,
2018), the MMR is still developing. In the present study, the dura-
tion deviant seemed to elicit the most mature (MMN-P-MMR-LDN)
response complex at 28 months (in line with Putkinen et al., 2012),
while for the frequency deviant, the P-MMR and for the vowel
deviant, the MMN were still absent. Particularly Cheng et al.
(2013, 2015, Cheng and Lee, 2018) have reported that the elicita-
tion of negative vs. positive MMRs during the first years of life
may depend on the salience of the deviance in speech stimuli, so
that acoustically large changes elicit an MMN from early on, while
acoustically small changes only elicit P-MMRs (see also
Kushnerenko et al., 2007; Peter et al., 2016). Following this line
of thought, the duration and frequency deviants, requiring detec-
tion of one basic sound feature only, are acoustically more salient
changes than the vowel deviant (a rather subtle change from /a/ to
/o/), possibly explaining the absence of the vowel-MMN in the pre-
sent data (for similar results in control group newborns see Thiede
et al., 2019, partly overlapping data). Furthermore, as the longest
stimulus causing the largest increase in sound energy, the duration
deviant may be the most salient of the three, providing an explana-
tion for its most mature response pattern at 28 months (however,
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based on visual inspection of Fig. 5, also its later latency of
deviance onset may have affected its obligatory response and
therefore the MMR morphology).

The vowel deviant may also be particularly challenging for the
children in the present dataset due to the high proportion of dys-
lexia risk children (see below). Thus, the absence of a vowel-
MMN at 28 months most likely reflects (1) the subtlety (low sal-
ience) of the change from /a/ to /o/, causing slower MMR matura-
tion, and (2) the specific difficulties that dyslexia risk children may
have with phoneme discrimination. Based on visual inspection of
the control group frequency-MMRs at 28 months (Fig. 6), a small
positive response can be seen between the MMN and LDN; there-
fore, also the absence of a frequency-P-MMR at 28 months may be
partly attributable to the high proportion of dyslexia risk infants
(see below). Future studies should acknowledge that the pace of
maturation of the three MMR peaks in the early years may thus
vary markedly according to both stimulus- and participant-
related factors.

4.2. MMRs and familial dyslexia risk

The diminished vowel-P-MMR obtained across the three ages in
the dyslexia risk group was an expected result based on previous
phoneme-MMN findings in infants (van Leeuwen et al., 2006,
2008) and adults (e.g. Schulte-Körne et al., 2001; see, however
Thiede et al., 2020) and the phonological deficit theory (Peterson
and Pennington, 2015; Vellutino et al., 2004). For example, P-
MMRs to consonant changes were diminished or absent in
dyslexia-risk 2-month-olds (Dutch Dyslexia Programme, van
Leeuwen et al., 2006; van Leeuwen et al., 2008; see also van
Zuijen et al., 2013). The obtained enlarged duration-P-MMR in
the dyslexia risk group was, however, in contrast with previous
findings in infants (e.g., diminished/absent late negative MMRs,
Leppänen et al., 2002) and children (school-aged: Corbera et al.,
2006). Even so, somewhat similar findings have been reported
from the Jyväskylä Longitudinal Study of Dyslexia. A positive
MMR in dyslexia risk 6-month-old infants but not controls was
found by Leppänen et al. (2002) to consonant duration changes.
Pihko et al. (1999) reported a more positive deviant than standard
ERP (suggesting a P-MMR) only in the dyslexia risk and not in the
control group newborns in response to a vowel duration deviant
(see also Leppänen et al., 1999).

In sum, previous results regarding the P-MMRs elicited by
speech sound duration changes in dyslexia risk infants are, in fact,
rather inconclusive, although basic auditory processing deficits in
duration discrimination are expected in dyslexia (Hämäläinen
et al., 2013). Should the enlarged P-MMRs in the dyslexia risk
group be interpreted as enhanced processing of duration changes?
Based on previous work (e.g. Choudhury and Benasich, 2011) and
the present study, the P-MMR diminishes with age after 6 months,
and thus a large response could be interpreted to indicate imma-
ture processing in the dyslexia risk group. Indeed, in older children
(6-year-olds), an enlarged P-MMR to consonant changes was asso-
ciated with dyslexia risk (Maurer et al., 2003). However, this inter-
pretation seems to contrast with the diminished vowel-P-MMR in
the dyslexia risk group in the present study. As discussed above,
the least acoustically salient vowel deviant may be processed in
an immature manner still at 28 months. Following this line of
thought, in the control group infants, a large vowel-P-MMR could
be a sign of accurate detection of a subtle change, while a small
duration-P-MMR could be interpreted as mature processing of a
salient change. Based on visual inspection and numerical ampli-
tude values (but not compared between groups due to lack of sta-
tistical significance), the enlarged duration-P-MMR in the dyslexia
risk group is also associated with a diminished MMN (Fig. 6). The
only MMN that was statistically significant and therefore com-
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pared between groups, the frequency-MMN at 28 months, did not
show group differences in amplitude. Still, several previous studies
have reported diminished or absent MMNs in dyslexia risk infants
and small children (Leppänen et al., 2002; Thiede et al., 2019 with
partly overlapping newborn data to the present study; van Zuijen
et al., 2012; Plakas et al., 2013). As the MMN emerges and P-
MMR diminishes with increasing age in infancy (e.g. Slugocki and
Trainor, 2014), an enlarged duration-P-MMR coupled with a
diminished/absent MMN could be interpreted as immature pro-
cessing in the dyslexia risk group.

The present findings demonstrated a statistically significant
LDN at 6 months only in the dyslexia risk group. The result is in
contrast with previous studies showing an LDN-like late negativity
to a consonant change only in the control group at 5 months
(Schaadt et al., 2015) and diminished LDNs in dyslexic school-
aged children (Halliday et al., 2014; Neuhoff et al., 2012). However,
LDNs were enlarged in dyslexia-risk kindergarteners in one previ-
ous study (Hämäläinen et al., 2015). The LDN emerges during the
first two years of life (e.g. Kushnerenko et al., 2002; Shafer et al.,
2010), and then diminishes with age during childhood (e.g.,
Cheour et al., 2001; Linnavalli et al., 2018). The LDN amplitude
increased more in the control than dyslexia risk group in the pre-
sent data, which seemed to arise from (1) the absence of a statisti-
cally significant LDN in the control group at 6 months, i.e., LDN
emerging in the control group by 28 months, and (2) numerically
larger/more prevalent LDNs in the control than dyslexia risk group
at 28 months (Fig. 6, Table 4). While the result suggests faster MMR
maturation in the control group, the 6-month LDN in the dyslexia
risk group only seems contradictory, as it could be interpreted as
faster MMR maturation in the risk group. However, the results
regarding the subgroups at 6 months should be treated with cau-
tion due to their smallest sample sizes and poorest data quality
(see below).

An LDN in the dyslexia risk group only at 6 months and its stee-
per amplitude increase in the control than dyslexia risk group by
28 months were the only results related to dyslexia risk and fre-
quency discrimination in the present study (except for a laterality
effect in the control group only, see below). The existing literature
in at-risk infants (diminished positive responses: Leppänen et al.,
2010) and children (diminished MMNs: Maurer et al., 2003;
Plakas et al., 2013; however see Hämäläinen et al., 2015) still sug-
gests that along with duration discrimination, frequency discrimi-
nation consistently shows auditory deficits in dyslexia, although
not in all individuals (review: Hämäläinen et al., 2013).

The maturation of MMR peak latencies demonstrated some
group differences, too. Decrease of the P-MMR latency with age
from birth to 6 months was larger in the dyslexia risk than control
group, but the P-MMR peaked very late in the dyslexia risk group
at birth. The LDN latency increase with age was statistically signif-
icant in the control group for both deviants, but in the risk group,
only for the frequency deviant. However, the duration-LDN at
28 months did not reach statistical significance in the risk group
and seemed more affected by dyslexia risk than frequency-LDN
by visual inspection (Fig. 6).

No statistically significant differences between the left and right
hemispheres in MMR amplitudes or their maturation were
obtained across the whole sample in the present study. Only the
frequency-MMN at 28 months demonstrated a group by hemi-
sphere interaction effect, being right-lateralized in the control
group only. The present dataset thus provides very little support
for the left-hemispheric lateralization of speech-elicited MMRs
already in early childhood (e.g. Kuuluvainen et al., 2016), or for
the previous findings of atypical MMR lateralization in infants
and children at dyslexia risk (Benasich et al., 2006; Choudhury
and Benasich, 2011; Leppänen et al., 2002; van Leeuwen et al.,
2008).
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To conclude, the present results showed both diminished
(vowel-P-MMR) and enlarged (duration-P-MMR) MMRs in infants
at familial dyslexia risk consistently across ages 0, 6, and
28 months. Therefore, our results do not support a previous notion
that auditory processing deficits in dyslexia risk would be most
evident at birth and then attenuate during early development
(see Galaburda et al., 2006; Hämäläinen et al., 2013). While group
differences were also seen in MMR amplitude and latency matura-
tion, the same responses often were statistically significantly
obtained in one but not the other group at a certain age, complicat-
ing the interpretation of these results. On the other hand, as MMR
elicitation within the groups was analyzed with rather conserva-
tive corrections for multiple comparisons, differences in statisti-
cally significant MMR elicitation may also or rather reflect
differences in sample size, data quality, or robustness of the
response (how consistently it was elicited at individual level). For
example, the duration-MMNs at 0 and 28 months remained non-
significant in both groups and were therefore not compared
between groups, although both groups seemed to demonstrate
an MMN that was numerically larger in the control than dyslexia
risk groups (Fig. 6, Table 4).

4.3. Limitations and considerations for future studies

When interpreting the present results on MMR elicitation and
maturation, as mentioned above, it is important to note that the
large proportion (approximately ¾) of dyslexia risk infants in the
sample may have affected the findings. We nevertheless chose to
first analyze the whole sample, in order to maintain a large sample
size often missing from longitudinal MMR studies. Based on the
group difference results, dyslexia risk may have particularly
enlarged the duration-P-MMR and diminished the vowel-P-MMR
responses in the present data. It is also possible that the 6-month
LDN was visible in the sample mainly due to the dyslexia risk
infants (however, see below for a discussion of data quality at
6 months). As MMN may be diminished or absent in dyslexia risk
infants based on previous studies and visual inspection of the pre-
sent data (see above), it is possible that in a larger sample of only
control infants, MMN would have been more pronounced and sta-
tistically significant to both duration and frequency changes
already at birth.

Regarding the results obtained on the effects of familial dyslexia
risk on speech-elicited MMRs, it is noteworthy that absent, pre-
sent, diminished, and enlarged MMRs have all been associated
with dyslexia risk in the present as well as previous studies (see
above). All of these results are typically interpreted as ‘‘worse”
(less accurate or immature) processing as a result of the familial
dyslexia risk. The on-going follow-up of these children will help
in interpreting the early group differences obtained here as posi-
tive or negative predictors of future development and therefore
hopefully guide future research.

Special age-related issues should be taken into account when
interpreting the present results and planning future studies. First,
MMRs of mostly asleep newborns are here (according to standard
practices of the research field) compared to the MMRs obtained
from awake older infants and children. These differences in alert-
ness can contribute to the differences obtained between age
groups in MMR morphology, amplitudes, and latencies. Further-
more, alertness state may affect neonatal MMRs (e.g., Friederici
et al., 2002), but in the present study (and in several recent infant
MMR studies, e.g., Háden et al., 2015), data from all alertness states
was combined in order to ensure a large dataset. Importantly, dys-
lexia risk and control groups did not differ in the proportions of dif-
ferent alertness states during the recordings (see Section 2.3).

Second, the 6-month-olds demonstrated poorest data quality by
visual inspection and based on the high amounts of excluded
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infants and rejected epochs (see Section 2.4). This should be kept in
mind particularly when interpreting the subgroup (dyslexia risk vs.
control) results in the 6-month MMRs. The LMM method adopted
in the present study allowed for longitudinal investigations across
all the three age groups despite the high amount of missing data at
6 months. Still, a large sample size is particularly important in the
ERP recordings of infants around 0.5–1.5 years, who are already
mobile but very limited in their capabilities to follow verbal
instructions, maintain attention, or simply stay silent or stay put.
Third, 2–3-year-old children may refuse participation due to fear
or discomfort related to the EEG equipment and laboratory space.
This was avoided very successfully in the present study with a
carefully designed protocol including, e.g., a visualized ‘‘storybook”
to familiarize the child with the method (see Section 2.3).
4.4. Conclusions

The present study, with its large longitudinal sample, validates
previous findings on the maturation of the auditory change-
elicited ERPs as follows: a broad positivity (MMR, P-MMR, DP, or
P3a) is the most prevalent MMR in infancy, whereas during the
first years of life, it starts to diminish in both amplitude and
latency. An early negativity, MMN, emerges preceding it, growing
in amplitude and decreasing in latency with maturation, but it
may not be such an ontogenetically early or developmentally
stable response as previously suggested. A late negativity (LN, Nc,
late MMN, or LDN) emerges following the positivity and is a promi-
nent MMR in early childhood. It may grow in both amplitude and
latency during its early maturation. Future studies should
acknowledge the notable effects that participant- and stimulus-
related factors may have on MMR elicitation in the early years,
when its three peaks are still maturing. The present results also
demonstrate the multi-faceted effects that familial dyslexia risk
can have on neural auditory (speech) discrimination in the first
years of life, providing a starting point for future longitudinal
investigations of these children and their developmental
outcomes.
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Shestakova A, Huotilainen M, Čeponiene R, Cheour M. Event-related potentials
associated with second language learning in children. Clin Neurophysiol
2003;114(8):1507–12. https://doi.org/10.1016/S1388-2457(03)00134-2.

Slugocki C, Trainor LJ. Cortical indices of sound localization mature monotonically
in early infancy. Eur J Neurosci 2014;40(11):3608–19. https://doi.org/10.1111/
ejn.12741.

Thiede A, Virtala P, Ala-Kurikka I, Partanen E, Huotilainen M, Mikkola K, et al. An
extensive pattern of atypical neural speech-sound discrimination in newborns
at risk of dyslexia. Clin Neurophysiol 2019;130(5):634–46. https://doi.org/
10.1016/j.clinph.2019.01.019.

Thiede A, Parkkonen L, Virtala P, Laasonen M, Mäkelä JP, Kujala T. Neuromagnetic
speech discrimination responses are associated with reading-related skills in
dyslexic and typical readers. Heliyon 2020;6(8):e04619. https://doi.org/
10.1016/j.heliyon.2020.e04619.

Trainor LJ. Musical experience, plasticity, and maturation: issues in measuring
developmental change using EEG and MEG. Ann Ny Acad Sci 2012;1252
(1):25–36. https://doi.org/10.1111/j.1749-6632.2012.06444.x.

Trainor LJ, Samuel SS, Desjardins RN, Sonnadara RR. Measuring temporal resolution
in infants using mismatch negativity. Neuroreport 2001;12(11):2443–8.
https://doi.org/10.1097/00001756-200108080-00031.

Trainor L, McFadden M, Hodgson L, Darragh L, Barlow J, Matsos L, et al. Changes in
auditory cortex and the development of mismatch negativity between 2 and 6
months of age. Int J Psychophysiol 2003;51(1):5–15. https://doi.org/10.1016/
S0167-8760(03)00148-X.

van Leeuwen T, Been P, Kuijpers C, Zwarts F, Maassen B, van der Leij A. Mismatch
response is absent in 2-month-old infants at risk for dyslexia. Neuroreport
2006;17(4):351–5. https://doi.org/10.1097/01.wnr.0000203624.02082.2d.

https://doi.org/10.5664/jcsm.26819
https://doi.org/10.1016/j.brainres.2015.02.048
https://doi.org/10.1016/j.brainres.2015.02.048
https://doi.org/10.1186/1866-1955-6-21
https://doi.org/10.1186/1866-1955-6-21
https://doi.org/10.1162/jocn.2007.19.5.878
https://doi.org/10.1162/jocn.2007.19.5.878
https://doi.org/10.1111/j.1460-9568.2009.06625.x
https://doi.org/10.1016/j.biopsycho.2008.04.001
https://doi.org/10.1097/00001756-200501190-00019
https://doi.org/10.1097/00001756-200501190-00019
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0165
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0165
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0165
https://doi.org/10.1016/j.ijpsycho.2014.04.004
https://doi.org/10.1016/j.ijpsycho.2014.04.004
https://doi.org/10.1016/j.dcn.2020.100831
https://doi.org/10.1016/j.dcn.2020.100831
https://doi.org/10.1016/0013-4694(95)90016-G
https://doi.org/10.1016/0013-4694(95)90016-G
https://doi.org/10.1016/j.dcn.2017.10.005
https://doi.org/10.1207/S15326942DN1901_6
https://doi.org/10.1097/00001756-200210280-00002
https://doi.org/10.1097/00001756-200210280-00002
https://doi.org/10.1111/j.1460-9568.2007.05628.x
https://doi.org/10.3389/fpsyg.2013.00595
https://doi.org/10.1016/j.dcn.2016.04.001
https://doi.org/10.1097/00001756-199904060-00014
https://doi.org/10.1080/87565649709540677
https://doi.org/10.1207/S15326942dn2201_4
https://doi.org/10.1016/j.cortex.2010.06.003
https://doi.org/10.1016/j.cortex.2010.06.003
https://doi.org/10.3389/fnins.2018.00814
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0240
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0240
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/S0304-3940(02)01401-5
https://doi.org/10.1097/00001756-200312020-00022
https://doi.org/10.1097/00003446-200204000-00005
https://doi.org/10.1371/journal.pone.0034909
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0270
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0270
http://refhub.elsevier.com/S1388-2457(22)00203-6/h0270
https://doi.org/10.1016/j.clinph.2007.04.026
https://doi.org/10.1155/2011/156869
https://doi.org/10.1002/wcs.1383
https://doi.org/10.1016/j.neulet.2014.06.004
https://doi.org/10.1038/srep34273
https://doi.org/10.1146/annurev-clinpsy-032814-112842
https://doi.org/10.1097/00001756-199904060-00002
https://doi.org/10.1097/00001756-199904060-00002
https://doi.org/10.1016/j.cortex.2012.02.013
https://doi.org/10.1016/j.cortex.2012.02.013
https://doi.org/10.1080/87565641.2011.615873
https://doi.org/10.1080/87565641.2011.615873
https://doi.org/10.1016/j.ridd.2015.10.002
https://doi.org/10.1016/S0167-8760(00)00152-5
https://doi.org/10.1097/AUD.0b013e3181e5d1a7
https://doi.org/10.1016/j.wocn.2010.11.010
https://doi.org/10.1016/S1388-2457(03)00134-2
https://doi.org/10.1111/ejn.12741
https://doi.org/10.1111/ejn.12741
https://doi.org/10.1016/j.clinph.2019.01.019
https://doi.org/10.1016/j.clinph.2019.01.019
https://doi.org/10.1016/j.heliyon.2020.e04619
https://doi.org/10.1016/j.heliyon.2020.e04619
https://doi.org/10.1111/j.1749-6632.2012.06444.x
https://doi.org/10.1097/00001756-200108080-00031
https://doi.org/10.1016/S0167-8760(03)00148-X
https://doi.org/10.1016/S0167-8760(03)00148-X
https://doi.org/10.1097/01.wnr.0000203624.02082.2d


P. Virtala, V. Putkinen, L. Kailaheimo-Lönnqvist et al. Clinical Neurophysiology 137 (2022) 159–176
van Leeuwen T, Been P, van Herten M, Zwarts F, Maassen B, van der Leij A. Two-
month-old infants at risk for dyslexia do not discriminate /bAk/ from /dAk/: A
brain-mapping study. J Neurolinguist 2008;21(4):333–48. https://doi.org/
10.1016/j.jneuroling.2007.07.004.

van Zuijen TL, Plakas A, Maassen BAM, Been P, Maurits NM, Krikhaar E, et al.
Temporal auditory processing at 17 months of age is associated with preliterate
language comprehension and later word reading fluency: an ERP study.
Neurosci Lett 2012;528(1):31–5. https://doi.org/10.1016/j.neulet.2012.08.058.

van Zuijen TL, Plakas A, Maassen BA, Maurits NM, van der Leij A. Infant ERPs
separate children at risk of dyslexia who become good readers from those who
become poor readers. Dev Sci 2013;16(4):554–63. https://doi.org/10.1111/
desc.12049.
176
Vellutino FR, Fletcher JM, Snowling MJ, Scanlon DM. Specific reading disability
(dyslexia): What have we learned in the past four decades? J Child Psychol Psyc
2004;45(1):2–40. https://doi.org/10.1046/j.0021-9630.2003.00305.x.

Virtala P, Partanen E. Can very early music interventions promote at-risk infants’
development? Ann Ny Acad Sci 2018;1423(1):92–101. https://doi.org/10.1111/
nyas.13646.

Volkmer S, Schulte-Körne G. Cortical responses to tone and phoneme mismatch as a
predictor of dyslexia? A systematic review. Schizophr Res 2018;191:148–60.
https://doi.org/10.1016/j.schres.2017.07.010.

Wetzel N, Schröger E. On the development of auditory distraction: A review. PsyCh J
2014;3(1):72–91. https://doi.org/10.1002/pchj.49.

Winkler I. Interpreting the mismatch negativity. J Psychophysiol 2007;21(3-
4):147–63. https://doi.org/10.1027/0269-8803.21.34.147.

https://doi.org/10.1016/j.jneuroling.2007.07.004
https://doi.org/10.1016/j.jneuroling.2007.07.004
https://doi.org/10.1016/j.neulet.2012.08.058
https://doi.org/10.1111/desc.12049
https://doi.org/10.1111/desc.12049
https://doi.org/10.1046/j.0021-9630.2003.00305.x
https://doi.org/10.1111/nyas.13646
https://doi.org/10.1111/nyas.13646
https://doi.org/10.1016/j.schres.2017.07.010
https://doi.org/10.1002/pchj.49
https://doi.org/10.1027/0269-8803.21.34.147

