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1. Introduction

Speech perception begins remarkably early in human development
with evidence showing that the auditory system is responsive to speech
sounds even during the prenatal period (DeCasper and Spence, 1986;
Partanen et al., 2013; Kaga, 2022). However, it continues to develop
across the lifespan, shaped by both biological maturation as well as
experience-driven and environmental factors such as language exposure
and learning (McMurray et al., 2018; Colby and McMurray, 2023).
During the first year of life, particularly within the sensitive period,
speech perception is modified towards specialization to the phonetic
elements of the surrounding language (Werker and Tees, 1984; Kuhl
et al., 1992; Werker and Curtin, 2005; Kuhl, 2007). This specialization
involves not only perceptual tuning, but also the formation of language-
specific phonological categories, such as phonemes, reflecting the
emergence of more structured representations in the brain (Cheour
et al., 1998). Phonological awareness, which is grounded by these
phonological representations, has been found to be crucial in learning to
read in school-aged children (Melby-Lervag et al., 2012). Reading, in
turn, influences and modifies these phonological abilities (Monzalvo
and Dehaene-Lambertz, 2013; Dehaene et al., 2015). It has been found
that problems in phonological awareness are not only associated with
but also predict future reading difficulties (Scarborough, 1998; Clayton
et al., 2020).

Developmental dyslexia manifests as difficulty in acquiring accurate
and fluent reading and writing skills, despite adequate sensory acuity,
cognitive capacity, or opportunities for learning (Lyon Reid et al., 2003).
Dyslexia is regarded as a hereditary learning difficulty with a heritability
estimate of 40-60% and is relatively common among school-aged chil-
dren, with approximately 10% of the population meeting diagnostic
criteria (Shaywitz and Shaywitz, 2003). Reading difficulties typically

become apparent once children begin learning to read and performing
reading-related tasks during the early grades of school (McCardle et al.,
2001).

A range of cognitive deficits have been associated with dyslexia. One
of the most consistently observed impairments in dyslexia is in the
processing of phonological information (Snowling, 1998), particularly
phonological awareness, the ability to recognize and manipulate the
sound structures of language (McBride-Chang, 1995). Another well-
documented difficulty in dyslexia involves rapid automatized naming
(RAN), the ability to quickly name familiar objects or symbols, which is
often slower in individuals with dyslexia, contributing to challenges in
reading fluency (e.g. Neuhaus et al., 2001; Gray and Powell-Smith,
2024). In addition to phonological and naming speed deficits, other
cognitive deficits have been identified in dyslexia. These include im-
pairments in verbal short-term memory (Brady et al., 1983; De Jong,
1998; Beneventi et al., 2009; Cowan et al., 2017), sensory processing —
particularly auditory temporal processing (Tallal, 1980; Goswami et al.,
2011; Vandermosten et al., 2011), and multi-modal associative learning
(Windfuhr and Snowling, 2001).

Although developmental dyslexia has been widely studied, the
development of speech processing impairments and their impact on
reading skills from infancy through childhood and adulthood remain
poorly understood. Brain responses to changes in speech sound features
in infants with a familial risk of dyslexia have been shown to be asso-
ciated with later dysfluent reading skills (Van Zuijen et al., 2012; van
Zuijen et al., 2013; Schaadt et al., 2015; Lohvansuu et al., 2018),
highlighting the critical role of early speech perception in shaping
phonological development, and ultimately, reading acquisition. More-
over, developmental studies have shown that individuals with and
without dyslexia exhibit distinct brain responses, and these differences
are consistently associated with reading skills development (Maurer
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et al., 2009; Hamalainen et al., 2013; Lohvansuu et al., 2014). Here
event-related potentials (ERPs) and their magnetic counterparts (event-
related fields, ERFs) to auditorily presented pseudowords were investi-
gated in adults with childhood dyslexia and typically reading adults
with and without family risk background for dyslexia aiming to fill this
gap in the understanding of the development of the deficiency in speech
perception.

1.1. Deficit in speech perception in dyslexia

It has been proposed that deficits in speech perception may precede
and contribute to impairments in phonological processing, potentially
hindering the development of accurate phonological representations
(Goswami, 2002). Previous research has shown that individuals with
dyslexia often struggle with discrimination and categorization of speech
sounds, including consonants, vowels, and phonemic length (Serniclaes
and Sprenger-Charolles, 2003; Bogliotti et al., 2008; Pennala et al.,
2010). Additionally, differences in speech perception among individuals
with dyslexia have been observed in tasks involving the perception of
syllable stress (Goswami et al., 2013), lexical tone (Tong et al., 2018),
and speech in noise discrimination (Ziegler et al., 2009; Dole et al.,
2012).

These results suggest that speech perception difficulties in dyslexia
can manifest at different levels, such as words, syllables, phonemes, and
affect multiple possible processing stages of speech, including, for
example, encoding basic features, forming auditory objects, and linking
to phonological representations. Understanding speech perception dif-
ficulties is particularly important in the context of dyslexia, reading
acquisition, and language development, as speech perception lays the
foundation for constructing accurate and stable phonological represen-
tations (Schulte-Korne et al., 1999; Goswami, 2002). These representa-
tions are essential for mapping spoken language into written symbols,
which, in turn, is a foundational process in learning to read (Schulte-
Korne et al., 1999; Goswami, 2002).

The behavioral studies reviewed above have extensively documented
speech perception deficits as a phenomenon. However, they often leave
the underlying processing stages that lead to these deficits unexamined.
Electrophysiological evidence, on the other hand, offers insights into
atypical speech sound processing in individuals with dyslexia, shedding
light on potential deficits at different stages of speech processing (for
reviews, see Bishop, 2007; Schulte-Korne and Bruder, 2010; Gu and Bi,
2020), which are reviewed next.

1.2. Brain responses as a measure of speech perception

Time-locked EEG activity, such as event-related potentials (ERPs), is
a commonly used method to measure how the brain processes sensory
stimulation. To assess different stages of auditory processing, certain
obligatory and discriminatory ERP components in response to speech
can be observed. The obligatory ERP components to auditory stimuli
reflect automatic processing stages in the auditory cortex, elicited by
any sound. Observed in adults, these early components typically include
P1, N1, P2, and N2, reflecting different aspects of encoding of the
auditory stimulus (Ceponiené et al., 2002). In small children under 3
years of age, typically P1 and N2 are dominant in the waveform, N1 and
P2 emerging later during development, reaching an adult-like appear-
ance during late childhood and early adolescence (Ceponiené et al.,
2002).

The discriminatory responses, such as mismatch negativity (MMN or
mismatch response, MMR, in newborns), P3a, and late discriminative
negativity (LDN), are thought to reflect different types of change
detection processes (Cheour et al., 2001; Polich, 2003, 2007; Naatanen
et al.,, 2007). The attention-independent MMN, having its maximum
peak amplitude in frontocentral areas, indicates an automatic change
detection in response to a rare deviant stimulus in a series of frequent
standard stimuli (Naatanen et al., 1978; Naatanen, 1990, 1995;
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Naatanen et al., 2007). The MMN can be followed by the P3a response,
which typically shows a frontocentral scalp distribution and is elicited
by a novel or deviant non-target stimuli (Polich, 2007). This component
reflects the involuntary orienting of attention, and the engagement of
memory-related processes involved distinguishing deviant from stan-
dard stimuli (Polich, 2007; Rosburg et al., 2018). The frontocentral LDN,
which sometimes emerges in a later time window following the MMN
and P3a responses, is thought to reflect higher-order cognitive pro-
cessing of auditory stimuli and show developmental modulation, with its
amplitude typically decreasing with age (Ceponiené et al., 2002).

Earlier ERP studies on speech discrimination in dyslexia have re-
ported differences in both MMN and LDN components between children
with and without dyslexia, suggesting atypical auditory processing and
delayed higher-order evaluation in individuals with dyslexia (Schulte-
Korne and Bruder, 2010). Additionally, the obligatory N1 component
has shown differences between adults with and without dyslexia (for
reviews, see Schulte-Korne and Bruder, 2010; Gu and Bi, 2020).
Furthermore, already before learning to read (or even to speak), in-
dividuals with a familial risk of dyslexia show atypical ERPs in response
to speech from newborns to 6 years-old children (for review, see
Volkmer and Schulte-Korne, 2018). Next, relevant ERP research on
speech processing is reviewed with a focus on two phonetic features: (1)
phonemic length, which is a semantically distinguishing feature in the
Finnish language (Suomi et al., 2008) and has also been linked to pro-
cessing difficulties in dyslexia (Pennala et al., 2010), and (2) place of
articulation, which serves as a contrastive feature across many lan-
guages (Blevins, 2004) and has also been associated with atypical speech
processing in individuals with dyslexia (Kraus et al., 1996; Schulte-
Korne et al., 1998).

1.2.1. Brain responses to speech in individuals with and without dyslexia

MMN is alongside LDN a robust indicator of auditory discrimination
ability, including speech discrimination, and therefore a clear majority
of ERP research on speech perception in dyslexia has used the MMN (and
LDN) response to examine sound-discrimination accuracy in individuals
with impaired and typical reading skills (for review, see e.g. Bishop,
2007). Where MMN reflects early, automatic detection of changes in
speech sounds, the later occurring LDN reflects later, and higher-lever
evaluation of differences in speech sounds. Thus, MMN and LDN are
frequently studied together to provide complementary insights into
auditory processing. Next, ERP findings from binaural studies using a
passive oddball design are reviewed, focusing on amplitude changes in
response to speech stimuli varying in phonemic length and place of
articulation in individuals with and without dyslexia.

In children with dyslexia, studies on speech sounds varying in pho-
nemic length have reported attenuated MMN amplitudes in response to
vowel length changes in /ba/ vs. /ba:/ contrast, when short /ba/ was
played as a standard (Chobert et al., 2012), or as a deviant (Mannel
et al., 2017). Reduced MMN has also been found in children with
dyslexia in response to speech varying in place of articulation in /ba/ vs.
/da/ (Schulte-Korne et al., 1998; Lachmann et al., 2005), /da/ vs. /ga/
(Meng et al., 2005), and /ba/ vs. /ga/ contrasts (Hommet et al., 2009),
the latter contrast showing also reduced amplitudes in LDN. In addition,
/ba/ vs. /da/ contrast has been reported to show attenuation also in
N250 amplitude in children with dyslexia (Lachmann et al., 2005). In
contrast to the findings of attenuated MMN in reading-disabled children,
one study has reported larger amplitudes in MMN and LDN in response
to consonant length deviancy (/at:a/ vs. /ata/, short /ata/ as deviant),
when comparing school-aged children with dyslexia to typically reading
peers with and without familial risk for dyslexia, suggesting compen-
satory mechanisms in dyslexia (Lohvansuu et al., 2014).

Research findings in adults with dyslexia are partly in line with
findings from children, showing diminished MMN responses to speech
sounds varying in place of articulation, such as /da/ vs. /ga/ (Schulte-
Korne et al., 2001) and /ba/ vs. /ga/ contrasts (Hommet et al., 2009).
However, other studies have reported no group effects in change
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detection response amplitudes to speech sounds varying in vowel length
in /ta/ vs. /ta:/ (Thiede et al., 2020) and in /tatata/ vs. /tata:ta:/ con-
trasts (Kujala et al., 2006) between typically reading adults and adults
with dyslexia. Interestingly, N100m amplitude to the vowel /a/ in
pseudoword /ata/ has been reported to be enhanced in individuals with
dyslexia (Helenius et al., 2002). This finding was supported a couple of
years later by a study, which found the N1 amplitude to be stronger to
the first segment of pseudoword /tatata/ in adults with dyslexia (Kujala
et al., 2006). Overall, research in adults is more fragmented than
research done in children, not only in its findings but also in method-
ologies, such as the criteria for dyslexia, number of participants, age
range, and stimuli used, which may affect the inconsistency of the
results.

1.2.2. Brain responses to speech in individuals with and without a familial
risk of dyslexia

Even before learning to read, a familial risk of dyslexia alone has
been shown to be associated with impairments in speech perception (for
review, see Volkmer and Schulte-Korne, 2018), which raises the ques-
tion of mechanisms other than learning to read, that may underlie or
contribute to speech perception deficits in dyslexia.

Studies investigating 2 to 6 months-old infants' ability to perceive
speech are relatively consistent with later childhood finding, reporting
smaller MMR amplitudes to speech deviancy (Leppanen et al., 2002; Van
Leeuwen et al., 2006; van Leeuwen et al., 2008), or absent MMR
(Leppanen et al., 2002; Schaadt et al., 2015; Van Zuijen et al., 2012) and
LDN responses (Van Leeuwen et al., 2006) in responses to speech
varying in both length (/ata/ vs. /at:a/) and place of articulation (/da/
vs. /ga/ and /bAk/ vs. /dAk/) in infants at risk for dyslexia when
compared to controls. However, MMR responses have also been
observed to be larger in infants at risk to deviant speech sounds varying
in length (ka:a/ vs. /ka/) (Leppanen et al., 1999). In newborns, and at
the age of 1 month, no group effects have been found in response to
changes in phonemic length (/ka:/ vs. /ka/) (Pihko et al., 1999) or in
responses to speech stimuli varying in place of articulation (/da/ vs.
/ga/) (Schaadt et al., 2015).

In preschool-aged children, both diminished and enhanced responses
to speech in children with a risk of dyslexia have been reported, as well
as group differences not reaching significance (for review, see Volkmer
and Schulte-Korne, 2018). Diminished MMR was found in 6-year-old
children at risk for dyslexia at the beginning of reading instructions to
speech sounds varying in place of articulation in /ga/ vs. /ka/ (Bitz
et al., 2007), and /ba/ vs. /da/ contrasts (Noordenbos et al., 2012).
Enhanced responses in children at risk for dyslexia have been found in 6-
year-old children without any formal reading instructions to speech
varying in place of articulation (/ba/ vs. /ta/ and /da/, /ta/ and /da/ as
deviants) in an early MMR time window (Maurer et al., 2003), and
phonemic length (/ata/ vs. /at:a/, /ata/ as standard), in the latter study
group differences occurring only to standard stimulus and in the N250
time window (Hamalainen et al., 2013). In addition, one study reported
no significant group differences in MMR responses to vowel length
changes between children at risk and controls (Lovio et al., 2010),
indicating that findings in this age range remain somewhat mixed.

1.3. Brain responses to speech linked to reading

In addition to group differences reviewed above, associations be-
tween brain responses and reading, or reading-related skills, have been
studied (for review, see Volkmer and Schulte-Korne, 2018). Brain re-
sponses to speech sounds measured in newborns have been shown to
predict later reading skills, with larger MMR amplitudes associated with
better pre-reading skills, such as better RAN task scores at 28 months
and 4-5 years, and better letter knowledge scores at 4-5 years
(Navarrete-Arroyo et al., 2024). In contrast, MMR measured at the age of
1 month and 2 months, did not show any significant correlations with
later reading ability (Schaadt et al., 2015; Van Zuijen et al., 2013,
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respectively). However, the larger MMR measured later in the same
infants at the age of five months by Schaadt et al. (2015) was associated
with better reading comprehension in grades 5-6, at the mean age of
11.5 years (Schaadt et al., 2015). Further, larger ERP amplitudes to
standard stimuli in 6-month-old infants have been associated with faster
reading speed at 14 years, better phonological skills, and faster rapid
naming speed at preschool age (Lohvansuu et al., 2018).

Studies conducted with preschool and kindergarten-aged children
further support the suggestion of a developmental link between speech
perception and phonological and reading skills. In the study by Maurer
et al. (2009) preschool-aged children with a risk for dyslexia showed
stronger left lateralization of the LDN response being associated with
better reading fluency in second, third, and fifth grade (at 8, 9, and 11
years respectively) (Maurer et al., 2009). In addition, smaller N250
measured before school entry in response to standard stimuli was shown
to correlate with better reading accuracy and reading speed at the end of
grade 2, at the average age of 9 years (Hamalainen et al., 2013).

Overall, the research findings show that larger MMR responses to
speech measured in infancy are quite consistently associated with better
reading and related abilities later in childhood, which is also supported
by studies using non-speech stimuli. Larger ERP amplitudes measured in
newborns have been shown to be associated with better reading speed
and spelling accuracy at around 9 years of age (Leppanen et al., 2010),
as well as larger responses measured at the age of 17 months with better
word and pseudoword reading fluency at the age of 9 (Van Zuijen et al.,
2012). In addition, the MMN amplitude of 3-year-old children was
linked to later reading skills, with larger amplitudes predicting better
word reading fluency at the end of grade 2 (Plakas et al., 2013). How-
ever, the evidence from studies conducted closer to school entry is
somewhat more variable: both larger and smaller amplitudes have been
linked to better reading abilities later, as well as stronger left laterali-
zation of the responses, which makes the direction of the association
inconsistent.

Some evidence for a continued link between brain responses to
speech and reading or reading-related skills also exists in school-age
children and adults. In school-aged children, ERPs to phonemic length
deviations observed at the age of 9.5 years were found to be positively
associated with reading fluency and accuracy, as well as writing accu-
racy, particularly in the dyslexia group (Lohvansuu et al., 2014).
Notably, 82 of the participants in that study also participated in the
present study, but the measurements were conducted at an earlier
developmental stage. In adults, associations between larger left-
hemispheric mismatch field (MMF, magnetic counterpart of MMN)
and better working memory skills have been found in adults with
dyslexia as well as in controls (Thiede et al., 2020). In addition, larger
right-hemispheric MMF in the same study was associated with better
reading accuracy and speed within the dyslexia group, suggesting a
right-hemispheric language processing compensatory mechanism in
dyslexia (Thiede et al., 2020). However, given the limited research on
how brain responses to speech relate to reading and reading-related
skills in adulthood, this remains an important question for further
research.

Based on the evidence reviewed here, it seems that school-aged
children with dyslexia, as well as infants at risk for dyslexia, quite
consistently show diminished brain responses to speech changing in
phonemic length and category when compared to controls. In adults
with dyslexia and preschool-aged children with risk for dyslexia, the
findings are less consistent, one showing larger or smaller responses,
while the others report no differences between individuals with dyslexia
and control groups. However, the earlier findings from the Jyvaskyla
Longitudinal Study of Dyslexia (JLD) sample, the longitudinal sample
studied here, showed enhanced brain responses in children with
dyslexia both at kindergarten and school age (Hamalainen et al., 2013;
Lohvansuu et al., 2014). Further, brain responses at different ages seem
to predict and be associated with reading skills, though the nature of this
relationship in adulthood remains not well understood.
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1.4. Research questions
Two research questions were examined:

(RQ1) Group differences in ERPs to speech sounds were observed in
childhood in the JLD study at the age of 9.5 years. Here we examine
whether the group differences between individuals with and without
dyslexia in ERPs to the same speech sounds persist into adulthood?
(RQ2) Previous JLD and other studies have found associations with
concurrently measured reading and related skills and ERP ampli-
tudes. Here we examine these associations in adulthood using com-
bined M/EEG source activity to have the best possible estimates of
brain activity related to processing of speech sounds.

To address RQ1, and ensure comparability with the childhood data,
participants were divided into three groups based on their childhood
reading performance, allowing for the investigation of group differences
in ERPs as done in the earlier study (Lohvansuu et al., 2014). For RQ2,
no grouping was performed based on the reading skills, instead reading
skills were examined as a continuum. Investigating reading skill as a
continuum, rather than comparing distinct groups, allows capturing the
full range of individual differences in reading ability.

Based on the previous studies on adults and children reviewed above
the direction of the effect is difficult to predict as the majority of studies
show smaller amplitudes for the change detection responses compared
to typically reading controls (e.g. Lovio et al., 2010; Schulte-Korne et al.,
1998; for review, see Gu and Bi, 2020), but the earlier studies of the
longitudinal sample studied here showed larger amplitudes for the
obligatory and change detection responses in individuals who developed
dyslexia (Hamalainen et al., 2013; Lohvansuu et al., 2014). Based on the
research evidence from the relationship between brain responses to
speech and behaviorally assessed reading skills, associations between
brain activity and reading fluency and accuracy, rapid naming as well as
working memory were expected (e.g. Hamalainen et al., 2013; Loh-
vansuu et al., 2014, 2018; Thiede et al., 2020).

2. Material and methods
2.1. Participants

The participants of this study belong to the JLD, a prospective follow-
up study from birth to young adulthood investigating the reading
development of participants with and without family risk of dyslexia. At
the early adulthood data collection, a total number of 98 participants
(60 female) returned for participation at age 26 to 28 (M = 27.21, SD =
0.98). Seven participants were excluded from the analysis for various
reasons: technical issues (3 participants), control participants with poor
reading skills (2 participants), hearing problems (1 participant), and
potential neurological issues (1 participant). The previous brain data
collection phase of JLD took place at the age of 9.5 years (N = 139)
(Lohvansuu et al., 2014; for reviews, see Lyytinen et al., 2005, 2015;
Leppanen et al., 2012; Lohvansuu et al., 2021).

For RQ1 the ERP data of 91 (57 female), and for RQ 2 the combined
M/EEG data of 84 adults (52 female) were included in the study. The
number of participants differs between RQ1 and RQ2 due to the exclu-
sion of 7 participants with poor MEG data quality. Participants did not
report having any neurological disorders; they had a childhood IQ of at
least 80, as tested at 8 years with the Wechsler Intelligence Scale for
Children - Third Edition (WISC-III: Wechsler, 1991). They were
screened for normal hearing (average hearing threshold for both ears at/
below 25 dB (BSA)) with an audiometer before the M/EEG recordings.
The study was approved by the local ethics committee of the University
of Jyvaskyla and written informed consent was obtained from all the
participants.

For RQ1, participants were divided into groups based on their family
risk status for dyslexia (for more information, see Leinonen et al., 2001)
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and reading skills assessed at the end of Grade 2 as follows (for more
information, see Eklund et al., 2013): adults with childhood reading
difficulties and family risk (RDFR, N = 17), childhood typical readers
with family risk (TRFR, N = 37), and childhood typical readers from the
control group without any family risk for dyslexia (TRC, N = 37). Among
the control participants, there were two individuals without a family risk
for dyslexia who fell below the reading difficulty criteria and were thus
excluded from the analysis. To ensure comparability, the grouping
criteria were aligned with those used in childhood group comparisons
reported in earlier publication (Lohvansuu et al., 2014). For RQ2, no
grouping was applied, as reading and related skills were treated as
continuous variables. Participants' characteristics can be found in
Table 1.

A one-way ANOVA was conducted to examine the effect of the group
on reading and related scores in adulthood. The analysis revealed a
significant group effect on reading fluency (F(2, 88) = 24.87, p < .001, n?
= 0.36), reading accuracy (F(2, 88) = 9.67, p < .001, n2 = 0.18), and
rapid naming (F(2, 86) = 7.70, p < .001, n2 = 0.15). Levene's test for
homogeneity of variances indicated that the assumption of equal vari-
ances was met for reading fluency (p = .23), rapid naming (p = .31),
therefore Tukey post hoc tests were used for pairwise comparisons.
Tukey tests revealed that the dyslexia group (RDFR) scored significantly
lower in reading fluency and rapid naming than the two other groups:
TRFR (reading fluency: p < .001; rapid naming: p = .012) and TRC
(reading fluency: p < .001; rapid naming: p <.001). For the reading
accuracy comparison, Levene's test indicated unequal variances (p =
.01), therefore Games-Howell post hoc tests were used. The tests indi-
cated that the dyslexia group scored significantly lower than the two
other groups (TRFR: p = .016; TRC: p = .008). No statistically significant
differences were found between the other groups.

The development of reading fluency and accuracy from the age of

Table 1
Description of the participants and means (standard deviations) for behavioral
measures.

RDFR (N = TRFR (N = TRC (N =
17) 37) 37)
Gender (female/male) 12/5 23/14 22/15
Age at M/EEG recordings (years) 26.60 27.33 27.37
(0.94) (1.10) (0.78)
Reading fluency (composite score) 47.83 65.66 70.02
(8.52) " (12.29) (10.30)

Text reading fluency: correctly read 74.88 91.85 97.84
words per minute (at 26-28 y) (11.12)" (16.04) (14.62)

Pseudoword text reading fluency: 41.11 59.26 64.72
correctly read words per minute (at (8.64)" (14.71) (14.85)
26-28'y)

Word list reading fluency: 56.11 77.66 81.53
correctly read words per minute (at (13.02) © (16.28) (15.24
23/26'y)

Pseudoword list reading: correctly 21.78 34.43 36.13
read words per minute (at 23/26 y) (7.06) " 9.47) (9.35)

Reading accuracy (composite score) 89.29 94.28 95.01

(6.44) " (3.91) (4.26)

Text reading accuracy: percentage of 97.16 98.38 98.54
correct words (at 26-28 y) (1.92) # (1.57) (1.20)

Pseudoword text reading accuracy: 93.65 95.47 95.59
percentage of correctly read words (6.90) (4.15) (3.66)
(at 26-28 y)

Pseudoword list reading accuracy: 77.06 88.98 89.91
percentage of correctly read words (14.62) © (7.84) (9.57)
(at 23/26 y)

Rapid naming speed (composite score) 30.84 27.00 25.74
(at 26-28 y) (3.84) 1 (5.10) (4.10)

Naming of objects: time spent (seconds)  37.42 33.93 32.42

(4.37) % (6.35) (4.25)

Working memory (at 26-28 y) 23.59 25.97 27.00

(3.41) (5.72) (5.41)

Note: * = RDFR < TRFR and TRC; & = RDFR > TRFR and TRC; # = RDFR < TRC;
% = RDFR > TRC.
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9.5 years to 23-28 years was further examined. These analyses included
82 participants who had complete data at both timepoints. As shown in
Fig. 1, childhood grouping still appears relevant in adulthood. To
evaluate developmental change and group differences, a repeated
measures ANOVA was conducted with Time (childhood vs adulthood) as
a within-subject factor, Group (three levels) as a between subject factor,
and reading fluency and reading accuracy as dependent variables. For
reading fluency, the analysis revealed no significant effect of time (F(1,
79) = 1.45, p = .233, n% = 0.018), indicating that reading fluency did
not significantly change between childhood and adulthood. However,
there was a significant main effect of group (F(2, 79) = 29.56, p < .001,
n% = 0.43), suggesting that the groups differed in overall reading
fluency. For reading accuracy there was a main effect of time (F(1, 79) =
5.57,p = .021, T]zp = 0.06), indicating improvement in accuracy over
time. A significant main effect of group was also found (F(2, 79) = 16.69,
p < .001, 1% = 0.30), showing that the groups differed in overall ac-
curacy. There was no significant interaction effects between time and
group for reading fluency (F(2, 79) = 0.30, p = .743, 1% = 0.01) or
reading accuracy (F(2, 79) =1.47, p = .236, lep = 0.04), indicating that
the pattern of change over time was similar across groups.

2.2. Behavioral and cognitive assessments

In adulthood, reading and related skills were assessed in two waves
(at age 23 years and between 26 and 28 years of age). Behavioral as-
sessments at age 23 were conducted in person at the laboratory of the
University of Jyvaskyla, whereas at ages 26-28 assessments were in
majority conducted remotely due to pandemic circumstances. The
cognitive data collection at ages 26-28 was conducted in proximity to
the MEG/EEG recordings. All assessments were administered by a
trained experimenter, and the sessions were recorded for later scoring.
Composite scores of reading fluency, reading accuracy, and rapid naming of
objects and letters (RAN) were calculated for the correlation analysis.

2.2.1. Reading skills

Reading skills were assessed by (1) oral text reading (Leinonen et al.,
2001), (2) oral pseudoword text reading (Eklund et al., 2015), (3) oral
word list reading (Nevala et al., 2006), and (4) oral pseudoword list reading
(Nevala et al., 2006). Participants were instructed to read each text and
word list aloud as accurately and fast as possible.

Oral text reading included 16 sentences in three paragraphs and a
total of 207 words. Oral pseudoword text reading consisted of 38
pseudowords presented across eight sentences forming one paragraph.
The text followed the structure of the Finnish language but had no
meaning. In oral word list reading tasks, participants read a list of 30
words and 30 pseudowords, which were similar in length and structure
to the real word items.
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From each of the reading tasks, two different measures were ob-
tained: reading fluency (correctly read words per minute) and reading
accuracy (percentage of correctly read words). These were transformed
into z-scores, and the normal distribution of each variable was checked.
The violation of distribution led to the exclusion of the reading accuracy
obtained by word list reading due to the ceiling effect. Consequently,
two composite scores (average of z-scores) were formed: (1) Reading
fluency composite score included the reading fluency measures of text,
pseudoword text, word list, and pseudoword list reading (Cronbach's
Alpha = 0.90). (2) Reading accuracy composite score included the
reading accuracy measures of text, pseudoword text, and pseudoword
list reading (Cronbach's Alpha = 0.78).

2.2.2. Reading related skills

Measures of reading-related skills for RQ2 were rapid naming (RAN),
working memory (Digit Span), and phonological processing (phoneme
deletion). The normal distribution of each variable was checked, and the
phoneme deletion score was excluded from the analysis due to the
ceiling effect.

To assess the ability to name symbols accurately and rapidly, two
subtests of rapid automatized naming test (see Denckla and Rudel, 1976)
were carried out at ages 26-28: (1) RAN objects consisted of pictures of 5
different objects, each repeated 10 times, whereas (2) RAN letters
included 5 different letters, each repeated 10 times. In both sub tests, the
items were arranged in five rows, each containing 10 items, resulting in
a total of 50 items per subtest (Ahonen et al., 1999). To ensure the
correct understanding of each item in the lists, participants were asked
to repeat them aloud before the test started. After that, participants were
instructed to name each item on the list aloud as quickly and accurately
as possible and in case a mistake occurred to correct it and continue
naming. The naming speed of objects and letters showed internal con-
sistency (Cronbach's Alpha = 0.79) and were normally distributed, and
therefore a composite score for rapid naming speed was calculated as the
average of the time taken in RAN objects and letters.

The working memory of the participants was assessed by Digit Span
(WAIS-1V; Wechsler, 2008), which was composed of forward, backward,
and sequencing sub-tests. In the task, participants repeat a number
sequence stated by the experimenter according to the given instructions,
either in the same order, in reverse order, or arranged in numerical
order. The working memory score consisted of the total score from all
these test components (total raw score range 0-48).

2.3. M/EEG procedure

2.3.1. Recordings
Brain responses were recorded simultaneously with a 306-sensor
(102 magnetometers and 204 planar gradiometers) MEG system
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Fig. 1. Development of reading fluency and accuracy from childhood to adulthood by group (N = 82). The red line represents the dyslexia (RDFR) group, the black
line, the risk (TRFR) group, and the blue line the control group (TRC). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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(Elekta Neuromag®TRIUX, Helsinki, Finland) and a 64-channel MEG-
compatible EEG cap (BrainCap, EASYCAP GmbH) using the integrated
EEG amplifier of the TRIUX MEG system. EEG was online referred on the
right earlobe and impedances were maintained below 20 kQ, in accor-
dance with manufacturer recommendations. Both data streams (EEG/
MEG) were recorded with a sampling rate of 1000 Hz, and an online
bandpass filter of 0.01-100 Hz. Prior to MEG/EEG recording, the three
anatomical landmarks (nasion, the left preauricular point, and the right
preauricular point), electrode positions and positions of the head posi-
tion indicator (HPI) coils as well as head shape were digitized (Polhemus
Fastrak). Continuous HPI was collected during the recording.

2.3.2. Design

In the experiment, participants were passively listening to speech
sounds presented in an oddball paradigm (Fig. 2) while watching a silent
movie. They were instructed not to pay attention to the speech sounds.
In the paradigm, the long /at:a/ was presented as a standard (80%, 1000
trials) and the short /ata/ (10%, 125 trials) and long /ap:a/ (10%, 125
trials) as deviants. The total duration of the task was 25 min.

2.3.3. Stimuli

The three naturally produced pseudowords used in the experiment
consisted each of two syllables, varying in the phonemic length, and
articulation place, which are semantically distinguishing features in
Finnish language. The standard /at:a/, and the deviant /ap:a/ had a total
duration of 450 ms, whereas the short /ata/ as another deviant stimulus,
had a total duration of 300 ms (Fig. 3). The duration of the first syllable
for each stimulus was 72 ms, including the vowel /a/, and the initial
glottal stop. The second syllable, including the explosion of /t/ or /p/
and the vowel /a/, was 133 ms in total duration. Only the length of the
silent gap between the vowel and the following stop consonant differed
between the short /ata/ (95 ms) and long /at:a/ (255 ms) stimuli. The
sound onset of the stimuli was evaluated through microphone re-
cordings of the stimuli presentation, revealing a constant 34 ms delay
after the trial onset, caused by the stimulation system. The stimuli were
presented with an interstimulus interval (ISI) of 610 ms and delivered
through in-ear headphones (Etymotic Research tube system). The in-
tensity of the stimuli was 73.5 + 0.5 dB(A), which was measured with
Briiel & Kjaer sound level meter (type 2235).

2.4. M/EEG analysis

2.4.1. Preprocessing

MEG data were first preprocessed using MaxFilter™ (Version 3.0.17;
MEGIN Oy, Finland), applying temporal signal space separation (tSSS)
to suppress external interference, interpolate bad MEG channels, and
compensate for head movements. The combined M/EEG data were
subsequently analyzed using MNE-Python (Version 1.3). Data were
resampled to 500 Hz and low-pass filtered at 35 Hz using a zero-phase
FIR filter with a Hamming window. Bad EEG channels were identified
by visual inspection (mean = 0.18 channels, SD = 0.44, range: 0-2).

Cardiac and ocular artifacts were removed using Independent
Component Analysis (FastICA; Hyvarinen, 1999). To optimize ICA
decomposition, the analysis was performed on a copy of the data high-
pass filtered at 1 Hz, and the resulting unmixing matrix was then

N

460ms 610ms  /at:a/ /ap:al/

Fig. 2. Illustration of the paradigm (Modified from Lohvansuu et al., 2014).
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applied to the original low-pass filtered data (cf. Winkler et al., 2015).
ICA was conducted jointly on MEG (magnetometers and gradiometers)
and EEG channels, retaining components that cumulatively explained
98% of the variance. Epochs exceeding 2000 fT/cm for gradiometers, 4
pT for magnetometers, or 250 pV for EEG channels were excluded from
ICA computation. Artifact components were identified using automated
correlation with EOG (EOG001) and ECG (ECG003) reference channels,
supplemented by visual inspection of component topographies and time
courses. On average, 2.21 (SD = 0.44) EOG-related and 1.81 (SD = 0.68)
ECG-related components were removed per participant.

Following ICA-based artifact correction, continuous EEG data were
high-pass filtered offline in MNE-Python using a zero-phase (non-causal)
windowed-sinc FIR filter (firwin algorithm, Hamming window). The
lower passband edge was set to 0.53 Hz with a transition bandwidth of
0.53 Hz, yielding a half-amplitude (—6 dB) cutoff at 0.27 Hz and a half-
power (—3 dB) cutoff at 0.34 Hz. The Hamming window provided a
passband ripple of 0.0194 and a stopband attenuation of 53 dB. The
filter length was 3115 samples (6.23 s at 500 Hz). Filtering was applied
to continuous data using reflection-based padding prior to segmentation
into epochs from —300 to 1060 ms relative to stimulus onset. Baseline
correction was applied using the —50 to 0 ms pre-stimulus interval. Bad
EEG channels were then interpolated using spherical spline interpola-
tion. Epochs with amplitudes exceeding 1000 fT/cm for gradiometers, 4
pT for magnetometers, or 150 pV for EEG channels were rejected. Event-
related potentials (ERPs) and event-related fields (ERFs) were computed
by averaging the remaining epochs within each condition, after which
EEG data were re-referenced to the common average. On average, 914.2
trials (SD = 165.0) were accepted for the standard condition (/at:a/),
113.5 trials (SD = 20.9) for /ata/, and 112.9 trials (SD = 20.2) for /ap:a/

For RQ1, the sensor level analysis included only EEG data to ensure
comparability to the results obtained at 9.5 years, and for RQ2 the
source level analysis of ERPs and ERFs included both data streams
(MEG/EEG).

2.4.2. Source analysis

For RQ2, combined EEG and MEG source reconstruction was carried
out for each condition (/at:a/, /ata/, and /ap:a/). EEG and MEG
together provide complementary information improving the source
estimation (Ahlfors and Hamalainen, 2012). The source estimation
procedure followed the established M/EEG minimum-norm estimation
pipeline implemented in MNE-Python (Gramfort et al., 2013, 2014). The
time window of 50-900 ms and all sensors were selected for the analysis
to explore the source localization of each component of the waveform
elicited by the speech stimuli. First, the source space was created using
an anatomical MRI template (fsaverage, FreeSurfer RRID:SCR_001847).
Using an automated method detailed by Houck and Claus (2020), the
template brain was uniformly scaled and then aligned with each par-
ticipant's digitized head points (Houck and Claus, 2020). For the for-
ward model, the cortical source space was generated using the “ico4”
option, yielding approximately 2562 sources per hemisphere with an
average inter-source distance of 6.2 mm. A single-layer boundary-
element model was constructed under the assumption of homogeneous
conductivity within the intracranial volume. The noise covariance ma-
trix was estimated from the pre-stimulus baseline periods. Finally, the
inverse operator (MNE, loose=‘auto’, depth=0.8) was created with
whitening transformation based on the noise covariance matrix and
applied to the evoked data to compute source estimates.

2.4.3. Statistical analysis

For RQ1, group differences in brain responses to speech sounds were
assessed using data-driven threshold-free cluster enhancement (TFCE, h
= 2.00, e = 0.50, start = 0, step = 0.2; Smith and Nichols, 2009) com-
bined with permutation testing, as implemented for EEG data in MNE
Python (Mensen and Khatami, 2013). TFCE finds and enhances clusters
of statistically significant effects across time and sensors without


rridsoftware:SCR_001847

A. Sorsa et al. International Journal of Psychophysiology 222 (2026) 113339

/atta/ $ /ata/ /appa/

|
'N' i
Slilent gap Slilent gap Hm Silent gap 'U H
255 ms 95 ms 255 ms
/al /ta/ /a/ /ta/ /a/ /pa/
72 ms 133 ms 72 ms 133 ms 72 ms 133 ms
Fig. 3. Sound waveforms of the stimuli.
requiring a predefined threshold, while permutation testing provides robust control for multiple comparisons (Smith and Nichols, 2009;
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Fig. 4. (A) The grand-average ERP waveforms across all participants (N = 91) for all conditions are shown at channels F3, Fz, F4, left mastoid (LM), Cz, and right
mastoid (RM). The blue curve represents the brain response to the standard (/at:a/) sound, the orange curve to the phonemic length-deviant sound (/ata/), and the
green curve to the other deviant, changing in place of articulation (/ap:a/). (B) Topography plots across all participants (N = 91) showing responses to all stimuli. The
upper row displays responses to the standard stimulus (/at:a/), the middle row to the deviant differing in duration (/ata/), and the bottom row to the deviant
differing in place of articulation (/ap:a/). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Mensen and Khatami, 2013). The number of permutations was set to
5000 for each contrast, analysis time window to 50-900 ms, and sta-
tistical alpha level to 0.05 (for further information on the permutation
testing, see e.g. Maris and Oostenveld, 2007; Smith and Nichols, 2009).
In total, nine comparisons were performed (3 groups x 3 stimuli).

For RQ2, correlation analysis using cluster-based permutation sta-
tistics was carried out in MNE Python to investigate the associations
between the power of source-localized combined ERP/ERF responses to
all the speech sounds and reading accuracy, speed and related skills
(working memory, RAN) among participants, resulting in 12 correla-
tions (3 stimuli x 4 cognitive measures). The same analysis time window
of 50-900 ms as used in RQ1 was used in the correlation analysis.
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3. Results
3.1. Group differences in ERPs to speech sounds

3.1.1. Sensor level grand average waveforms

The grand-average ERP waveforms and topographies across all the
participants (N = 91) for all the conditions followed a typical time
course of auditory responses (Fig. 4, panel A; see Fig. 4, panel B for
topographies). The latencies measured at channel Fz for obligatory re-
sponses to the first syllable were as follows (taking the 34 ms stimulus
onset delay into account): the N1 peaked at 93 ms and P2 at 151 ms.
Change detection responses for the deviant /ata/ stimulus were the first
wave reflecting the MMN peaking at 281 ms, (from deviancy onset 114
ms) the second the P3a (351 ms; from deviancy onset 184 ms), and the
last late negativity reflecting either LDN or RON, peaking at 483 ms after
stimulus onset (from deviancy onset 316 ms). For deviant /ap:a/ the
long-lasting change detection response was observed, where there was
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Fig. 5. Statistically significant group differences in EEG responses revealed by cluster permutation tests with TFCE (shown as masked colour boxes) between (A)
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no clear distinction between MMN and LDN (437-593 ms; from de-
viancy onset 110-266 ms).

3.1.2. Sensor level group comparisons

Statistically significant differences were found in responses to
deviant speech sound /ap:a/, (i.e. change in articulation place) when
RDFR was compared to both TRFR and TRC. Compared to TRFR, the
RDFR group exhibited stronger responses recorded by midline (ML) and
left (LH) and right (RH) hemisphere channels (see Fig. 5, panel A), as
revealed by the TFCE cluster permutation test. These differences
emerged starting from 152 ms and persisted until 800 ms (see Fig. 5,
panel A & C). When compared to TRC, the RDFR group exhibited
stronger responses at channels located in the left hemisphere (see Fig. 5,
panel B), particularly around the 300 ms and 600 ms time windows (see
Fig. 5, panel B & D). No statistically significant difference was observed
between the TRC and TRFR groups for /ap:a/. Further, no statistically
significant differences were observed between groups for responses to
deviant /ata/ or standard /atta/. Grand average ERP waveforms in the
three groups can be seen in Fig. 6. Fig. 7 presents the waveforms cate-
gorized by speech sounds, with each group displayed together in one
plot across different channels.

3.1.3. Associations between brain activity and reading skills

Brain activity was predominantly located in the left and right audi-
tory cortices for all the speech sounds (Fig. 8). No statistically significant
correlations were found between brain responses (combined M/EEG
source level activation) and behaviorally assessed reading (reading
fluency or accuracy) and related skills (RAN or verbal working memory).
Histograms of point-wise correlations between neural activity and
behavioral measures revealed no evidence of systematic brain-behavior
associations (Fig. 9). Across all 12 combinations of behavioral measures
and stimulus conditions, correlation distributions were approximately
normal and centered near zero (mean r: —0.05 to +0.09). The standard
deviations were consistent across analyses (SD: 0.086-0.106), and the
proportion of correlations exceeding the uncorrected significance
threshold (|r| > 0.215) ranged from 1.4% to 11.8%—values consistent
with or slightly above chance expectations (5%). These results support
the cluster-based permutation findings by demonstrating that correla-
tions were weak, unsystematic, and broadly distributed around zero
across the source space.

4. Discussion

In this study, two research questions were addressed. First, the
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persistence of group differences in ERPs to speech sounds (deviants
/ata/ and /ap:a/ among standard /at:a/ in a passive oddball paradigm)
was investigated from childhood to adulthood among individuals with
and without childhood dyslexia and with or without background of fa-
milial risk for dyslexia. Group differences were found for deviant /ap:a/
(a change in place of articulation) when childhood dyslexia group with
family risk (RDFR) was compared to typically reading peers with family
risk (TRFR), and to controls (TRC). No group differences were found
between TRFR and TRC groups. For deviant /ata/ (a change in phonemic
length), no group differences were observed unlike at school-age when
the brain responses differed between children with dyslexia (RDFR) and
typically reading groups (TRFR & TRC).

In addition, associations between ERPs/ERFs and reading fluency,
reading accuracy, rapid naming, and working memory were assessed.
Associations found at school-age between brain responses to the speech
sounds and the reading (real word and pseudoword list reading accuracy
and fluency) were no longer found in adulthood. Neither were associa-
tions found between brain response and reading related skills. Results
showed that there are group differences in speech processing, but the
difference found in adulthood is not present for the same stimulus as in
childhood. Based on the results of the study, group differences seem to
change during development. This might be on the one hand due to
continued exposure to speech which could influence the ability to
perceive speech sounds, and on the other hand due to different linguistic
features being more relevant than the others at different stages of
development.

Alongside these neural level findings, the behavioral data on reading
fluency and accuracy showed stable group differences from childhood to
adulthood. This pattern suggests that early differences did not widen
over time, which contrasts with the view that early differences typically
expand across development (often referred to as the Matthew effect;
Stanovich, 1986). Importantly, it should be acknowledged that children
in the dyslexia groups have likely received varying levels of educational
and intervention support across the follow-up period. In addition, as part
of the research program, some participants took part in interventions
targeting speech sound perception and temporal processing. Although
support may have influenced the developmental trajectories of some
participants, group differences in reading outcomes remained evident,
suggesting that variation in support or intervention alone cannot ac-
count for the patterns observed.

4.1. Group differences change from childhood to adulthood

Adults in the JLD sample with childhood dyslexia were found to have
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Fig. 8. Combined ERP and ERF source localization for the standard stimulus (/at:a/, upper row), the deviant differing in phonemic length (/ata/, middle row), and
the deviant differing in place of articulation (/ap:a/, lower row), showing source-level activity at different time points.

enhanced ERP amplitudes to the deviant stimulus with a change in place
of articulation (pseudoword /ap:a/). Whereas at 9.5 years-old children,
partly including those tested as adults, the ERP amplitudes to the
deviant stimulus with change in the phonemic length (pseudoword /ata/
) were enhanced in the dyslexia group (Lohvansuu et al., 2014). In
addition, the earlier study with the JLD participants at 6.5 years using
the same speech stimuli found greater responses for the speech stimuli
/ta/ when presented as the standard stimulus in children with dyslexia
compared to the other groups (Hamalainen et al., 2013). Furthermore,
at 6 months of age, the group at familial risk for dyslexia and the control
group differed in MMR responses to phonemic length changes, infants at
risk for dyslexia showing diminished MMR responses to deviant stimuli
(pseudowords long and short /ata/) when compared to controls
(Leppanen et al., 2002). Although the direct longitudinal comparison is
difficult due to attrition rate and some differences in the stimulation
procedure, there seems to be a continuum of differences in individuals
with dyslexia (or at risk for dyslexia) compared to the other groups.

In contrast, in other studies, an attenuation of MMN/N250 responses
has been reported in children with dyslexia compared to controls
regardless of the stimuli used (phonemic length, vowel identity, place of
articulation) (Schulte-Korne et al., 1998; Lachmann et al., 2005; Meng
et al., 2005; Chobert et al., 2012; Mannel et al., 2017). In line with the
present findings is the study by Thiede et al. (2020), in which they re-
ported no group differences in MMF amplitudes to pseudowords varying
in phonemic length (/ta-ta:/) between adults with and without dyslexia
(Thiede et al., 2020). However, in adulthood, the ERPs to speech sounds
varying in phonemic length and place of articulation in individuals with
dyslexia seem to vary from study to study, some studies showing smaller,
the other larger, or no differences when compared to typical readers
(Schulte-Korne et al., 2001; Helenius et al., 2002; Kujala et al., 2006;
Hommet et al., 2009; Thiede et al., 2020). Nevertheless, a deficit in the
processing of speech appears to be present in individuals with dyslexia
regardless of age (Volkmer and Schulte-Korne, 2018; Gu and Bi, 2020).

The JLD findings from current and previous studies present
enhanced neural responses in individuals with dyslexia (Hamaldainen
et al., 2013; Lohvansuu et al., 2014), which demonstrates a clear dif-
ference between typical readers and individuals with (childhood)
dyslexia (and risk for dyslexia) in auditory processing of speech sounds
across time. However, there is an interesting conflict in interpreting the
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results considering previous findings from other samples: enhanced re-
sponses to native speech sound deviancy are seen to reflect better speech
processing abilities and better reading and spelling abilities (for review,
see Volkmer and Schulte-Korne, 2018). This is partly in contrast to
findings from dyslexia groups in the JLD study. Group differences in the
partly overlapping sample at the age of 6.5 years were suggested to be
maturational in origin, with the enhanced responses in individuals with
dyslexia attributed to larger and less specific neuronal populations
involved in stimuli encoding (Hamalainen et al., 2013). Later, at the age
of 9.5 years, enhanced responses to speech deviancy were interpreted to
reflect a compensatory mechanism in individuals with dyslexia
(Lohvansuu et al., 2014; for a review of fMRI results, see Richlan et al.,
2011), when a greater number of neurons work together, exerting
increased activity and more effort to properly encode the varying
stimuli.

In adulthood, enhanced responses were found to deviant speech
sounds varying in place of articulation in the dyslexia group, in contrast
to childhood, when group differences emerged by the speech sounds
varying in phonemic length (consonant duration). However, despite the
differences in the size of the responses, it can be concluded, that auditory
processing of speech is still affected in adults with childhood dyslexia, as
it has also been shown that at 9 years, the JLD children with dyslexia
performed worse in phoneme duration discrimination task (Pennala
et al., 2010). This interpretation is in line with previous brain activity
findings of the relative stability of the impairment of speech processing
in individuals with dyslexia at different ages (Gu and Bi, 2020). These
differences in responses to different speech sound features between
childhood and adulthood could be explained by maturation and
continued exposure to speech, which drives the need for further
investigation.

4.2. Mature brain responses to changes in speech not connected to
behaviorally assessed reading and related skills

The participants identified to have dyslexia at the age of 8 years still
differed significantly in adulthood from other groups (without reading
difficulties) in their reading fluency and rapid naming ability (see
Table 1). However, despite the clear differences in reading and related
skills, the brain responses no longer correlated with behaviorally
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Fig. 9. Histograms of brain-behavior correlations for each data point. Distribution of Pearson correlation coefficients between source-level neural activity (50-900
ms time window) and four behavioral measures (rows: reading fluency, reading accuracy, RAN, working memory) across three stimulus conditions (columns: /at:a/,
/ata/, /ap:a/). Red dashed lines indicate the critical r threshold (+0.215) for significance at o« = 0.05 (two-tailed). Inset statistics show the mean correlation (Mean),
standard deviation (SD), and percentage of correlations exceeding the critical threshold (|r| > r_crit). All distributions are centered near zero, consistent with the
absence of significant brain-behavior associations in the cluster-based permutation tests. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

assessed reading skills. This could be because, on one hand, adults'
reading skills are likely influenced by many other factors, such as the
amount of reading exposure and learning strategies, which can either
weaken or strengthen the reading ability and/or potential. Thus, though
early differences in speech processing in childhood were linked to
reading skills, speech processing may not play a similar role anymore in
adulthood. On the other hand, continued exposure to speech could lead
to changes in speech processing in adulthood. This possibly distinct
development in reading and speech processing could obscure the asso-
ciation which was observed in children. Also, speech perception and
reading experience could be more tightly linked at 9.5 years (Lohvansuu
etal., 2014) because then the amount of reading exposure has been more
limited compared to adults.
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4.3. Limitations

This study has certain limitations that should be considered when
interpreting the results. There have been minor changes in the experi-
mental setup between different measurement points of the JLD sample.
At the ages of 6 months and 6.5 years, the short /ata/ was used as a
standard stimulus, and two longer versions of /at:a/ as deviant stimuli
(Hamalainen et al., 2013; Leppanen et al., 2002). At the age of 9.5 years
and in adults the same experiment was used where long /at:a/ was the
standard and the short /ata/ and long /ap:a/ were used as deviants
(Lohvansuu et al., 2014). In addition, the sample across the different
measurement points has different sample sizes due to missing data and
splitting of the sample to different experiments in infancy (Pihko et al.,
1999; Leppanen et al., 1999, 2002, 2010; Guttorm et al., 2001). How-
ever, the sample between 9.5 years and adults is largely overlapping (79
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were measured with EEG at both ages). Despite the changes in the
stimuli used, the responses to common stimuli across the measurement
points show developmental changes in the pattern of group differences.
Further, it should be noted that 9 group comparisons were conducted
which inflates the Type 1 error rate. Determining the best p-value
correction is not straight forward due to longitudinal priors and possible
non-independent effects for all of the speech stimuli.

When compared to previous studies, the current study used different
types of stimuli. Many studies in adults have utilized a place of articu-
lation contrast at the beginning of the stimuli, whereas this study
focused on changes in phonemic length and place of articulation in the
middle of a pseudoword. This choice of stimuli is partly due to the
Finnish language, where phonemic quantity is a semantically dis-
tinguishing feature. Embedding the deviant feature in the middle of the
pseudoword might produce masking effects or make the processing in
general more demanding, thereby leading to the difference between the
current results and studies of other samples. Further, the use of stimuli
with varying phonemic length made the computation of difference
waves challenging. This is because obligatory ERP responses depend on
the physical timing of the syllables in the stimulus, meaning that the
resulting difference waves would have reflected these timing differences
rather than pure change detection processes. However, no statistically
significant differences were observed between groups for the response to
the standard stimulus and therefore it is likely that the observed group
differences for the deviant stimulus response were stimulus specific.

4.4. Conclusion

Taken together, the results of the present study, along with those
conducted on infants, children, and adults, suggest that the development
of the central nervous system influences the manifestation of auditory
information and speech processing difficulties in children who later
develop dyslexia. These developmental changes, together with
increasing exposure to speech, may contribute to the brain responses of
individuals with dyslexia gradually becoming more like those of control
participants. To gain a deeper understanding of this development,
further research is needed.

CRediT authorship contribution statement

Aino Sorsa: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Formal analysis, Data curation, Conceptu-
alization. Ariane Tretow: Writing — review & editing, Project admin-
istration, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Weiyong Xu: Writing — review & editing, Visuali-
zation, Supervision, Methodology, Formal analysis, Data curation.
Georgia Gerike: Writing — review & editing, Investigation, Conceptu-
alization. Kaisa Lohvansuu: Writing — review & editing, Visualization,
Methodology. Jarmo A. Hamalainen: Writing — review & editing,
Writing — original draft, Visualization, Supervision, Project administra-
tion, Methodology, Funding acquisition, Formal analysis, Conceptuali-
zation. Paavo H.T. Leppanen: Writing - review & editing,
Visualization, Resources, Project administration, Methodology, Funding
acquisition, Data curation, Conceptualization.

Acknowledgements

Over the years, the longitudinal data collection of JLD has been
supported by the Academy of Finland with multiple grants. In addition,
the Centre of Excellence for Learning Dynamics and Intervention
Research (InterLearn CoE) is funded by the Academy of Finland's CoE
programme (2022-2029) (Grant no. 346119 to Paavo Leppanen). The
adulthood brain data collection was supported by the NeoPrism-C
project (European Union Horizon 2020 programme, h2020-msca-itn-
2018) under the Marie Sklodowska-Curie Innovative Training Network
(Grant Agreement No. 813546).

13

International Journal of Psychophysiology 222 (2026) 113339

Ariane Tretow was supported by the Alfred Kordelin Foundation.
Weiyong Xu was supported by the Postdoc Grant from the Academy of
Finland (Grant No. 348989). Kaisa Lohvansuu was supported by the
EarlyMath project of European Research Council (ERC) under the Eu-
ropean Union's Horizon 2020 Research and Innovation Programme
(Grant Agreement No. 101002966). Jarmo Hamaldinen was supported
by Research Council of Finland (Grant No. 361251).

All authors declare no competing interests. We wish to thank all
participants and their families who took part in the Jyvaskyla Longitu-
dinal Study of Dyslexia (JLD).

Data availability

Due to the ongoing longitudinal investigation and limitations for
data anonymization, the possibility to share data directly is not given.
Generated data supporting the findings of this paper are available on
request from the authors. Analysis scripts are available at the GitHub
repository (https://github.com/weiyongxu/JLD26 ata_atta.git).

References

Ahlfors, S.P., Hamalainen, M.S., 2012. MEG and EEG: source estimation. In: Handbook of
neural activity measurement, pp. 257-286. https://doi.org/10.1017/
¢b09780511979958.007.

Ahonen, T., Tuovinen, S., Leppasaari, T., 1999. Nopean sarjallisen nimeamisen testi.
Niilo Maki Instituutti.

Beneventi, H., Tgnnessen, F.E., Ersland, L., 2009. Dyslexic children show short-term
memory deficits in phonological storage and serial rehearsal: an fMRI study. Int. J.
Neurosci. 119 (11), 2017-2043. https://doi.org/10.1080/00207450903139671.

Bishop, D.V.M., 2007. Using mismatch negativity to study central auditory processing in
developmental language and literacy impairments: where are we, and where should
we be going? Psychol. Bull. 133 (4), 651-672. https://doi.org/10.1037/0033-
2909.133.4.651.

Bitz, U., Gust, K., Spitzer, M., Kiefer, M., 2007. Phonological deficit in school children is
reflected in the mismatch negativity. NeuroReport 18 (9), 911-915. https://doi.org/
10.1097/wnr.0b013e32810f2e25.

Blevins, J., 2004. Evolutionary phonology: the emergence of sound patterns. Cambridge
University Press. https://doi.org/10.1017/CB0O9780511486357.

Bogliotti, C., Serniclaes, W., Messaoud-Galusi, S., Sprenger-Charolles, L., 2008.
Discrimination of speech sounds by children with dyslexia: comparisons with
chronological age and reading level controls. J. Exp. Child Psychol. 101 (2),
137-155. https://doi.org/10.1016/j.jecp.2008.03.006.

Brady, S., Shankweiler, D., Mann, V., 1983. Speech perception and memory coding in
relation to reading ability. J. Exp. Child Psychol. 35 (2), 345-367. https://doi.org/
10.1016/0022-0965(83)90087-5.

Ceponiené, R., Rinne, T., Niitinen, R., 2002. Maturation of cortical sound processing as
indexed by event-related potentials. Clin. Neurophysiol. 113 (6), 870-882. https://
doi.org/10.1016,/51388-2457(02)00078-0.

Cheour, M., Ceponiene, R., Lehtokoski, A., Luuk, A., Allik, J., Alho, K., Néatéanen, R.,
1998. Development of language-specific phoneme representations in the infant
brain. Nat. Neurosci. 1 (5), 351-353. https://doi.org/10.1038/1561.

Cheour, M., Korpilahti, P., Martynova, O., Lang, A.H., 2001. Mismatch negativity and
late discriminative negativity in investigating speech perception and learning in
children and infants. Audiology and Neurotology 6 (1), 2-11. https://doi.org/
10.1159/000046804.

Chobert, J., Francgois, C., Habib, M., Besson, M., 2012. Deficit in the preattentive
processing of syllabic duration and VOT in children with dyslexia. Neuropsychologia
50 (8), 2044-2055. https://doi.org/10.1016/j.neuropsychologia.2012.05.004.

Clayton, F.J., West, G., Sears, C., Hulme, C., Lervag, A., 2020. A longitudinal study of
early reading development: letter-sound knowledge, phoneme awareness and RAN,
but not letter-sound integration, predict variations in reading development. Sci.
Stud. Read. 24 (2), 91-107. https://doi.org/10.1080/10888438.2019.1622546.

Colby, S.E., McMurray, B., 2023. Efficiency of spoken word recognition slows across the
adult lifespan. Cognition 240, 105588. https://doi.org/10.31234/0sf.io/gcj76.

Cowan, N., Hogan, T.P., Alt, M., Green, S., Cabbage, K.L., Brinkley, S., Gray, S., 2017.
Short-term memory in childhood dyslexia: deficient serial order in multiple
modalities. Dyslexia 23 (3), 209-233. https://doi.org/10.1002/dys.1557.

De Jong, P.F., 1998. Working memory deficits of reading disabled children. J. Exp. Child
Psychol. 70 (2), 75-96. https://doi.org/10.1006/jecp.1998.2451.

DeCasper, A.J., Spence, M.J., 1986. Prenatal maternal speech influences newborns’
perception of speech sounds. Infant Behav. Dev. 9 (2), 133-150. https://doi.org/
10.1016/0163-6383(86)90025-1.

Dehaene, S., Cohen, L., Morais, J., Kolinsky, R., 2015. Illiterate to literate: Behavioural
and cerebral changes induced by reading acquisition. Nat. Rev. Neurosci. 16 (4),
234-244. https://doi.org/10.1038/nrn3924.

Denckla, M.B., Rudel, R.G., 1976. Rapid ‘automatized’naming (RAN): dyslexia
differentiated from other learning disabilities. Neuropsychologia 14 (4), 471-479.
https://doi.org/10.1016,/0028-3932(76)90075-0.


https://github.com/weiyongxu/JLD26_ata_atta.git
https://doi.org/10.1017/cbo9780511979958.007
https://doi.org/10.1017/cbo9780511979958.007
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0010
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0010
https://doi.org/10.1080/00207450903139671
https://doi.org/10.1037/0033-2909.133.4.651
https://doi.org/10.1037/0033-2909.133.4.651
https://doi.org/10.1097/wnr.0b013e32810f2e25
https://doi.org/10.1097/wnr.0b013e32810f2e25
https://doi.org/10.1017/CBO9780511486357
https://doi.org/10.1016/j.jecp.2008.03.006
https://doi.org/10.1016/0022-0965(83)90087-5
https://doi.org/10.1016/0022-0965(83)90087-5
https://doi.org/10.1016/s1388-2457(02)00078-0
https://doi.org/10.1016/s1388-2457(02)00078-0
https://doi.org/10.1038/1561
https://doi.org/10.1159/000046804
https://doi.org/10.1159/000046804
https://doi.org/10.1016/j.neuropsychologia.2012.05.004
https://doi.org/10.1080/10888438.2019.1622546
https://doi.org/10.31234/osf.io/gcj76
https://doi.org/10.1002/dys.1557
https://doi.org/10.1006/jecp.1998.2451
https://doi.org/10.1016/0163-6383(86)90025-1
https://doi.org/10.1016/0163-6383(86)90025-1
https://doi.org/10.1038/nrn3924
https://doi.org/10.1016/0028-3932(76)90075-0

A. Sorsa et al.

Dole, M., Hoen, M., Meunier, F., 2012. Speech-in-noise perception deficit in adults with
dyslexia: effects of background type and listening configuration. Neuropsychologia
50 (7), 1543-1552. https://doi.org/10.1016/j.neuropsychologia.2012.03.007.

Eklund, K., Torppa, M., Aro, M., Leppénen, P.H.T., Lyytinen, H., 2015. Literacy skill
development of children with familial risk for dyslexia through grades 2, 3, and 8.
J. Educ. Psychol. 107 (1), 126-140. https://doi.org/10.1037/a0037121.

Eklund, K.M., Torppa, M., Lyytinen, H., 2013. Predicting reading disability: early
cognitive risk and protective factors. Dyslexia 19 (1), 1-10. https://doi.org/
10.1002/dys.1447.

Goswami, U., 2002. Phonology, reading development, and dyslexia: a cross-linguistic
perspective. Ann. Dyslexia 52, 139-163. https://doi.org/10.1007/511881-002-
0010-0.

Goswami, U., Fosker, T., Huss, M., Mead, N., SzuCs, D., 2011. Rise time and formant
transition duration in the discrimination of speech sounds: the Ba-Wa distinction in
developmental dyslexia. Dev. Sci. 14 (1), 34-43. https://doi.org/10.1111/j.1467-
7687.2010.00955.x.

Goswami, U., Mead, N., Fosker, T., Huss, M., Barnes, L., Leong, V., 2013. Impaired
perception of syllable stress in children with dyslexia: a longitudinal study. J. Mem.
Lang. 69 (1), 1-17. https://doi.org/10.1016/j.jml.2013.03.001.

Gramfort, A., Luessi, M., Larson, E., Engemann, D.A., Strohmeier, D., Brodbeck, C.,
Coj, R., Jas, M., Brooks, T., Parkkonen, L., Hamaldinen, M., 2013. MEG and EEG data
analysis with MNE-Python. Front. Neuroinform. 7, 267. https://doi.org/10.3389/
fnins.2013.00267.

Gramfort, A., Luessi, M., Larson, E., Engemann, D.A., Strohmeier, D., Brodbeck, C.,
Parkkonen, L., Hamaldinen, M.S., 2014. MNE software for processing MEG and EEG
data. Neuroimage 86, 446-460. https://doi.org/10.1016/j.
neuroimage.2013.10.027.

Gray, J.S., Powell-Smith, K.A., 2024. Rapid automatized naming: what it is, what it is
not, and why it matters. Ann. Dyslexia 1-18. https://doi.org/10.1007/511881-024-
00312-z.

Gu, C., Bi, H.Y., 2020. Auditory processing deficit in individuals with dyslexia: a meta-
analysis of mismatch negativity. Neurosci. Biobehav. Rev. 116, 396-405. https://
doi.org/10.1016/j.neubiorev.2020.06.032.

Guttorm, T.K., Leppanen, P.H., Richardson, U., Lyytinen, H., 2001. Event-related
potentials and consonant differentiation in newborns with familial risk for dyslexia.
J. Learn. Disabil. 34 (6), 534-544. https://doi.org/10.1177/002221940103400606.

Hamaldinen, J.A., Guttorm, T.K., Richardson, U., Alku, P., Lyytinen, H., Leppénen, P.H.
T., 2013. Auditory event-related potentials measured in kindergarten predict later
reading problems at school age. Dev. Neuropsychol. 38 (8), 550-566. https://doi.
org/10.1080/87565641.2012.718817.

Helenius, P., Salmelin, R., Richardson, U., Leinonen, S., Lyytinen, H., 2002. Abnormal
auditory cortical activation in dyslexia 100 msec after speech onset. J. Cogn.
Neurosci. 14 (4), 603-617. https://doi.org/10.1162/08989290260045846.

Hommet, C., Vidal, J., Roux, S., Blanc, R., Barthez, M.A., De Becque, B., Barthelemy, C.,
Bruneau, N., Gomot, M., 2009. Topography of syllable change-detection
electrophysiological indices in children and adults with reading disabilities.
Neuropsychologia 47 (3), 761-770. https://doi.org/10.1016/j.
neuropsychologia.2008.12.010.

Houck, J.M., Claus, E.D., 2020. A comparison of automated and manual co-registration
for magnetoencephalography. PLoS One 15 (4), €0232100. https://doi.org/
10.1371/journal.pone.0232100.

Hyvarinen, A., 1999. Fast and robust fixed-point algorithms for independent component
analysis. IEEE Trans. Neural Netw. 10 (3), 626-634. https://doi.org/10.1109/
72.761722.

Kaga, K., 2022. Gestational development of the human auditory system including the
cochlea and the central auditory pathways. In: ABRs and Electrically Evoked ABRs in
Children. Springer Japan, Tokyo, pp. 39-49. https://doi.org/10.1007/978-4-431-
54189-9_3.

Kraus, N., McGee, T.J., Carrell, T.D., Zecker, S.G., Nicol, T.G., Koch, D.B., 1996. Auditory
neurophysiologic responses and discrimination deficits in children with learning
problems. Science 273 (5277), 971-973. https://doi.org/10.1126/
science.273.5277.971.

Kuhl, P.K., 2007. Cracking the speech code: how infants learn language. Acoust. Sci.
Technol. 28 (2), 71-83. https://doi.org/10.1250/ast.28.71.

Kuhl, P.K., Williams, K.A., Lacerda, F., Stevens, K.N., Lindblom, B., 1992. Linguistic
experience alters phonetic perception in infants by 6 months of age. Science 255
(5044), 606-608. https://doi.org/10.1126/science.1736364.

Kujala, T., Halmetoja, J., Ndaténen, R., Alku, P., Lyytinen, H., Sussman, E., 2006. Speech-
and sound-segmentation in dyslexia: evidence for a multiple-level cortical
impairment. Eur. J. Neurosci. 24 (8), 2420-2427. https://doi.org/10.1111/j.1460-
9568.2006.05100.x.

Lachmann, T., Berti, S., Kujala, T., Schroger, E., 2005. Diagnostic subgroups of
developmental dyslexia have different deficits in neural processing of tones and
phonemes. Int. J. Psychophysiol. 56 (2), 105-120. https://doi.org/10.1016/j.
ijpsycho.2004.11.005.

Leinonen, S., Miiller, K., Leppanen, P.H., Aro, M., Ahonen, T., Lyytinen, H., 2001.
Heterogeneity in adult dyslexic readers: relating processing skills to the speed and
accuracy of oral text reading. Read. Writ. 14, 265-296.

Leppanen, P.H., Pihko, E., Eklund, K.M., Lyytinen, H., 1999. Cortical responses of infants
with and without a genetic risk for dyslexia: II. Group effects. Neuroreport 10 (5),
969-973. https://doi.org/10.1097/00001756-199904060-00014.

Leppanen, P.H.T., Richardson, U., Pihko, E., Eklund, K.M., Guttorm, T.K., Aro, M.,
Lyytinen, H., 2002. Brain responses to changes in speech sound durations differ
between infants with and without familial risk for dyslexia. Dev. Neuropsychol. 22
(1), 407-422. https://doi.org/10.1207/s15326942dn2201 _4.

14

International Journal of Psychophysiology 222 (2026) 113339

Leppénen, P.H.T., Hamaldinen, J.A., Salminen, H.K., Eklund, K.M., Guttorm, T.K.,
Lohvansuu, K., Puolakanaho, A., Lyytinen, H., 2010. Newborn brain event-related
potentials revealing atypical processing of sound frequency and the subsequent
association with later literacy skills in children with familial dyslexia. Cortex 46
(10), 1362-1376. https://doi.org/10.1016/j.cortex.2010.06.003.

Leppénen, P.H.T., Hamaldinen, J.A., Guttorm, T.K., Eklund, K.M., Salminen, H.,
Tanskanen, A., Torppa, M., Puolakanaho, A., Richardson, U., Pennala, R.,
Lyytinen, H., 2012. Infant brain responses associated with reading-related skills
before school and at school age. Neurophysiologie Clinique/Clinical
Neurophysiology 42 (1-2), 35-41. https://doi.org/10.1016/j.neucli.2011.08.005.

Lohvansuu, K., Himaldinen, J.A., Tanskanen, A., Ervast, L., Heikkinen, E., Lyytinen, H.,
Leppanen, P.H.T., 2014. Enhancement of brain event-related potentials to speech
sounds is associated with compensated reading skills in dyslexic children with
familial risk for dyslexia. Int. J. Psychophysiol. 94 (3), 298-310. https://doi.org/
10.1016/j.ijpsycho.2014.10.002.

Lohvansuu, K., Hamalainen, J.A., Ervast, L., Lyytinen, H., Leppanen, P.H.T., 2018.
Longitudinal interactions between brain and cognitive measures on reading
development from 6 months to 14 years. Neuropsychologia 108, 6-12. https://doi.
org/10.1016/j.neuropsychologia.2017.11.018.

Lohvansuu, K., Torppa, M., Ahonen, T., Eklund, K., Himéldinen, J.A., Leppénen, P.H.,
Lyytinen, H., 2021. Unveiling the mysteries of dyslexia—lessons learned from the
prospective Jyvaskyla longitudinal study of dyslexia. Brain Sci. 11 (4), 427. https://
doi.org/10.3390/brainscil1040427.

Lovio, R., Néatanen, R., Kujala, T., 2010. Abnormal pattern of cortical speech feature
discrimination in 6-year-old children at risk for dyslexia. Brain Res. 1335, 53-62.
https://doi.org/10.1016/j.brainres.2010.03.097.

Lyon Reid, G., Shaywitz, S.E., Shaywitz, B.A., 2003. A definition of dyslexia. Defining
dyslexia, comorbidity, teachers’ knowledge of language and reading. Ann. Dyslexia
53 (1), 1-14. https://doi.org/10.1007/511881-003-0001-9.

Lyytinen, H., Guttorm, T.K., Huttunen, T., Himal&inen, J., Leppanen, P.H.,

Vesterinen, M., 2005. Psychophysiology of developmental dyslexia: a review of
findings including studies of children at risk for dyslexia. J. Neurolinguistics 18 (2),
167-195. https://doi.org/10.1016/j.jneuroling.2004.11.001.

Lyytinen, H., Erskine, J., Hamaldinen, J., Torppa, M., Ronimus, M., 2015.
Dyslexia—early identification and prevention: highlights from the Jyvaskyla
longitudinal study of dyslexia. Curr. Dev. Disord. Rep. 2 (4), 330-338. https://doi.
org/10.1007/s40474-015-0067-1.

Mannel, C., Schaadt, G., Illner, F.K., van der Meer, E., Friederici, A.D., 2017.
Phonological abilities in literacy-impaired children: brain potentials reveal deficient
phoneme discrimination, but intact prosodic processing. Dev. Cogn. Neurosci. 23,
14-25. https://doi.org/10.1016/j.dcn.2016.11.007.

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG-and MEG-data.
J. Neurosci. Methods 164 (1), 177-190. https://doi.org/10.1016/].
jneumeth.2007.03.024.

Maurer, U., Bucher, K., Brem, S., Brandeis, D., 2003. Altered responses to tone and
phoneme mismatch in kindergartners at familial dyslexia risk. Neuroreport 14 (17),
2245-2250. https://doi.org/10.1097/00001756-200312020-00022.

Maurer, U., Bucher, K., Brem, S., Benz, R., Kranz, F., Schulz, E., van der Mark, S.,
Steinhausen, H.C., Brandeis, D., 2009. Neurophysiology in preschool improves
behavioral prediction of Reading ability throughout primary school. Biol. Psychiatry
66 (4), 341-348. https://doi.org/10.1016/j.biopsych.2009.02.031.

McBride-Chang, C., 1995. What is phonological awareness? J. Educ. Psychol. 87 (2), 179.
https://doi.org/10.1037//0022-0663.87.2.179.

McCardle, P., Scarborough, H.S., Catts, H.W., 2001. Predicting, explaining, and
preventing children’s reading difficulties. Learn. Disabil. Res. Pract. 16 (4), 230-239.
https://doi.org/10.1111/0938-8982.00023.

McMurray, B., Danelz, A., Rigler, H., Seedorff, M., 2018. Speech categorization develops
slowly through adolescence. Dev. Psychol. 54 (8), 1472. https://doi.org/10.1037/
dev0000542.

Melby-Lervag, M., Lyster, S.A.H., Hulme, C., 2012. Phonological skills and their role in
learning to read: a meta-analytic review. Psychol. Bull. 138 (2), 322. https://doi.
org/10.1037/a0026744.

Meng, X., Sai, X., Wang, C., Wang, J., Sha, S., Zhou, X., 2005. Auditory and speech
processing and reading development in Chinese school children: Behavioural and
ERP evidence. Dyslexia 11 (4), 292-310. https://doi.org/10.1002/dys.309.

Mensen, A., Khatami, R., 2013. Advanced EEG analysis using threshold-free cluster-
enhancement and non-parametric statistics. Neuroimage 67, 111-118. https://doi.
org/10.1016/j.neuroimage.2012.10.027.

Monzalvo, K., Dehaene-Lambertz, G., 2013. How reading acquisition changes children’s
spoken language network. Brain Lang. 127 (3), 356-365. https://doi.org/10.1016/j.
bandl.2013.10.009.

Naatanen, R., 1990. The role of attention in auditory information processing as revealed
by event-related potentials and other brain measures of cognitive function. Behav.
Brain Sci. 13 (2), 201-233. https://doi.org/10.1017/s0140525x00078407.

Naétanen, R., 1995. The mismatch negativity: a powerful tool for cognitive neuroscience.
Ear Hear. 16 (1), 6-18. https://doi.org/10.1097,/00003446-199502000-00002.

Naatanen, R., Gaillard, A.W., Mantysalo, S., 1978. Early selective-attention effect on
evoked potential reinterpreted. Acta Psychol. 42 (4), 313-329. https://doi.org/
10.1016/0001-6918(78)90006-9.

Naatanen, R., Paavilainen, P., Rinne, T., Alho, K., 2007. The mismatch negativity (MMN)
in basic research of central auditory processing: a review. Clin. Neurophysiol. 118
(12), 2544-2590. https://doi.org/10.1016/j.clinph.2007.04.026.

Navarrete-Arroyo, S., Virtala, P., Nie, P., Kailaheimo-Lonnqvist, L., Salonen, S.,

Kujala, T., 2024. Infant mismatch responses to speech-sound changes predict
language development in preschoolers at risk for dyslexia. Clin. Neurophysiol. 162,
248-261. https://doi.org/10.1016/j.clinph.2024.02.032.


https://doi.org/10.1016/j.neuropsychologia.2012.03.007
https://doi.org/10.1037/a0037121
https://doi.org/10.1002/dys.1447
https://doi.org/10.1002/dys.1447
https://doi.org/10.1007/s11881-002-0010-0
https://doi.org/10.1007/s11881-002-0010-0
https://doi.org/10.1111/j.1467-7687.2010.00955.x
https://doi.org/10.1111/j.1467-7687.2010.00955.x
https://doi.org/10.1016/j.jml.2013.03.001
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.1016/j.neuroimage.2013.10.027
https://doi.org/10.1016/j.neuroimage.2013.10.027
https://doi.org/10.1007/s11881-024-00312-z
https://doi.org/10.1007/s11881-024-00312-z
https://doi.org/10.1016/j.neubiorev.2020.06.032
https://doi.org/10.1016/j.neubiorev.2020.06.032
https://doi.org/10.1177/002221940103400606
https://doi.org/10.1080/87565641.2012.718817
https://doi.org/10.1080/87565641.2012.718817
https://doi.org/10.1162/08989290260045846
https://doi.org/10.1016/j.neuropsychologia.2008.12.010
https://doi.org/10.1016/j.neuropsychologia.2008.12.010
https://doi.org/10.1371/journal.pone.0232100
https://doi.org/10.1371/journal.pone.0232100
https://doi.org/10.1109/72.761722
https://doi.org/10.1109/72.761722
https://doi.org/10.1007/978-4-431-54189-9_3
https://doi.org/10.1007/978-4-431-54189-9_3
https://doi.org/10.1126/science.273.5277.971
https://doi.org/10.1126/science.273.5277.971
https://doi.org/10.1250/ast.28.71
https://doi.org/10.1126/science.1736364
https://doi.org/10.1111/j.1460-9568.2006.05100.x
https://doi.org/10.1111/j.1460-9568.2006.05100.x
https://doi.org/10.1016/j.ijpsycho.2004.11.005
https://doi.org/10.1016/j.ijpsycho.2004.11.005
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0210
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0210
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0210
https://doi.org/10.1097/00001756-199904060-00014
https://doi.org/10.1207/s15326942dn2201_4
https://doi.org/10.1016/j.cortex.2010.06.003
https://doi.org/10.1016/j.neucli.2011.08.005
https://doi.org/10.1016/j.ijpsycho.2014.10.002
https://doi.org/10.1016/j.ijpsycho.2014.10.002
https://doi.org/10.1016/j.neuropsychologia.2017.11.018
https://doi.org/10.1016/j.neuropsychologia.2017.11.018
https://doi.org/10.3390/brainsci11040427
https://doi.org/10.3390/brainsci11040427
https://doi.org/10.1016/j.brainres.2010.03.097
https://doi.org/10.1007/s11881-003-0001-9
https://doi.org/10.1016/j.jneuroling.2004.11.001
https://doi.org/10.1007/s40474-015-0067-1
https://doi.org/10.1007/s40474-015-0067-1
https://doi.org/10.1016/j.dcn.2016.11.007
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1097/00001756-200312020-00022
https://doi.org/10.1016/j.biopsych.2009.02.031
https://doi.org/10.1037//0022-0663.87.2.179
https://doi.org/10.1111/0938-8982.00023
https://doi.org/10.1037/dev0000542
https://doi.org/10.1037/dev0000542
https://doi.org/10.1037/a0026744
https://doi.org/10.1037/a0026744
https://doi.org/10.1002/dys.309
https://doi.org/10.1016/j.neuroimage.2012.10.027
https://doi.org/10.1016/j.neuroimage.2012.10.027
https://doi.org/10.1016/j.bandl.2013.10.009
https://doi.org/10.1016/j.bandl.2013.10.009
https://doi.org/10.1017/s0140525x00078407
https://doi.org/10.1097/00003446-199502000-00002
https://doi.org/10.1016/0001-6918(78)90006-9
https://doi.org/10.1016/0001-6918(78)90006-9
https://doi.org/10.1016/j.clinph.2007.04.026
https://doi.org/10.1016/j.clinph.2024.02.032

A. Sorsa et al.

Neuhaus, G., Foorman, B.R., Francis, D.J., Carlson, C.D., 2001. Measures of information
processing in rapid automatized naming (RAN) and their relation to reading. J. Exp.
Child Psychol. 78 (4), 359-373. https://doi.org/10.1006/jecp.2000.2576.

Nevala, J., Kairaluoma, L., Ahonen, T., Aro, M., Holopainen, L., 2006. Lukemis- ja
kirjoittamistaitojen yksilotestisté nuorille ja aikuisille. Niilo Maki Instituutti.

Noordenbos, M.W., Segers, E., Serniclaes, W., Mitterer, H., Verhoeven, L., 2012. Neural
evidence of allophonic perception in children at risk for dyslexia. Neuropsychologia
50 (8), 2010-2017. https://doi.org/10.1016/j.neuropsychologia.2012.04.026.

Partanen, E., Kujala, T., Naatanen, R., Liitola, A., Sambeth, A., Huotilainen, M., 2013.
Learning-induced neural plasticity of speech processing before birth. Proc. Natl.
Acad. Sci. 110 (37), 15145-15150. https://doi.org/10.1073/pnas.1302159110.

Pennala, R., Eklund, K., Hamalainen, J., Richardson, U., Martin, M., Leiwo, M.,
Leppanen, H.T., Lyytinen, H., 2010. Perception of phonemic length and its relation
to reading and spelling skills in children with family risk for dyslexia in the first three
grades of school. J. Speech Lang. Hear. Res. 53, 710-724. https://doi.org/10.1044/
1092-4388(2009/08-0133).

Pihko, E., Leppanen, P.H., Eklund, K.M., Cheour, M., Guttorm, T.K., Lyytinen, H., 1999.
Cortical responses of infants with and without a genetic risk for dyslexia: I. Age
effects. Neuroreport 10 (5), 901-905. https://doi.org/10.1097/00001756-
199904060-00002.

Plakas, A., van Zuijen, T., van Leeuwen, T., Thomson, J.M., van der Leij, A., 2013.
Impaired non-speech auditory processing at a pre-reading age is a risk-factor for
dyslexia but not a predictor: an ERP study. Cortex 49 (4), 1034-1045. https://doi.
org/10.1016/j.cortex.2012.02.013.

Polich, J., 2003. Theoretical overview of P3a and P3b. Detection of change: Event-related
potential and fMRI findings 83-98. https://doi.org/10.1007/978-1-4615-0294-4 5.

Polich, J., 2007. Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118 (10), 2128-2148. https://doi.org/10.1016/j.clinph.2007.04.019.

Richlan, F., Kronbichler, M., Wimmer, H., 2011. Meta-analyzing brain dysfunctions in
dyslexic children and adults. Neuroimage 56 (3), 1735-1742. https://doi.org/
10.1016/j.neuroimage.2011.02.040.

Rosburg, T., Weigl, M., Thiel, R., Mager, R., 2018. The event-related potential component
P3a is diminished by identical deviance repetition, but not by non-identical
repetitions. Exp. Brain Res. 236, 1519-1530. https://doi.org/10.1007/500221-018-
5237-z.

Scarborough, H.S., 1998. Predicting the future achievement of second graders with
reading disabilities: contributions of phonemic awareness, verbal memory, rapid
naming, and IQ. Ann. Dyslexia 48, 115-136. https://doi.org/10.1007/s11881-998-
0006-5.

Schaadt, G., Mannel, C., van der Meer, E., Pannekamp, A., Oberecker, R., Friederici, A.D.,
2015. Present and past: can writing abilities in school children be associated with
their auditory discrimination capacities in infancy? Res. Dev. Disabil. 47, 318-333.
https://doi.org/10.1016/j.ridd.2015.10.002.

Schulte-Korne, G., Bruder, J., 2010. Clinical neurophysiology of visual and auditory
processing in dyslexia: a review. Clin. Neurophysiol. 121 (11), 1794-1809. https://
doi.org/10.1016/j.clinph.2010.04.028.

Schulte-Korne, G., Deimel, W., Bartling, J., Remschmidt, H., 1998. Auditory processing
and dyslexia: evidence for a specific speech processing deficit. Neuroreport 9 (2),
337-340. https://doi.org/10.1097,/00001756-199801260-00029.

Schulte-Korne, G., Deimel, W., Bartling, J., Remschmidt, H., 1999. The role of
phonological awareness, speech perception, and auditory temporal processing for
dyslexia. Eur. Child Adolesc. Psychiatry 8, S28-S34. https://doi.org/10.1007/
pl00010690.

Schulte-Korne, G.U., Deimel, W., Bartling, J., Remschmidt, H., 2001. Speech perception
deficit in dyslexic adults as measured by mismatch negativity MMN. Int. J.
Psychophysiol. 40 (1), 77-87. https://doi.org/10.1016/50167-8760(00)00152-5.

Serniclaes, W., Sprenger-Charolles, L., 2003. Categorical perception of speech sounds and
dyslexia. Curr. Psychol. Lett. Behav. Brain Cogn. 10 (1). https://doi.org/10.4000/
cpl.379.

Shaywitz, S.E., Shaywitz, B.A., 2003. Dyslexia (specific reading disability). Pediatr. Rev.
24 (5), 147-153. https://doi.org/10.1542/pir.24-5-147.

Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing
problems of smoothing, threshold dependence and localisation in cluster inference.
Neuroimage 44 (1), 83-98. https://doi.org/10.1016/j.neuroimage.2008.03.061.

15

International Journal of Psychophysiology 222 (2026) 113339

Snowling, M., 1998. Dyslexia as a phonological deficit: evidence and implications. Child
Adolesc. Mental Health 3 (1), 4-11. https://doi.org/10.1017/5s1360641797001366.

Stanovich, K.E., 1986. Matthew Effects in Reading: Some Consequences of Individual
Differences in the Acquisition of Literacy. Read. Res. Q. 21 (4), 360-407. https://doi.
org/10.1177/0022057409189001-204.

Suomi, K., Toivanen, J., Ylitalo, R., 2008. Finnish Sound Structure: Phonetics,
Phonology, Phonotactics and Prosody. University of Oulu. http://herkules.oulu.
fi/isbn9789514289842.

Tallal, P., 1980. Auditory temporal perception, phonics, and reading disabilities in
children. Brain Lang. 9 (2), 182-198. https://doi.org/10.1016,/0093-934x(80)
90139-x.

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

Tong, X., Tong, X., King Yiu, F., 2018. Beyond auditory sensory processing deficits:
lexical tone perception deficits in Chinese children with developmental dyslexia.

J. Learn. Disabil. 51 (3), 293-301. https://doi.org/10.1177,/0022219417712018.

Van Leeuwen, T., Been, P., Kuijpers, C., Zwarts, F., Maassen, B., Van Der Leij, A., 2006.
Mismatch response is absent in 2-month-old infants at risk for dyslexia. NeuroReport
17 (4), 351-355. https://doi.org/10.1097/01.wnr.0000203624.02082.2d.

van Leeuwen, T., Been, P., van Herten, M., Zwarts, F., Maassen, B., van der Leij, A., 2008.
Two-month-old infants at risk for dyslexia do not discriminate /bAk/ from /dAk/: a
brain-mapping study. J. Neurolinguistics 21 (4), 333-348. https://doi.org/10.1016/
j.jneuroling.2007.07.004.

Van Zuijen, T.L., Plakas, A., Maassen, B.A.M., Been, P., Maurits, N.M., Krikhaar, E., van
Driel, J., van der Leij, A., 2012. Temporal auditory processing at 17 months of age is
associated with preliterate language comprehension and later word reading fluency:
an ERP study. Neurosci. Lett. 528 (1), 31-35. https://doi.org/10.1016/j.
neulet.2012.08.058.

van Zuijen, T.L., Plakas, A., Maassen, B.A., Maurits, N.M., van der Leij, A., 2013. Infant
ERPs separate children at risk of dyslexia who become good readers from those who
become poor readers. Dev. Sci. 16 (4), 554-563. https://doi.org/10.1111/
desc.12049.

Vandermosten, M., Boets, B., Luts, H., Poelmans, H., Wouters, J., Ghesquiere, P., 2011.
Impairments in speech and nonspeech sound categorization in children with dyslexia
are driven by temporal processing difficulties. Res. Dev. Disabil. 32 (2), 593-603.
https://doi.org/10.1016/j.ridd.2010.12.015.

Volkmer, S., Schulte-Korne, G., 2018. Cortical responses to tone and phoneme mismatch
as a predictor of dyslexia? A systematic review. Schizophr. Res. 191, 148-160.
https://doi.org/10.1016/j.schres.2017.07.010.

Wechsler, D., 1991. Wechsler intelligence scale for children, Vol. 2195. Psychological
Corporation, San Antonio, TX.

Wechsler, D., 2008. Wechsler adult intelligence scale (WAIS-IV). Pearson, The
Psychological Corporation.

Werker, J.F., Curtin, S., 2005. PRIMIR: a developmental framework of infant speech
processing. Language learning and development 1 (2), 197-234. https://doi.org/
10.1207/s1547334111d0102 _4.

Werker, J.F., Tees, R.C., 1984. Cross-language speech perception: evidence for
perceptual reorganization during the first year of life. Infant Behav. Dev. 7 (1),
49-63. https://doi.org/10.1016/s0163-6383(84)80022-3.

Windfuhr, K.L., Snowling, M.J., 2001. The relationship between paired associate learning
and phonological skills in normally developing readers. J. Exp. Child Psychol. 80 (2),
160-173. https://doi.org/10.1006/jecp.2000.2625.

Winkler, I., Debener, S., Miiller, K.R., Tangermann, M., 2015 August. On the influence of
high-pass filtering on ICA-based artifact reduction in EEG-ERP. In: 2015 37th annual
international conference of the IEEE engineering in medicine and biology society
(EMBC). IEEE, pp. 4101-4105. https://doi.org/10.1109/EMBC.2015.7319296.

Ziegler, J.C., Pech-Georgel, C., George, F., Lorenzi, C., 2009. Speech-perception-in-noise
deficits in dyslexia. Dev. Sci. 12 (5), 732-745. https://doi.org/10.1111/j.1467-
7687.2009.00817.x.


https://doi.org/10.1006/jecp.2000.2576
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0355
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf0355
https://doi.org/10.1016/j.neuropsychologia.2012.04.026
https://doi.org/10.1073/pnas.1302159110
https://doi.org/10.1044/1092-4388(2009/08-0133)
https://doi.org/10.1044/1092-4388(2009/08-0133)
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/10.1007/978-1-4615-0294-4_5
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1016/j.neuroimage.2011.02.040
https://doi.org/10.1016/j.neuroimage.2011.02.040
https://doi.org/10.1007/s00221-018-5237-z
https://doi.org/10.1007/s00221-018-5237-z
https://doi.org/10.1007/s11881-998-0006-5
https://doi.org/10.1007/s11881-998-0006-5
https://doi.org/10.1016/j.ridd.2015.10.002
https://doi.org/10.1016/j.clinph.2010.04.028
https://doi.org/10.1016/j.clinph.2010.04.028
https://doi.org/10.1097/00001756-199801260-00029
https://doi.org/10.1007/pl00010690
https://doi.org/10.1007/pl00010690
https://doi.org/10.1016/s0167-8760(00)00152-5
https://doi.org/10.4000/cpl.379
https://doi.org/10.4000/cpl.379
https://doi.org/10.1542/pir.24-5-147
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1017/s1360641797001366
https://doi.org/10.1177/0022057409189001-204
https://doi.org/10.1177/0022057409189001-204
http://herkules.oulu.fi/isbn9789514289842
http://herkules.oulu.fi/isbn9789514289842
https://doi.org/10.1016/0093-934x(80)90139-x
https://doi.org/10.1016/0093-934x(80)90139-x
https://doi.org/10.1016/j.heliyon.2020.e04619
https://doi.org/10.1016/j.heliyon.2020.e04619
https://doi.org/10.1177/0022219417712018
https://doi.org/10.1097/01.wnr.0000203624.02082.2d
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/10.1016/j.neulet.2012.08.058
https://doi.org/10.1111/desc.12049
https://doi.org/10.1111/desc.12049
https://doi.org/10.1016/j.ridd.2010.12.015
https://doi.org/10.1016/j.schres.2017.07.010
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf2500
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf2500
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf2505
http://refhub.elsevier.com/S0167-8760(26)00021-8/rf2505
https://doi.org/10.1207/s15473341lld0102_4
https://doi.org/10.1207/s15473341lld0102_4
https://doi.org/10.1016/s0163-6383(84)80022-3
https://doi.org/10.1006/jecp.2000.2625
https://doi.org/10.1109/EMBC.2015.7319296
https://doi.org/10.1111/j.1467-7687.2009.00817.x
https://doi.org/10.1111/j.1467-7687.2009.00817.x

	Development of brain responses to speech sounds and associations with reading and reading related skills in adults with chi ...
	1 Introduction
	1.1 Deficit in speech perception in dyslexia
	1.2 Brain responses as a measure of speech perception
	1.2.1 Brain responses to speech in individuals with and without dyslexia
	1.2.2 Brain responses to speech in individuals with and without a familial risk of dyslexia

	1.3 Brain responses to speech linked to reading
	1.4 Research questions

	2 Material and methods
	2.1 Participants
	2.2 Behavioral and cognitive assessments
	2.2.1 Reading skills
	2.2.2 Reading related skills

	2.3 M/EEG procedure
	2.3.1 Recordings
	2.3.2 Design
	2.3.3 Stimuli

	2.4 M/EEG analysis
	2.4.1 Preprocessing
	2.4.2 Source analysis
	2.4.3 Statistical analysis


	3 Results
	3.1 Group differences in ERPs to speech sounds
	3.1.1 Sensor level grand average waveforms
	3.1.2 Sensor level group comparisons
	3.1.3 Associations between brain activity and reading skills


	4 Discussion
	4.1 Group differences change from childhood to adulthood
	4.2 Mature brain responses to changes in speech not connected to behaviorally assessed reading and related skills
	4.3 Limitations
	4.4 Conclusion

	CRediT authorship contribution statement
	Acknowledgements
	Data availability
	References


