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The mismatch negativity (MMN), an electrophysiological response to an oddball auditory
stimulus, is related to reading ability in many studies. There are conflicting findings
regarding exactly how the MMN relates to risk or actual diagnosis of dyslexia/reading
impairment, perhaps due to the heterogeneity of abilities in children with reading
impairment. In this study, 166 English-speaking kindergarten children oversampled
for dyslexia risk completed behavioral assessments and a speech-syllable MMN
paradigm. We examined how early and late MMN mean amplitude and laterality
were related to two established predictors of reading ability: phonological awareness
(PA) and rapid automatized naming (RAN). In bootstrapped group analyses, late
MMN amplitude was significantly greater in children with typical PA ability than
low PA ability. In contrast, laterality of the early and late MMN was significantly
different in children with low versus typical RAN ability. Continuous analyses controlling
for child age, non-verbal IQ, and letter and word identification abilities showed
the same associations between late MMN amplitude with PA and late MMN
laterality with RAN. These findings suggest that amplitude of the MMN may relate
to phonological representations and ability to manipulate them, whereas MMN
laterality may reflect differences in brain processes that support automaticity needed
for reading.

Keywords: mismatch negativity, MMN, dyslexia, ERP, reading, phonological awareness, rapid
automatized naming
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HIGHLIGHTS

- Examined how reading skills relate to the mismatch negativity
(MMN) in English.

- Phonological awareness (PA) and rapid automatized naming
(RAN) relate to reading.

- MMN amplitude significantly related to PA.
- MMN laterality significantly related to RAN.

INTRODUCTION

The mismatch negativity (MMN) component has been studied
extensively in relation to developmental disorders of language
and reading (Kujala and Näätänen, 2001; Bishop, 2007; Volkmer
and Schulte-Körne, 2018). The MMN is elicited by a deviant or
“oddball” stimulus within a series of standard repeated auditory
stimuli (Näätänen et al., 1978, 2012). The difference in the event-
related potential (ERP) response between the frequent (standard)
vs. infrequent (deviant) stimuli is the MMN. The MMN is
measured non-invasively at the scalp, is elicited even when the
participant is not actively attending to the stimuli, and requires
no behavioral response, and thus is well suited to studying
infants and children in order to understand risk for later reading
impairment, especially early in life.

The MMN varies in morphology and timing depending on
factors such as participant age, stimulus type, stimulus timing,
and reference electrode. The MMN response is thought to reflect
two brain processes: an earlier pre-attentional change detection
or release from stimulus-specific adaptation (Jääskeläinen et al.,
2004) that is reflected in positivity over bilateral central/temporal
regions, and a subsequent process that may be an involuntary
attentional switch (reflected in negativity over fronto-central
cortex, sometimes with slight right lateralization) (Rinne et al.,
2000; Näätänen and Kreegipuu, 2011). Especially in studies
of children, the MMN tends to have two separable peaks or
components, an early peak around 150–250 ms, similar in
latency to the adult MMN, and a later peak around 300–500 ms
(Cheour et al., 1999; Morr et al., 2002). These two different
peaks or components may reflect these two processes, the initial
change detection and the later attentional switch. The late MMN,
sometimes called the late discriminative negativity (LDN), peaks
over frontal electrodes with some rightward lateralization (Rinne
et al., 2000; Cheour et al., 2001; Opitz et al., 2002; Näätänen and
Kreegipuu, 2011; van Zuijen et al., 2013; Todd and Fitzgerald,
2020), suggesting that it is related to processes that occur after
initial processing in auditory cortex. Source models in adults
estimate that there are two frontal generators of the MMN
signal that are not symmetric, yielding larger MMN responses
in the right hemisphere (Jemel et al., 2002), though there is
debate regarding how stimulus characteristics such as timing and
auditory properties relate to lateralization of the MMN response
(Bishop, 2007; Näätänen et al., 2007). The late MMN tends to
be stronger for speech than for tone stimuli (Korpilahti et al.,
1995; Bruder et al., 2011; but see Alonso-Bua et al., 2006), possibly
reflecting processes such as conscious detection of a complex
stimulus change (Korpilahti et al., 2001; Bishop et al., 2011).

The relations between the MMN and reading ability, broadly
construed, have been studied in a variety of languages and
participants, from infants with familial risk of dyslexia to
children and adults with low reading scores or diagnosed reading
impairment or dyslexia (e.g., Kraus et al., 1996; Paul et al.,
2006; Huttunen-Scott et al., 2008; Hommet et al., 2009; Maurer
et al., 2009; Bruder et al., 2011; Neuhoff et al., 2012; Noordenbos
et al., 2012; Hämäläinen et al., 2013; Plakas et al., 2013; Schaadt
and Männel, 2019; for review, see Volkmer and Schulte-Körne,
2018). Further, studies have identified longitudinal associations
between different MMN responses in infancy and later reading
and writing abilities (Guttorm et al., 2005, 2010; Leppänen et al.,
2012; van Zuijen et al., 2013; Schaadt et al., 2015). Reading
impairments and familial risk for reading impairments have been
variously associated with reduced amplitude, later onset, and/or
differential scalp topography of the MMN, although the exact
differences vary considerably across studies, with some studies
finding no differences (see Bishop, 2007 for a review, Gu and
Bi, 2020 for meta-analysis). The topographical asymmetry of
the early and late MMN have rarely been directly considered
in relation to reading ability; however, one study suggested that
posterior left laterality of the MMN at kindergarten age may
be a strong predictor of later reading ability (Maurer et al.,
2009). One other study of infants at risk for dyslexia also
found that the eventual typical reader group had a strong right-
lateralized frontal mismatch response to speech syllables, whereas
the dyslexia group had a left-lateralized response (van Zuijen
et al., 2013). A study that grouped children by strength of right
frontal MMN found that children with a negative (versus positive
or neutral) right frontal MMN were less likely to have a family
history of dyslexia (FHD; Guttorm et al., 2010).

The vast differences in stimuli, timing,
electroencephalography (EEG) recording, and data analysis
approaches may account for the different results seen across
studies (McWeeny and Norton, 2020). In addition, diagnostic
and grouping criteria vary even within a language or country, so
one “dyslexia” group in one study may be very different from the
next. (For example, some studies use the term dyslexia to refer
only to an unexpected single word reading deficit, while others
use the term dyslexia to apply to unexpected reading difficulties
more broadly, such as with reading fluency or comprehension.)
Further, within a single group of individuals with dyslexia or
reading impairment, there is substantial heterogeneity in their
specific reading-related abilities. Increasing evidence supports
a multi-componential view of the disorder, such that there is
no single underlying cause that explains all cases, but instead,
multiple independent deficits alone or in combination can
cause the specific reading problems characteristic of dyslexia
(Pennington et al., 2012; van Bergen et al., 2014; Catts et al., 2017;
Compton, 2020; O’Brien and Yeatman, 2020).

The mechanism(s) by which the MMN relates to word and
text reading accuracy and speed are also not yet clear. Several
hypotheses about the causes of altered MMN in groups with
dyslexia or reading impairment have tended to focus on lower-
level processes and environmental factors. Impairment in lower-
level auditory perceptual abilities has been suggested as one
cause of reduced MMN and can be observed in some children
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with dyslexia (Giraud and Ramus, 2013). In some studies,
participants’ ability to behaviorally discriminate the auditory
stimuli used in the MMN task differed or was significantly
related to their MMN responses (Kraus et al., 1996; Sharma
et al., 2006), but perceptual ability was found to be unrelated
to the MMN response in other studies (Paul et al., 2006;
Stoodley et al., 2006; Bruder et al., 2011). Another potential
explanation for MMN differences in dyslexia is reduced language
experience; however, infants with a FHD show attenuated MMNs
within hours of birth (Leppänen et al., 1999, 2002, 2010;
van Leeuwen et al., 2008; van Zuijen et al., 2013). Thus, the
relation between MMN and reading seems to not be fully
explained by deficits in auditory processing or discrimination
ability or by postnatal language experience. Further, a meta-
analysis of MMN studies found that there was no overall
significant difference in MMN response amplitudes to non-
speech stimuli in dyslexia, whereas there was a significantly
reduced MMN in dyslexia in studies that used speech stimuli
(Gu and Bi, 2020).

Given that MMN responses to speech are more strongly linked
with dyslexia, an alternative hypothesis is that the MMN relates
to reading ability because of shared neural processes relating
to efficient auditory, linguistic, and phonological processing.
Deficits in phonological awareness (PA), the ability to identify
and manipulate language sounds, are common in dyslexia
(Bradley and Bryant, 1978; Morris et al., 1998; Pennington et al.,
2012). A clearer understanding of how phonological abilities
relate to the MMN amplitude and asymmetry may provide
greater information on the nature of the relationship between
MMN and reading more broadly. Some evidence suggests that
a lack of precise timing of neural oscillations or firing patterns
that are relevant to processing speech at the syllable and
phoneme level could account for the phonological and letter-
sound mapping deficits that are common in dyslexia (Lehongre
et al., 2011, 2013; Goswami, 2015; Hancock et al., 2017).
Auditory timing and attention-shifting deficits have also been
suggested as underlying the relation between MMN and reading
deficits (Meyer and Schaadt, 2020). Other accounts suggest that
individuals with dyslexia have poor PA because of diminished
access to phonological representations, with the representations
themselves intact (Boets et al., 2013).

Access to linguistic representations and sound-symbol
mappings are also central to rapid automatized naming (RAN),
a task measuring the speed with which one can retrieve and
produce the names of a series of highly familiar printed items
such as colors or letters. RAN is implicated in dyslexia (Wolf
and Bowers, 1999) and thought to reflect the automaticity of
multiple processes that are shared with reading (Norton and
Wolf, 2012). Both PA and RAN can be assessed before children
learn to read and predict later reading ability across languages
(Schatschneider et al., 2004; Landerl et al., 2013). PA and RAN
abilities are somewhat correlated, but each one accounts for
unique variance in reading ability (Manis et al., 2000) and data
suggest that they have distinct genetic correlates (Petrill et al.,
2006; Naples et al., 2009). Importantly, children with deficits in
PA versus RAN have different patterns of neural activation and
connectivity during reading (Norton et al., 2014).

The few studies that have examined how the MMN relates
to PA and RAN used somewhat small samples and yielded
inconsistent results. One study observed that in a group of 37
Finnish 5- and 6-year-olds, early MMN amplitude was related
to PA, whereas late MMN amplitude correlated with RAN
(Hämäläinen et al., 2015). Among Finnish infants (n = 47), early
MMN amplitude correlated with future RAN abilities at age 5.5
and infants’ late MMN correlated with their future PA at age 3.5
(Leppänen et al., 2010). However, in n = 38 Dutch preschoolers,
the MMN correlated with future performance on speeded reading
measures, but not PA (Plakas et al., 2013). Another study of
beginning readers age 6–7 in Germany grouped children into
good (n = 15) versus poor (n = 19) performers on a phonological
measure that asked them to decide if a pair of “similar or similar
sounding words” was identical; the poor performance group had
reduced late MMN amplitude (Bitz et al., 2007).

Studying these specific skills that have a strong relation with
reading may provide greater mechanistic insight because they
are more focused and dimensional than the general diagnostic
category of dyslexia or grouping based on word reading scores.
Researchers and leaders in the area of mental health have
advanced a dimensional, symptoms-based approach (National
Institute of Mental Health’s Research Domain Criteria, or RDoC;
Cuthbert and Insel, 2013) in order to parse heterogeneity
in diagnostic categories, which are particularly varied in
development (Mittal and Wakschlag, 2017; Damme et al.,
2020) and ultimately, to better understand the neurobiology of
disorders. Thus, in this study, we explicitly tested how MMN
measures related to PA and RAN, two crucial reading-related
skills and deficits in dyslexia. Studying these specific skills
may allow us to better characterize how the MMN relates to
reading. We used a large community sample of kindergarten-
age children with varied pre-reading abilities, oversampled for
risk for dyslexia. Kindergarten is an optimal age to study this
phenomenon because this is the age when PA and RAN can first
be measured reliably, and when early intervention for reading
may be most effective (Wanzek and Vaughn, 2007). We chose
a priori to examine the amplitude and latency of the early and
late MMN components, using electrodes and time windows from
the literature or based on the whole-sample waveform, in order to
reduce experimenter degrees of freedom and promote rigorous,
reproducible practices (Kappenman and Luck, 2016).

MATERIALS AND METHODS

Participants
Participants were enrolled in The READ Study (Research on
the Early Attributes of Dyslexia), a larger study of reading
development and risk for dyslexia at MIT and Boston Children’s
Hospital, which included behavioral assessment as well as EEG
and (f)MRI. Participants were recruited from 20 schools in
eastern Massachusetts and Rhode Island, which included public
(district and charter), private, and religious schools in urban
and suburban areas. With parental consent, kindergarten-age
children completed a short behavioral screening in their schools.
A subset of the children screened in schools, oversampled
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for low scores (see section “Behavioral Assessment and Risk
Status”), was then invited to participate in the full study
which included MRI and EEG. The study was approved by
institutional review boards at MIT and Boston Children’s
Hospital. Parents gave written consent and children gave verbal
assent to participate. Families received bookstore gift cards and
reimbursement for travel costs as thanks for participating in
the EEG session.

All participants met eligibility criteria including: born after
at least 35.5 weeks gestation; consistent exposure to English
beginning before age 12 months from a native English speaker;
no sensory or perceptual difficulties other than corrected vision;
no history of head or brain injury or trauma; no current
medications affecting the nervous system; no diagnosis of
major neurodevelopmental or psychiatric disorders (e.g., autism
spectrum disorder, depression). Children who were at risk for
dyslexia were oversampled; a greater proportion of children with
low scores (lowest quartile of the sample, see details below) on
measures of RAN, PA, and/or letter knowledge were invited to
participate in the full study.

The present study sample included 166 children who
participated in behavioral assessment and EEG during either the
spring/summer before kindergarten or the fall of kindergarten.
The sample included 84 boys and 82 girls aged 4 years 10 months
to 6 years 8 months (mean = 5 years 6 months). An additional
eight children completed the EEG session but were excluded from
analysis due to excessive body movement or artifacts resulting in
too few usable trials, or poor EEG data quality due to very thick
or braided hair.

Parents completed a questionnaire about their child’s
developmental history and demographic information. The race
and ethnicity of children in the sample was: 2 American Indian
or Alaska Native, 1 Asian/Asian-American, 30 Black/African-
American, 114 white, and 10 more than one race; 19 children
were Hispanic or Latinx (an additional 9 families did not report
the child’s race/ethnicity). The mother’s education, an indicator
of SES, was completion of high school for 12 participants, some
college or 2-year degree for 32 participants, and college degree or
higher for 117 participants (not data for 1 participant). Parents
also reported on their child’s handedness; 140 children were
right-handed, 6 were ambidextrous, and 18 were left-handed (no
data for 2 participants). Parents also completed a questionnaire
about their family’s history of dyslexia; 36 children in the current
sample (22%) had a parent or sibling diagnosed with dyslexia.

Behavioral Assessment and Risk Status
Trained research assistants (most of whom were master’s-
level speech-language pathology students) administered a
comprehensive behavioral assessment battery. All assessment
sessions were audio recorded and administration and scoring
were checked for accuracy and tester reliability. For each
measure, standard scores based on age were determined. The tests
did not include score norms for 4-year-olds, so score norms for
age 5;0 (years; months) were used for the children in the sample
who were age 4;10–4;11.

For this analysis, we focused on only two pre-reading skills,
PA and RAN. PA was assessed using the Elision and Blending

Words subtests from the Comprehensive Test of Phonological
Processing (CTOPP; Wagner et al., 1999), which has a scaled
score mean of 10 and SD of 3. In the Elision subtest, the child
is given a word and asked to remove a syllable or phoneme,
and then provide the remaining sounds. For example, if the item
was “say play without saying/p/,” the correct answer would be
“lay.” For the Blending Words subtest, the child hears a series
of isolated phonemes and is asked to blend the sounds together
to make a word. For example, for the prompt “what word do
these sounds make: /b//e//k/,” where the correct answer would
be “back.” These subtests were selected because they assess basic
aspects of PA and were collected for all participants. A composite
score was obtained by calculating the mean scaled score of the
two subtests. In the case that a child had valid data for only
one subtest or failed the practice items on one subtest (n = 12),
the scaled score from the one valid test was used. RAN was
assessed using the Objects, Colors, and Letters subtests of the
RAN-Rapid Alternating Stimulus Tests (RAN-RAS Tests; Wolf
and Denckla, 2005). This test has a mean standard score of
100 and SD of 10. For the RAN-RAS tests, children are asked
to name the items in the array as quickly as possible without
making mistakes, naming across each row from top to bottom.
There is first a practice set of 2 rows of 5 items each; children
who could not identify each of the five letter stimuli during
practice (n = 22) did not complete the Letters subtest and their
scores from only Objects and Colors were included in their
composite. A mean of valid scores was calculated to create a
composite RAN score.

In addition, non-verbal cognitive ability, letter knowledge,
and word reading were assessed. Non-verbal cognitive ability
was assessed via the Matrices subtest of the Kaufman Brief
Intelligence Test, Second Edition (KBIT-2; Kaufman and
Kaufman, 2004); all children scored in the typical range (age-
based standard score ≥ 80). Children also completed the Letter
ID and Word ID subtests from the Woodcock Reading Mastery
Tests, Revised/Normative Update (WRMT-R/NU; Woodcock,
1998) as measures of untimed letter name knowledge and
single-word reading, respectively; many children could not
yet read any words.

Dyslexia risk was oversampled by inviting a larger proportion
of children with PA, RAN, or letter knowledge scores in the lower
25% of the sample to participate in the brain imaging portion of
the study (as well as longitudinal follow-up, not reported here).
Risk was categorized as scoring in the bottom 25% for age in
the sample on at least one composite measure of one of three
constructs of interest: PA, RAN, or letter ID (constructs based on
Schatschneider et al., 2004); similar prospective risk studies use a
25% criterion for risk (e.g., Schaadt et al., 2015). Letter knowledge
was not considered as a risk criterion in the present analysis
for two reasons; first, letter knowledge does not have a strong
proposed theoretical link to the MMN, whereas auditory and
automatic processing do, and second, letter knowledge is highly
influenced by previous school and home literacy experiences
related to socio-economic status (Duncan and Seymour, 2000;
Robins et al., 2014) and is more transient predictor of reading
until nearly all children reach ceiling at the end of kindergarten
(Paris, 2005).
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Group Assignment
For the group analyses, participants were grouped by low versus
typical ability for PA and for RAN. There are no universal
tests or cutoffs that determine categorially poor performance
on PA and RAN measures. This dichotomous approach was
taken so that results could be considered similar to a “pass”
or “fail” on a screening measure. We calculated the 25th
percentile for each construct based on a larger sample for this
study of over 1,154 children (inclusion criteria: had data for
these measures, proficient English speaker, KBIT non-verbal IQ
standard score > 79, and age < 79 months; see Ozernov-Palchik
et al., 2017 for full details of the larger sample). Thus, cutoffs were
a mean standard score of 89.33 or below for RAN (n = 55) and
mean scaled score of 8.0 or below for PA (n = 40). Thus, the
“low” groups should not differ on their degree of impairment
relative to the typical groups. Thirteen children met criteria for
both Low PA and Low RAN and thus were included in both
groups. There were no significant differences between the Low
PA vs. Typical PA or Low RAN vs. Typical RAN groups in terms
of age, biological sex, or handedness (independent samples t-test
or chi square, all p > 0.05). The Low RAN group did not differ
in terms of non-verbal IQ or word ID standard scores from
their peers in the Typical RAN group, but the Low PA group
had significantly lower non-verbal IQ (p < 0.001) and word
ID standard scores (p = 0.008) as compared to the Typical PA
group, though the group means were well within the average
range. Because children were assessed in kindergarten, reading
0 words correctly can still yield a standard score in the typical
range. In order to further describe the sample, we examined how
many children included here met similar criteria for scoring in
the bottom 25% for a composite letter knowledge (letter name
and letter sound) measure. Twenty-five children met criteria for
risk based on letter knowledge; of these, 18 met risk criteria for
PA and/or RAN as well. Overall, when FHD and the three risk
constructs were considered in total, 65 children in this sample
had no risk factors identified and 101 children had at least one
risk factor identified.

Stimuli and Procedure
We used an oddball MMN paradigm with natural speech syllables
/ba/ and /da/ as stimuli (as in Lachmann et al., 2005; Alonso-
Bua et al., 2006; Neuhoff et al., 2012). Stimuli were recorded
from an adult female native English speaker. Stimuli lasted
approximately 200 ms (/da/199 ms, /ba/201 ms) and were
equated for root mean square loudness using Praat software
(Boersma and Weenink, 2010). Syllable stimuli were presented
with a 500 ms stimulus onset asynchrony (e.g., Paul et al., 2006)
using StimPres software (NeuroCognition Laboratory). This
short SOA was chosen because group differences in individuals
with versus without dyslexia have been reported more often for
short rather than longer SOAs (Bishop, 2007), and it allowed for
presentation of many trials in a shorter recording time that would
be well-tolerated by children.

In order to ensure that our MMN measure reflected general
auditory processing and was not due to a particular characteristic
of the standard or deviant stimulus, participants completed two
runs of the experiment: one with /ba/ as the standard and one

with /da/ as the standard, and the other stimulus the deviant. The
order of the two runs was counterbalanced across participants
and participants took a short break between runs. Data for the
two standards and the two deviants were collapsed for analysis.
This approach of using each stimulus as both the standard and
the deviant and collapsing across all standards vs. deviants is
recommended by multiple reviews as an approach to minimize
confounds of particular auditory stimuli and instead most
accurately reflect the underlying change detection mechanism
that is of interest in the MMN (Bishop, 2007; Schwartz et al.,
2018). We visually confirmed that the overall morphology of
the waves was similar. The paradigm included a total of 2,400
total trials (1,200 trials per run). In each run, 10% of trials
were deviants; each deviant trial was preceded by at least three
consecutive standard trials. Before EEG recording began for each
of the runs, 20 s of “practice” stimuli were played in order to
familiarize children with the stimuli and ensure that they could
hear the stimuli well.

Electroencephalography Recording
During EEG recording, children sat in a comfortable armchair
in an acoustically- and electrically shielded booth. The auditory
stimuli were played via earphones fitted with child-size in-ear
foam tips (ER-1 earphones with ER-14B tips, Etymôtic Research
Inc., Elk Grove Village, IL, United States). Children watched
a video of their choice on a monitor with the video’s sound
muted. Researchers and parents were seated outside the booth
and observed the child via a video monitor.

EEG was recorded using the Biosemi ActiveTwo System
(Biosemi B.V., Amsterdam). Recordings were made in single-
ended mode that amplifies the difference between each electrode
site and a common mode sensor (CMS) electrode with
referencing off-line. The impedance does not need to be lowered
with this system due to the combination of pre-amplifiers at each
electrode site, a driven right leg (DRL) circuit, and high electrical
isolation (see Kappenman and Luck, 2010). Offset values for each
electrode were kept below 40 mV.

Active Ag-AgCl electrodes were affixed to an elastic fabric cap
appropriate for the child’s head size (Electro-Cap Inc., Eaton,
OH). EEG was recorded from 64 scalp sites arranged in 10–20
system positioning (electrodes at locations Fp 1/z/2; AF 7/3/z/4/8;
F 7/5/3/1/z/2/4/6/8, FC 7/5/3/1/z/2/4/6/8, C 5/3/1/z/2/4/6, T7/8,
CP 5/3/1/z/2/4/6, TP 7/8, P 9/7/5/3/1/z/2/4/6/8/10, PO 7/3/z/4/8,
O 1/z/2 and Iz). Electrodes were also affixed to the right and
left mastoids; data were referenced to these electrodes offline.
Electro-oculogram was recorded from the lateral canthus of the
right eye and the infraorbital ridge of the left eye. EEG was
recorded with a low-pass hardware filter with a half-power cutoff
at 104 Hz and digitized at 512 Hz with 24 bits of resolution.

Electroencephalography/Event-Related
Potential Analysis
Preprocessing and Artifact Rejection
Analyses were conducted using EEGLab v.17
(Delorme and Makeig, 2004)1 and ERPLab v.7

1http://sccn.ucsd.edu/eeglab
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(Lopez-Calderon and Luck, 2014)2 software packages running in
Matlab R2017b (MathWorks Inc., Natick, MA, United States).
Data from occipital electrodes P9, P10, and Iz were excluded
from import and further analysis due to frequent artifacts.
Data were imported, referenced to the average of the mastoid
electrodes, high-pass filtered at 0.1 Hz (half-power cutoff), then
epoched with baseline correction with a 100 ms pre-stimulus
baseline period and 550 ms post-stimulus onset period.

Trials with artifact (including eye blinks or movements and
head/body motion) were rejected prior to averaging. ERPLab’s
artifact rejection functions were used to identify and exclude trials
with a step-like artifact (deviation of at least 75 µv over any
200 ms window, measured in 50ms increments over the entire
epoch of−100 to 550 ms) or a moving window artifact (deviation
of at least 100 µv over any 400 ms window, measured in 100 ms
increments over the epoch). Accuracy of artifact detection was
visually confirmed for each subject; thresholds were adjusted for
individual subjects in order to obtain the most accurate rejection
of artifacts (Luck, 2014). Retaining the average mastoid reference
for visual inspection and artifact rejection allowed us to identify
channels where there was poor quality data for a short interval
that needed to be rejected or when there was consistently poor
quality and the channel needed to be interpolated. At most, two
channels were interpolated. The participants included in these
analyses had at least 50 usable deviant trials remaining after
artifact rejection (as in Bruder et al., 2011).

After artifact rejection, remaining trials were re-referenced to
an average reference of all scalp electrodes (e.g., Stoodley et al.,
2006). Epochs of each trial type (standard, deviant) were then
averaged together. The MMN difference wave was calculated
for each individual as the waveform for deviant trials minus an
equal number of standard trials. Even though we used mean
amplitude measures that are less subject to noise, this approach
for MMN studies in general should minimize effects of noise
on peak measurements (Luck, 2014). Measurements were then
performed for each individual. Finally, for visualizations, data
were low-pass filtered at 40 Hz (half-power cutoff).

Mismatch Negativity Measurements and Analysis
Our analyses focused on the regions of the most pronounced
MMN response observed in previous studies of the speech-
sound MMN in children, including central (C) electrodes for the
early MMN and frontal (F) electrodes for the late MMN (e.g.,
Lachmann et al., 2005; Bruder et al., 2011). The mean of three
adjacent electrodes over each hemisphere in each region (left
frontal F1/3/5, right frontal F2/4/6, left central 1/3/5, right central
2/4/6) was taken to minimize the effects of noise in individual
channels. These frontal and central regions were chosen as
they are commonly examined in other studies. Our analysis in
relation to behavioral measures approach focuses on the regions
with the strongest response in order to minimize the chance of
spurious findings that can occur by looking at a large number
of electrodes without correction for multiple comparisons, or
the reduced power that occurs when a broad approach with
many comparisons is undertaken (e.g., Keil et al., 2014; Luck and

2http://erpinfo.org/erplab

Gaspelin, 2017). Many previous papers examining the MMN and
reading record from a large number of electrodes yet focus in
on a set of pre-determined electrodes that best reflect the MMN
(e.g., Schulte-Körne et al., 1998, 2001; Alonso-Bua et al., 2006; van
Zuijen et al., 2013).

Time windows of interest were determined from the MMN
peaks in the whole-group grand average response (see example
waveform in Figure 1), as the timing of the MMN depends
heavily on the stimuli used and the presentation rate. Because
our research question was focused on correlations between MMN
responses and behavior, this approach of selecting the MMN
location based on previous literature and time window based
on whole-group grand average (Kappenman and Luck, 2016)
prevents bias in our analysis. The mean amplitude of the MMN
difference wave was measured in the early and late time windows
using the ERPLab measurement tool. Before proceeding with
analysis, it was confirmed that there were no outliers > 3 SD from
the mean on any behavioral or ERP measure.

Laterality of the MMN was calculated for the
early and late time windows using the equation:
(−left+ right)/((left2

+ right2)1/2) (as in previous MMN
work in children, e.g., Ikezawa et al., 2008), where left and right
are the mean values of the three electrodes in each cluster. More
positive laterality values indicate a greater (more negative) MMN
amplitude on the right.

Analytic Strategy
Groups’ MMN measures (mean amplitude and laterality
measures in early and late time windows) were compared
using bootstrapped two-tailed independent-samples t-tests, with
10,000 samples at a 95% confidence interval level. The
bootstrapping approach was used because the MMN data were
not normally distributed and keeping them in their original
units rather than transforming the data to meet assumptions
was preferable for ease of interpretation and comparison with
other literature. Similarly, partial correlation analyses were
bootstrapped with 10,000 samples at a 95% confidence interval
level. Partial correlations controlled for age in months, non-
verbal IQ raw score, and Word ID raw score (raw scores
were used because age was also included in the model); in
the analysis of the PA relative to ERP measures RAN was
controlled, and vice versa. Analyses were conducted in IBM
SPSS Statistics 26.

RESULTS

Behavioral Scores
Standard scores for the behavioral assessments are reported in
Table 1. Forty-one percent of the children in the sample were
pre-readers (correctly read at most one word on WRMT-R Word
ID). RAN and PA Composite standard scores were weakly and
not significantly correlated (r = 0.114, p = 0.144), which may be
due to the sampling strategy of enrolling higher proportions of
children who had low scores in either of these areas; further, these
scores may be correlated more strongly in older children who
have greater automaticity in phonological processing.
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FIGURE 1 | Whole-group grand average waveforms. (A) Data are presented at right frontal electrode site F2. Time windows selected for analysis are highlighted in
green. (B) Data from all electrodes processed. Negative is plotted up.

Group Grand Average MMN Response
After artifact rejection, a mean of 130 deviant trials were
included per participant (minimum 50, maximum 205). Group
grand average waveforms for standard and deviant stimuli
and the MMN difference wave are displayed in Figure 1.
The canonical pattern of bilateral central/temporal positivity
and central negativity around 100–200 ms and fronto-central
negativity around 300–500 ms were present (Bruder et al., 2011;
Leppänen et al., 2012). We assessed the significance of the
early and late MMN by testing whether the mean values of the
standard-deviant difference wave in each hemisphere in each

time window/region of interest (left and right central electrode
groups in the early MMN time window, and left and right frontal
electrode groups in the late time window) was significantly
different than zero, with one-sample t-tests bootstrapped with
5,000 samples. All four measures were significantly different
from zero (all bootstrapped ps < 0.001, Hedge’s effect size range
−0.261 to−0.636).

Group Comparisons
The Low vs. Typical groups for both PA and RAN did not differ
in the number of usable deviant trials included (p > 0.72). The
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TABLE 1 | Scores on behavioral measures for the full sample.

Measure Mean SD Range

KBIT-2 Matrices Standard Score 99.3 9.8 80–131

PA Composite Standard Score 10.0 2.2 6–16

RAN Composite Standard Score 96.4 14.7 59–122.33

WRMT-R Word ID Raw Score 8.1 13.1 0–68

measurements for all groups are provided in Table 2. The MMN
difference waves for the sites included in analysis are plotted by
group in Figure 2. Scalp maps of the mean amplitude of the
MMN in the early and late time windows are also presented for
each group in Figure 3.

Rapid Automatized Naming
Typical (better) RAN ability was associated with significantly
more leftward laterality in the early MMN measured over central
electrodes, and more rightward laterality of the late frontal MMN,
with medium to small effect sizes of 0.57 and 0.36, respectively
(Hedges’ g, same interpretation of effect size as Cohen’s d, Cohen,
1988).

Phonological Awareness
Typical (better) PA was associated with significantly more
negative mean amplitudes in the right frontal region for the late
MMN, with an effect size of g = 0.36. There were no significant
associations observed between PA groups and laterality of
the MMN components.

Correlational Analyses
In order to assess whether the patterns observed in the group
analysis were consistent in a continuous analysis and to account
for potential confounding variables, we ran partial correlations
between the composite standard scores for RAN and PA with the
MMN measures, controlling for child age in months, non-verbal
IQ raw score, and Word ID raw score; further, RAN correlations

control for PA, and PA correlations control for RAN. These
correlations are provided in Table 3. The same overall pattern
of results was present, except that the early MMN laterality
association was no longer significant (p = 0.064).

DISCUSSION

In this study, we observed that the ERP MMN mean amplitude
and laterality were related to two important predictors of reading
and deficits in dyslexia: PA and RAN. This is the first study
to focus on parsing out relations between measures of the
MMN and these crucial reading-related skills, as well as the
first to specifically examine MMN laterality differences associated
with these abilities. It is also the largest study of the MMN
in kindergarten children, to our knowledge. Results revealed
that laterality of both the early and late MMN components
was significantly different in children with low vs. typical RAN,
and amplitude of the late MMN in right frontal regions was
greater for children with typical than low PA. In addition
to categorical/group analyses, partial correlation analyses with
continuous measures of PA and RAN (accounting for child age,
non-verbal IQ, word reading ability, and the other construct,
e.g., PA analysis controlling for RAN) showed similar patterns
of associations, though the association between the early MMN
laterality and RAN did not reach significance.

The MMN response (the difference between deviant and
standard stimuli) that we observed to speech syllable stimuli
/ba/ and /da/ syllables was generally similar to that seen in
previous work, despite the variations in stimuli characteristics
and presentation across previous studies. Here, the MMN was
characterized by an early negative wave with a peak at about
150 ms with the largest amplitude visible over central sites
and a positivity at bilateral temporal sites. The late MMN
was characterized by a wide, plateau-like wave beginning just
after 300 ms and extending through 500 ms that appeared
most negative over frontal sites with slight right lateralization.

TABLE 2 | Early and late MMN measurements and group comparisons for Low and Typical RAN and PA groups.

RAN groups’ measures (M ± SD) Bootstrapped statistics

Low RAN (n = 55) Typical RAN (n = 111) p-value 95% CI of difference Hedges’ g

Early central MMN (100–200 ms) Right central amplitude −0.844 ± 1.422 −0.905 ± 1.383 0.793 −0.409, 0.508 0.04

Laterality index 0.102 ± 0.838 −0.385 ± 0.855 <0.001*** 0.212, 0.756 0.57

Late frontal MMN (300–500 ms) Right frontal amplitude −1.701 ± 2.411 −1.448 ± 2.399 0.528 −1.024, 0.513 0.11

Laterality index −0.058 ± 0.706 0.207 ± 0.739 0.026* −0.494, −0.029 0.36

PA groups’ measures (M ± SD) Bootstrapped statistics

Low PA (n = 40) Typical PA (n = 126) p-value 95% CI of difference Hedges’ g

Early central MMN (100–200 ms) Right central amplitude −0.750 ± 1.310 −0.927 ± 1.420 0.466 −0.292, 0.654 0.13

Laterality index −0.222 ± 0.834 −0.223 ± 0.894 0.992 −0.301, 0.304 0.00

Late frontal MMN (300–500 ms) Right frontal amplitude −0.879 ± 2.430 −1.739 ± 2.361 0.044* 0.028, 1.699 0.36

Laterality index 0.002 ± 0.790 0.156 ± 0.718 0.272 −0.429, 0.115 0.21

Group comparisons are based on independent-samples t-tests, two-tailed, bootstrapped with 10,000 samples. *p < 0.05, ***p < 0.001. Mean amplitude is measured in
in µV. A more positive laterality index indicates a more rightward laterality of the negative MMN.
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FIGURE 2 | Grand average ERP MMN waveforms (deviant-standard difference wave) by group and region of interest. Negative is plotted up.

The characteristics of the whole-group average MMN waveform
observed in this study are consistent with previous MMN studies
that also used syllable stimuli (Hommet et al., 2009; Neuhoff
et al., 2012), even though those studies examined older children
and adults whose native language was French or German.
Right-lateralized frontal early MMN responses to speech-syllable
stimuli were also observed in previous studies of Spanish children
age 4–8 (Alonso-Bua et al., 2006).

Mismatch Negativity Amplitude in
Relation to Reading-Related Abilities
The goal of this study was to examine how MMN amplitude
and laterality measures related to RAN and PA, which are widely
considered to be two of the most robust predictors of later reading
skills. Our findings are broadly consistent with previous studies
that observed that stronger MMN amplitudes were related to
better scores on various measures of reading performance. One
of the most common associations in previous studies has been
between the mean amplitude of the late MMN and reading
ability, primarily in older children (Schulte-Körne et al., 1999;
van Leeuwen et al., 2008; Halliday et al., 2014). Here, we observed
significantly greater late MMN amplitude in the Typical PA group
than in the Low PA group. PA is one of the most common
deficits in dyslexia and plays a strong role in single-word reading

ability, which is the core diagnostic criterion for dyslexia. To
our knowledge, only one previous study has examined specific
relationships between reading-related skills and MMN measures
at kindergarten age, a time when assessing risk for dyslexia
is of great interest. This study of Finnish children aged 5–6,
with 26 typically developing and 11 at-risk children, used tone
stimuli with three types of deviants: intensity, frequency, and
duration (Hämäläinen et al., 2015). Greater late MMN amplitude
to the frequency deviants was significantly correlated with faster
rapid object naming. No correlations were observed between
any MMN measures and a test of phonological identification,
nor were there any relations between RAN and the intensity or
duration deviants.

Mismatch Negativity Laterality in
Relation to Reading, PA, and RAN
Few studies have directly investigated the relation between MMN
laterality and reading-related abilities of PA and RAN. In adults
with dyslexia, right lateralization of the magnetic MMN signal
was significantly related with reading speed and accuracy (Thiede
et al., 2020). One study of German-speaking children in grades
3–4 (age 9) found reduced right-lateralization of the MMN for
/ba/ and /da/ syllables among a group of children with dyslexia
who were defined primarily on phonological reading and spelling
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FIGURE 3 | Whole group and subgroup average scalp voltage maps of the MMN difference wave mean amplitude for early (100–200 ms) and late (300–500 ms)
time windows. Electrodes used in analysis are outlined on the scalp diagram on the right. Note that there is a large overlap in the participants in the Typical PA and
RAN groups (n = 84 that are included in both), which yields similar plots.

measures (Paul et al., 2006). In another line of work with
German-speaking children who had a family history of (and thus
risk for) dyslexia, the MMN to /ba/ and /da/ speech syllables was
also examined (Maurer et al., 2003), the overall distribution of
the early MMN response on the scalp was quite different than
was seen here (despite the same average scalp reference), with
the typical and at-risk groups showing large positive responses
over a broad fronto-central area similar to where we observed
negativity here. This group also measured the centroid of the
MMN across the posterior regions of the head and found that
leftward laterality of the MMN was related to better subsequent
reading ability (Maurer et al., 2009). Because the frontal regions
where the MMN is typically the strongest were not examined, it
is difficult to directly compare with the current study.

Another study (Lachmann et al., 2005) compared groups of
9-year-old German-speaking children (age 9) defined by typical
reading (n = 12); slow non-word reading, thought to relate
to phonological deficits (n = 8); or slow sight word reading,
thought to relate to visual/orthographic deficits (n = 8). The
MMN to speech syllables in early time windows was measured,
but the windows were selected separately for each group. The
control group and the slow non-word reading group had MMN
amplitudes that were significantly different from zero in right
but left frontal electrodes. The slow sight-word reading group
did not have significant MMNs at any site. Thus, these results
are somewhat consistent with our findings in that the controls
exhibited rightward lateralization and the deficit groups had
reduced amplitudes, but the small groups and the fact that the late
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TABLE 3 | Partial correlations among PA and RAN measures and MMN measures.

Early MMN right central amplitude Early MMN laterality Late MMN right frontal amplitude Late MMN laterality

RAN mean standard score 0.002 −0.143 −0.027 0.171*

95% CI [−0.173, 0.162] [−0.286, 0.005] [−0.173, 0.114] [0.022, 0.319]

PA mean standard score −0.117 −0.045 −0.204** 0.040

95% CI [−0.264, 0.033] [−0.196, 0.111] [−0.357, −0.040] [−0.125, 0.198]

Two-tailed, bootstrapped partial Pearson correlations with 10,000 samples.
*p< 0.05, **p < 0.01.

MMN was not examined prevent more direct comparisons. The
slower reader group in that study may be somewhat analogous to
Low RAN in this study. To our knowledge, no previous studies
have specifically examined how laterality relates to RAN.

Potential Impact of Methods on MMN
Findings
There are a number of reasons that may explain why there were
significant correlations between MMN measures and both PA
and RAN in our study that were not seen in previous work.
The stimuli and parameters for data acquisition and analysis
used in different studies (including type of stimulus, stimulus
onset asynchrony, reference electrodes, etc.) can greatly impact
the timing and characteristics of the MMN (Bishop, 2007), and
presumably the correlations between the MMN and behavior.
The participant sample used in this study was larger than those
of most previous studies, so other studies may have lacked
power to detect significant associations. Previous studies also
often used tone stimuli; importantly, direct comparison between
tone- and syllable-evoked MMNs finds that the response to
syllable stimuli is more closely related to reading ability in
older children and adults (Schulte-Körne et al., 1998; Lachmann
et al., 2005). Further, a meta-analysis that found that only
MMN responses to speech stimuli were significantly related to
dyslexia (Gu and Bi, 2020). Differences here may be related to
the fact that reading English, a relatively opaque orthography,
requires different reading skills than does Finnish or German,
more transparent orthographies in which the MMN has been
studied in more detail.

Potential Explanations for Why MMN
Relates to PA and RAN
Some insights into why PA might relate to the MMN come
from structural and functional MRI studies. The MMN to
speech depends on the individual’s ability to discriminate the
standard and deviant stimuli, but it has also been suggested to
reflect the quality of an individual’s phonological representations
(Pakarinen et al., 2007). Debates are ongoing in the literature
as to whether PA deficits in dyslexia relate to difficulty with
perceiving, storing, and/or accessing phonological information
(e.g., Joanisse et al., 2000; Ramus and Szenkovits, 2008).
One influential brain-imaging study suggested that adults with
dyslexia have intact, accurate phonological representations, but
experience difficulty accessing these representations reliably
due to reduced structural and functional connectivity between
auditory/temporal cortex and inferior frontal regions that

support higher-level phonological analysis (Boets et al., 2013).
Additional studies have shown that the left arcuate fasciculus,
which connects temporal and frontal regions, has reduced
volume and organization in pre-reading children with poor PA
skills (Vandermosten et al., 2012; Saygin et al., 2013; Wang et al.,
2017), in school-age children with poor PA skills and genetic risk
factors associated with dyslexia (Skeide et al., 2015) and in adults
with dyslexia (Yeatman et al., 2011). In paradigms such as ours,
the MMN may reflect the brain’s ability to quickly and accurately
access phonological representations for higher-level processing.

Similarly, fMRI studies shed some light on to why the
MMN might relate to RAN. RAN is thought to reflect the
automaticity of cognitive and neural processes that support
reading (Norton and Wolf, 2012). Brain activation patterns
during RAN and word reading are strongly correlated in
regions that support lower-level, highly automatized processes
and timing (cerebellum, motor regions) as well as regions that
support semantic and symbolic retrieval (middle temporal gyrus
and supramarginal gyrus) (Cummine et al., 2015). Frontal-
cerebellar functional connectivity during reading is also related
to RAN ability in children (Norton et al., 2014). RAN may
relate to the early MMN amplitude because RAN reflects the
efficiency of neural systems that support automatic, pre-attentive
processing of stimuli. When those early, upstream processes
are highly efficient, more time and cognitive resources may
be available for higher-level, downstream processing. A similar
mechanism has been suggested for the behavioral basis of
reading fluency, such that greater automaticity of sub-word and
word-level skills leaves more time and cognitive resources for
higher-level comprehension processes (Wolf et al., 2009). EEG
theta power, which is associated with speech processing at the
level of the phoneme and syllable, has been observed to be
significantly right-lateralized in adult typical readers, and was less
lateralized in dyslexia (Lehongre et al., 2013). The role of right
frontal asymmetry in relation to stronger RAN skills should be
further investigated.

Limitations
The present study is limited by the fact that children were
not explicitly tested on their ability to discriminate between the
stimuli of interest. The natural speech syllables/ba/and/da/should
be quite easy to discriminate, but documenting how
subtle individual differences in auditory perceptual ability
affect the MMN may help to further clarify its neural
bases. Another potential limitation to consider of the
correlational analyses is that the sample included a higher
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proportion of at-risk children. Finally, in this sample, PA was
significantly associated with non-verbal IQ and early reading
ability, but not with RAN, though the partial correlation
analyses still showed associations with the late MMN mean
amplitude measure.

CONCLUSION

In sum, our results suggest that PA and RAN each have a
unique and important relation to the MMN, as they do to
reading. The MMN may provide an index of PA and RAN
skills in a single, relatively unbiased measurement, reflecting
both the accuracy and the automaticity of auditory (here,
phonological) change detection. Crucially, the MMN can be
measured earlier than either PA or RAN, and thus may be
a very early indicator of reading-related abilities. Future work
should continue to evaluate the viability of the MMN as an
early predictor of reading difficulties across various languages.
This will require studying large, diverse samples of children
over time. However, if the psychometric properties of the
MMN can be validated, the potential benefit of being able
to identify children at risk for reading or language difficulties
using a relatively fast and inexpensive brain measure that
can be administered earlier than behavioral measures such as
RAN and PA could allow earlier, more effective intervention
for the many children who would otherwise struggle with
reading difficulties.
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