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Because nervous system development may be affected by prematurity, many prematurely born children
present language or cognitive disorders at school age. The goal of this study is to investigate whether
these impairments can be identified early in life using electrophysiological auditory event-related po-
tentials (AERPs) and mismatch negativity (MMN). Brain responses to speech and non-speech stimuli
were assessed in prematurely born children to identify early electrophysiological markers of language
and cognitive impairments. Participants were 74 children (41 full-term, 33 preterm) aged 3, 12, and 36
months. Pre-attentional auditory responses (MMN and AERPs) were assessed using an oddball paradigm,
with speech and non-speech stimuli presented in counterbalanced order between participants. Language
and cognitive development were assessed using the Bayley Scale of Infant Development, Third Edition
(BSID-III). Results show that preterms as young as 3 months old had delayed MMN response to speech
stimuli compared to full-terms. A significant negative correlation was also found between MMN latency
to speech sounds and the BSID-III expressive language subscale. However, no significant differences
between full-terms and preterms were found for the MMN to non-speech stimuli, suggesting preserved
pre-attentional auditory discrimination abilities in these children. Identification of early electro-
physiological markers for delayed language development could facilitate timely interventions.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Neurodevelopmental and cognitive sequelae of premature birth

According to the World Health Organization, 15 million infants
are born before term every year. In 2010, the rate of preterm birth
(less than 37 gestational weeks) in developed countries was of
8.6% (March of Dimes et al., 2012). It has been clearly shown that
premature birth substantially impacts child development. Even in
the absence of visible cerebral damage, cognitive and language
impairments are among the most frequently reported negative
outcomes in prematurely born children (Barre et al., 2011; Cusson,
2003; Guarini et al., 2009; Jansson-Verkasalo et al., 2003; Rizzotto
Schirmer et al., 2006; Saigal and Doyle, 2008; Sansavini et al.,
2006; Sayeur et al., 2011). Preterm children are at much higher risk
for language impairment than their full-term peers: about one out
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of three shows significant delay in language acquisition at age
3 years (Sansavini et al., 2010). Delayed development of expressive
and receptive language in preschool children has been shown to
negatively impact interpersonal skills, social functioning, and
academic achievement (Durkin and Conti-Ramsden, 2007; John-
son et al., 2011). Furthermore, cognitive and academic problems in
preschool- and school-aged preterm children (Baron et al., 2011;
Gartstein et al., 2011) have been shown to persist in adolescence
and adulthood (Anderson et al., 2003; Hack et al., 2002; Lefebvre
et al., 2005; Northam et al., 2012; Saigal et al., 2000; Saigal and
Doyle, 2008; Skranes et al., 2007; Wolke et al., 2008). Prematurity
is a growing socioeconomic and educational concern. Early inter-
vention therefore appears to be critical in order to limit the ne-
gative consequences of prematurity for cognitive, academic, and
social functioning.

1.2. Electrophysiological indicators of auditory and speech proces-
sing in infants

Recently, high-density electroencephalography (EEG) and au-
ditory event-related potentials (AERPs) have been increasingly
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used to study cognitive development in infants and young children
(Thierry, 2005; Picton and Taylor, 2007). AERPs are produced by
neural phase synchronization and increases in spectral power
following presentation of an auditory stimulus, allowing to mea-
sure the timing and strength of the individual cortical responses
(Fellman and Huotilainen, 2006; Lippé et al., 2009b). They are used
to examine complex cognitive processes such as pre-attentional
auditory processes and language discrimination without requiring
a specific response or sustained attention from the child (Tampas
et al., 2005; Picton and Taylor, 2007). Although, morphology of the
AERPs waveform is known to be different in very young children
compared to adults due to the immaturity of the auditory cortex,
the ability of the infant's brain to discriminate auditory informa-
tion is thought to be present from the second trimester of fetal life
(Moore and Linthicum, 2007). Moreover, the main positive and
negative peaks of the infant waveform (P150, N250, P350, and
N450) are already identifiable in the first days of life (Kushnerenko
et al., 2002a), suggesting that that the generators of the infantile
AERP components are already functional at birth. As a function of
age, AERPs waveform gradually increases in complexity, the la-
tencies of the AERP components decrease and the amplitudes in-
crease (Cheour et al., 2000; Moore and Linthicum, 2007; Wun-
derlich et al., 2006).

The mismatch response (MMN) can be elicited very early in
infancy and has been used to study speech sound and auditory
discrimination in neonates and infants in the first months of life
(Cheour et al., 1998a, 1998b, 2002; Martynova et al., 2003). Spe-
cifically, mismatch negativity (MMN), which provides an indica-
tion of pre-attentional auditory discrimination ability, is a differ-
ential negative wave obtained by subtracting brain responses eli-
cited by frequent (or standard) auditory stimuli from those evoked
by rare (or deviant) ones (Cheour et al., 2000; Näätänen et al.,
2007; Näätänen and Winkler, 1999; Näätänen, 2003; Trainor et al.,
2001). In adults, this negativity generally peaks in the fronto-
central electrodes at approximately 100–250 ms after stimulus
presentation. However, in very young children and infants, a po-
sitive rather than negative mismatch at 100–300 ms latency has
been reported, suggesting the presence of a pre-attentional dis-
crimination process, albeit immature (Kushnerenko et al., 2002b;
Shafer et al., 2010).

1.3. Speech vs. non-speech auditory stimuli

Atypical AERPs and MMN to auditory speech and non-speech
stimuli have been documented in prematurely born children,
suggesting alterations in cortical processing of auditory informa-
tion (Bisiacchi et al., 2009; Lavoie et al., 1997; Léveillé et al., 2002).
For instance, using non-speech harmonic tones, it was shown that
AERPs obtained in preterm children differed from those measured
in full-term children during the first year of life (Fellman et al.,
2004). Specifically, compared to full-term children, preterm chil-
dren born with low birth weight showed AERPs of lower ampli-
tude and no significant MMN, whereas preterm children with
appropriate birth weight for gestational age showed a positive
rather than negative mismatch. Moreover, absent or positive MMN
and smaller AERP responses measured at age 12 months were
positively correlated with a lower cognitive functioning at age
2 years, corrected for age (Fellman et al., 2004). In a longitudinal
follow up, this atypical MMN and P1 responses to non-speech
stimuli were also present at age 5 years (Mikkola et al., 2007). In
addition to various cognitive impairments observed in these
children (lower attention, sensory- and visuo-motor, language and
memory scores), the lower amplitude of the AERPs and the MMN
components correlated positively with lower language results,
suggesting that atypical AERPs can be used as indicators of lower
language functioning in infants and children.
To better understand the relationship between language de-
velopment and auditory processing in preterm children, object
naming ability and electrophysiological responses to auditory
discrimination of syllables were examined in 4-year-old preterm
children (Jansson-Verkasalo et al., 2003). Results showed that
preterm children who had specific problems naming objects also
had lower MMN amplitudes on a syllable discrimination task.
However, no electrophysiological abnormalities were found in
children with normal object naming ability (Jansson-Verkasalo
et al., 2003). In addition, lower MMN amplitudes in response to
speech stimuli subsequently correlated with object naming skills
at age 6 years, demonstrating the temporal stability and pre-
dictive value of the MMN response (Jansson-Verkasalo et al.,
2004). Atypical or longuer AERPs latencies have also been re-
ported in prematurely born infants or in children at risk for
specific langage impairements (Cheour et al., 1998a, 1998b;
Friedrich et al., 2004; Pasman et al., 1996; Ribeiro and Carvallo,
2008). For instance, Jansson-Verkasalo et al. (2010) found a sig-
nificantly longuer MMN latency in very prematurely born infants
at the age of six months (corrected age) compared to same age
full-terms in a native phoneme discrimination task, suggesting
slower language discrimination in these infants. Although pre-
vious studies mainly reported amplitude differences in AERP and
MMN components between preterm and full-term children, la-
tency analysis could also provide valuable information about
children's language discrimination processes and pre-attentional
development.

Nevertheless, it remains unclear which types of stimuli
(speech, non-speech, or both) could better indicate lower cogni-
tive and language development in these children. Previous studies
failed to describe the differential maturation of speech and non-
speech responses in preterm and full-term born children and their
relationship with cognitive and language development. Analyzing
cortical responses to speech and non-speech sounds could thus
help to clarify cognitive and language development in premature
children and early identify impairments incurred following pre-
mature birth. The current study therefore aims to identify early
electrophysiological markers of language and cognitive impair-
ments in preterm children and to better establish fromwhat age it
is possible to detect these impairments by (1) comparing AERP
responses to speech and non-speech stimuli in 3-, 12-, and 36-
month-old children born prematurely without neonatal brain in-
jury and in children born at term; and (2) assessing the relation-
ship between AERPs and cognitive and language development.
Based on the findings by Fellman et al. (2004) and Mikkola et al.
(2007), we postulate that preterm children as young as 3-month-
old will show atypical AERPs (longer latency and/or reduced am-
plitude of the P150, N250 and MMN components) in response to
speech and non-speech stimuli. We also hypothesize that AERP
responses in both groups will be correlated with neurodevelop-
ment outcomes on the BSID-III.
2. Methods

2.1. Participants

The study participants were 74 children aged 3, 12, and 36 months and born
prematurely or at term. These age groups were selected based on language de-
velopmental milestones in the first years of life to investiguate from what age it is
possible to identify early AERP abnormalities and their relationship with neuro-
developmental outcomes on the BSID-III (Bates et al., 1992; Gervain and Mehler,
2010). Specifically, the ages of 3 and 12 months were selected because it is possible
to start measuring language and cognitive development using standardized tools
such as the BSID-III at those ages as opposed to younger ones. Moreover, the age of
36 months was chosen as it becomes possible to objectively assess language delays
and impairement at that age. Corrected age was used for 3- and 12-month-old
preterm infants, as recommended by the American Academy of Pediatrics,



Table 1
Sociodemographic and clinical characteristics and performance on the BSID-III of preterm and full-term children.

Preterms Full-terms

3 months old 12 months old 36 months old 3 months old 12 months old 36 months old

Demographic characteristics and birth data
Age at testinga 3.44 (.53) 13.24 (1.96) 38.27 (1.81) 3.22 (.21) 13.56 (1.05) 38.03 (3.71)
N (girls; boys) 13 (7; 6) 10 (5; 5) 10 (5; 5) 15 (7; 8) 13 (7; 6) 13 (6; 7)
Gestational weeks 29.7 (3.4) 29.5 (3.6) 29.4 (3.0) 39. 9 (1.0) 39.1 (1.4) 39.7 (1.1)
Birth weight (g) 1571 (597) 1498 (682) 1408 (444) 3642 (527) 3201 (606) 3377 (460)
Cesarean deliveries [n (%)] 6 (46) 4 (40) 7 (70) 4 (27) 4 (31) 4 (31)
Apgar score, 1 min 5.3 (3.4) 7 (2.6) 5.8 (1.9) 9 (.4) 8.8 (.4) 9 (.5)
Apgar score, 5 min 6.7 (2.0) 8.1 (1.4) 7.6 (1.1) 9.1 (.3) 9.2 (.4) 9.1 (1.5)

Neonatal complications
Respiratory distress syndrome [n] 3 1 3 0 0 0
Retinopathy of prematurity [n] 3 1 0 – – –

Neonatal icterus (jaundice) [n] 7 7 3 1 2 0
Bronchopulmonary dysplasia [n] 3 1 4 0 0 0

Maternal and familial characteristics
Maternal age at child birth (years) 28.92 (4.54) 31.8 (4.32) 27.5 (5.93) 31.33 (4.70) 29.67 (4.14) 31.83 (5.92)
Maternal education (years) 14.62 (2.53) 15.8 (2.53) 13.3 (2.79) 15.8 (3.03) 16.77 (4.46) 14.5 (2.47)

Familial income (in CAD) (n)
0 – $15,000 1 0 0 0 0 1
$15,000–$35,000 0 1 1 0 1 0
$35,000–$55,000 3 0 4 2 2 2
$55,000$–$75,000 1 1 4 2 2 3
4$75,000 8 8 1 11 7 6
N/A 0 0 0 0 1 1

Parental marital status
Married [n] 3 8 0 4 6 6
Common law partner [n] 9 2 7 11 7 6
Separated/divorced [n] 0 0 2 0 0 0
Single-parent 1 0 1 0 0 0
N/A 0 0 0 0 0 1

Neurodevelopmental results on the BSID-III
Cognitive score 9.83 (.47) 10.3 (.51) 10.44 (.54) 11.07 (.44) 11.31 (.45) 10.85 (.45)
Expressive language score 8.25 (.56) 8.20 (.61) 9.44 (.65) 9.29 (.52) 9.46 (.54) 11.15 (.54)
Receptive language score 10.08 (.63) 8.00 (.69) 12.22 (.73) 10.29 (.59) 8.54 (.61) 12.31 (.61)

Mean values are presented with 7standard deviation in parenthesis, unless otherwise stated.
CAD¼Canadian dollars.

a Corrected age used for 3- and 12-month-old preterm infants.
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calculated by subtracting the number of weeks born before 40 gestation weeks
(based on the mother's last menstrual period and ultrasound examinations) from
the chronological age (Engle, 2004; Wilson-Ching et al., 2014). Preterm infants
were born from 22 to 34 postconceptional weeks, had no cranial ultrasound ab-
normalities (grade III or IV intraventricular hemorrhage, periventricular leukoma-
lacia), and had normal hearing-screening test results in a routine perinatal follow-
up. Full-term children were born at from 37 to 41 gestational weeks and had birth
weight 42500 g and Apgar score 47 at 1 min. To be included in the control group,
full-term infants had unremarkable maternal and perinatal history, no major in-
fectious syndromes during gestation, and no congenital, neurological, or chromo-
somal anomalies. All children were born to French-speaking parents, and French
was spoken at home and at the day-care facility. Data from two 3-month-old in-
fants (one preterm girl and one full-term boy) were excluded from the analysis due
to excessive movements during recording or abnormal EEG signals. Informed
written parental consent was obtained for each participant, and the study was
approved by the Sainte-Justine Hospital's Research Ethics Committee. Table 1
presents the sociodemographic and clinical characteristics of the sample.

2.2. Neurodevelopmental assessment

All children underwent a neurodevelopmental assessment using the language
and cognitive subscales of the BSID-III (Bayley, 2006). Language scale items assess
receptive and expressive communication skills such as responding to names and
words, following directions, understanding tense, babbling, vowel–consonant or
syllable combinations, word approximations, objects, picture naming, and story
telling. The cognitive scale assesses skills such as precursor of attention and an-
ticipatory behavior, exploration of environment, simple problem solving, numer-
acy, and relational and imaginary play. The BSID-III has been widely used in de-
velopmental and longitudinal studies in typically developing children and in
children with various developmental disabilities (Luttikhuizen dos Santos et al.,
2013; Milne et al., 2012). It is designed to identify areas of relative impairment or
delay in children 1–42 months old. Scores are age-adjusted and follow a normal
distribution, with a mean of 100 and standard deviation of 15 (mean scaled score
10, standard deviation73). The BSID-III was administered during the AERP re-
cording session or the following week if the child was feeling too tired after
the EEG testing. A graduate student in clinical neuropsychology (NP) with training
and experience in administrating the BSID-III performed the neurodevelopmental
assessment, and interscorer agreement was obtained with another trained
examiner.

2.3. Stimuli and AERP recording

All children were tested while sitting on their parent's lap and watching a silent
cartoon video in a soundproof and electromagnetically shielded Faraday room at
Sainte-Justine Hospital. The stimulus parameters (speech, non-speech) and elec-
trophysiological recording procedures used in this experiment are described in
detail in elsewhere (Paquette et al., 2013). Briefly, four blocks of 200 speech stimuli
and four blocks of 200 non-speech stimuli (all 170 ms in duration; 540 ms inter-
stimulus interval) were presented using an auditory oddball paradigm in coun-
terbalanced order across participants. Speech stimuli were the syllables /Da/ (fre-
quent or standard, stimulus; 85% presentation rate) and /Ba/ (rare or deviant, sti-
mulus; 15% presentation rate). Non-speech stimuli were synthesized using the
second and third formants of the speech stimuli. As described elsewhere (Paquette
et al., 2013), EEG data were acquired using a 128-channel HydroGel Geodesic
Sensor Net on a Macintosh computer equipped with NetStation EEG Software
(Electrical Geodesics Inc., Eugene, OH, USA). The acquisition used a sampling rate of
250 Hz, a band pass filter of .1–100 Hz, and a Cz reference.
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2.4. EEG data analysis

EEG data were analyzed using BrainVision Analyzer software version 2 (Brain
Products, Germany). Preprocessing included offline digital filtering of the 1–30 Hz
bandwidth (24 dB/octave) and re-referencing to an average left and right mastoid.
Ocular correction was performed using the Gratton and Coles algorithm in Brain-
Vision Analyzer (Gratton et al., 1983). Data were then segmented into 700-ms
epochs (including 100 ms baseline: �100 to 600 ms) and averaged independently
for each stimulus type after artifact rejection (amplitude 7150 μV) and baseline
corrections (�100 to 0 ms). All AERP averages were based on at least 75 trials.

Automatic peak amplitude detection was used to identify local maximum peaks
corresponding to AERP and MMN components independently for each condition
(speech, non-speech), as recommended by Luck (2005). Individual P150 compo-
nents were defined as the most positive peak within 50–250 ms after stimulus
onset in the waveform obtained for deviant stimuli, and N250 responses as the
most negative peak within 150–350 ms. Mismatch responses were defined as the
maximum positive or negative peak in the difference wave within 100–300 ms. The
polarity of the mismatch responses (positive or negative) was determined ac-
cording to the local maximal difference between the deviant and the frequent
waveforms and a visual validation of the MMN polarity was performed by super-
imposing the MMN, the deviant, and the frequent waveforms. This procedure was
repeated for data recorded at the four frontocentral electrodes: AFz, Fz, FCz, and Cz
(electrodes E16, E11, E6 and E129 on the EGI Sensor Net), where the largest dif-
ferences in MMN responses were observed in the topographical distribution of
responses. This procedure has been used previously in studies on children's audi-
tory development (Gomot et al., 2000; Mikkola et al., 2007; Paquette et al., 2013;
Ponton et al., 2000). Detected peaks were visually inspected and reviewed by two
of the authors (NP, PV) with expertize in electrophysiology (an inter-rater agree-
ment of .9 was obtained). Peak amplitudes (3 time-points before and after each
peak, corresponding to the mean amplitude in a 28 ms time-window centered on
the peak) and corresponding latencies for the P150, N250, and MMN responses
were then exported to SPSS software for further statistical analyses.

2.5. Statistical analysis

Statistical analyses were carried out using SPSS version 21.0 (SPSS Inc., Chicago,
IL, USA). First, between-group (preterm, full-term) sociodemographic differences
were assessed using parametric multivariate analyses of variance (MANOVA) on
maternal age at childbirth and maternal education years. Non-parametric Mann–
Whitney U tests were performed on the categorical variables of annual familial
income and parental marital status. Mixed between-within subject, repeated-
measures analyses of variance (ANOVAs) were performed on the latencies and
amplitudes for the P150, N250, and MMN components to test for significant var-
iation across age (3, 12, 36 months), group (preterm, full-term), electrode (AFz, Fz,
FCz, Cz) and stimulus condition (speech, non-speech). Neurodevelopmental data
were tested using multivariate analysis of variance (MANOVA) with individual
standardized scaled scores (cognitive, receptive language, and expressive language
subscale indices) as dependent variables and age (3, 12, 36 months) and group
(preterm, full-term) as between-subject factors. Greenhouse–Geisser adjustment
for violation of sphericity was performed when necessary, and corrections for
multiple comparisons were made using Bonferroni's procedure (corrected p values
reported). Tukey's post-hoc HSD tests were used to identify significant interactions,
with significance set at po .05.

In addition, to assess the relationship between AERPs to speech and non-
speech stimuli and early language and cognitive development, correlations be-
tween EEG parameters recorded at the FCz electrode and neurodevelopmental
results were tested using Pearson's correlation coefficients. This electrode was
chosen based on previous AERP and MMN studies in children and adults (Lippé
et al., 2009b; Pakarinen et al., 2004). Moreover, visual inspection of the topo-
graphical distributions revealed that this electrode site yielded the most consistent
AERP responses across groups and conditions. Gestational age (weeks) and birth
weight (g) were also included in the correlations. In order to minimize the like-
lihood of Type I errors when computing multiple correlations without increasing
the risk of Type II errors, the alpha significance level was adjusted to po .01, and .05
probability was considered a trend (Feise, 2002; Proschan and Waclawiw, 2000).
3. Results

3.1. Sociodemographic and clinical characteristics of the children

MANOVAs calculated on maternal age at birth and maternal
education revealed no significant differences between preterm
and full-term children (F(1,69)¼2.12, p¼ .150; F(1,69)¼2.64, p¼ .109,
respectively). Moreover, the nonparametric Mann–Whitney U test
revealed that the two groups were equivalent in terms of familial
income and parental marital status (U¼541.50, p¼ .377;
U¼536.50, p¼ .248, respectively).

3.2. Neurodevelopmental results

Neurodevelopmental results showed performance within in-
ternational standards for all groups (Table 1). However, the pre-
term groups scored significantly lower than full-term children on
the cognitive (F(1,65)¼5.06, p¼ .028) (preterms: 10.197 .3; full-
terms: 11.087 .26) and expressive language scales (F(1,65)¼8.23,
p¼ .006) (preterms: 8.637 .35; full-terms: 9.977 .31). Main effects
of age and the age-by-group interaction on the cognitive scale
were not significant. However, significant main effects of age were
found on the expressive (F(2,65)¼4.45, p¼ .015) and receptive lan-
guage scales (F(2,65)¼18.15, po .001). Specifically, on the ex-
pressive language scale, 36-month-olds performed significantly
better than 3- and 12-month-olds (p¼ .026 and p¼ .044, respec-
tively) (3-month-olds: 8.777 .38; 12-month-olds: 8.837 .41; 36-
month-olds: 10.37 .42). On the receptive language scale, 12-
month-olds scored significantly lower than 3- and 36-month-olds
(p¼ .011 and po .001, respectively), and 3-month-olds scored
significantly lower than 36-month-olds (p¼ .006) (3-month-olds:
10.197 .43; 12-month-olds 8.307 .46; 36 months: 12.277 .48).
Age-by-group interactions for both receptive and expressive lan-
guage results were not significant.

3.3. Electrophysiological results

In preterm and full-term children of all ages, standard and
deviant stimuli elicited an identifiable P150-N250 complex in both
speech and non-speech conditions (Figs. 1 and 2, gray and black
solid lines). Similarly, the deviant-standard difference waveforms
showed identifiable mismatch peaks in all children and in both
conditions (Figs. 1 and 2, black dotted lines). Mean amplitude and
latency of the P150, N250, and MMN components recorded at each
electrode (AFz, Fz, FCz, Cz) for each group and age are available in
Supplementary material (Supplementary Table 1 for the speech
condition and Supplementary Table 2 for the non-speech
condition).

Trial retention values (mean and standard deviation) on the
deviant and standard stimulus are displayed in Tables 2 and 3
respectively for each group, age, and condition. An age-by-group
ANOVA performed on the deviant and standard average trials re-
tention for both conditions revealed that each group and age were
equivalent in term of trial retention. Specifically, on the deviant
trials retention, no main effect for age (F(2,66)¼ .39, p¼ .679), group
(F(1,66)¼1.07, p¼ .315), or group-by-age interaction (F(2,66)¼ .20,
p¼ .816) were found using speech stimuli. Likewise, using non-
speech stimuli, main effect of age (F(2,65)¼ .06, p¼ .940), group
(F(1,65)¼ .30, p¼ .587), and group-by-age interaction (F(2,65)¼ .96,
p¼ .388) were not significant. On the standard trials retention, no
main effect for age (F(2,66)¼ .30, p¼ .745), group (F(1,66)¼1.18,
p¼ .281), or group-by-age interaction (F(2,66)¼ .18, p¼ .838) were
found using speech stimuli. Using non-speech stimuli, main effect
of age (F(2,65)¼ .21, p¼ .815), group (F(1,65)¼ .06, p¼ .804), and
group-by-age interaction (F(2,65)¼ .37, p¼ .693) were also not
significant.

As expected upon visual inspection of the standard waveforms
for each group and age, between-group differences on standard
P150 and N250 components were not significant, although age-
related differences were found on the latency of the standard
P150, and the lantency and amplitude of the standard N250. In the
interest of clarity, only AERPs (P150 and N250 components) re-
corded on the deviant waveform are reported here; detailed re-
sults from the standard AERPs can be found in Supplementary
Appendix A.



Fig. 1. Grand average standard (solid gray line), deviant (solid black line) and differential waveforms (dotted black line) in response to speech stimuli for each group and age.
The y axis indicates the amplitude of the response (in microvolts, mV); the x axis indicates the response time in ms. Responses from FCz are illustrated.

Table 2
Retention trial values on the deviant (rare) trials (with standard deviation in
parenthesis)

Speech condition Non-speech condition

Full-terms 3 months old 134.20 (11.51) 138.19 (11.20)
12 months old 133.06 (11.94) 122.83 (11.20)
36 months old 140.94 (11.94) 128.92 (11.20)

Preterms 3 months old 115.88 (12.43) 114.50 (11.65)
12 months old 130.55 (13.62) 129.05 (12.76)
36 months old 130.68 (13.62) 130.60 (12.76)
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3.3.1. MMN latency
The latency analysis revealed a main effect of group

(F(1,65)¼5.18, p¼ .026), along with a significant condition-by-group
interaction (F(1,65)¼6.48, p¼ .013), whereby preterm infants of all
ages responded later than full-terms only when speech stimuli
were used (preterms: 219.88 74.44; full-terms:
190.9274.00 ms). A main effect of age was also found
(F(2,65)¼47.51, po .001): 3-month-old infants showed longer la-
tency than 12- and 36-month-olds (3-month-olds: 239.3174.90;
12-month-olds: 185.3275.15; 36-month-olds: 174.4275.15 ms)
(po .001). The main effects of condition and electrode, and age- or
group-by-electrode, or -condition interactions were not
Fig. 2. Grand average standard (solid gray line), deviant (solid black line), and differential waveforms (dotted black line), in response to non-speech stimuli for each group
and age.



Table 3
Retention trial values on the standard (frequent) trials (with standard deviation in
parenthesis)

Speech condition Non-speech condition

Full-terms 3 months old 744.96 (63.28) 712.00 (64.64)
12 months old 737.21 (65.67) 682.08 (64.64)
36 months old 777.42 (65.67) 710.17 (64.64)

Preterms 3 months old 643.98 (68.36) 632.33 (67.28)
12 months old 717.55 (74.88) 709.70 (73.70)
36 months old 714.33 (74.88) 720.60 (73.70)
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significant.

3.3.2. MMN amplitude
The MMN amplitude analysis revealed main effects of condi-

tion (F(2,65)¼37.12, po .001) and age (F(2,65)¼6.15, p¼ .004), along
with a significant condition-by-age interaction (F(2,65)¼6.43,
p¼ .003). Pairwise comparisons showed that, taken together, the
mismatch found in 3-month-olds was of significantly higher am-
plitude than the mismatch measured in 12- and 36-month-olds
(po .001) (3-month-olds: 1.927 .47; 12-month-olds: �2.177 .50;
36-month-olds: �2.857 .50 mV). A significant main effect of
electrode was also found (F(2.28,148.03)¼3.58, p¼ .025): in all chil-
dren, amplitude recorded at Cz (�2.597 .32 mV) tended to be
smaller than that recorded at Fz (�4.957 .34 mV) (p¼ .068). The
main effect of group, group-by-condition or -age, and electrode-
by-group or -age interactions were not significant.

3.3.3. P150 latency
The latency analysis showed a main effect of group

(F(1,65)¼3.94, p¼ .051): both conditions taken together, preterm of
all ages showed longer latency than full-term children (preterms:
152.4873.22; full-terms: 142.9273.57 ms). Main effects of age
(F(2,65)¼61.26, po .001) and condition (F(1,65)¼61.36, po .001)
were also found, along with a significant condition-by-age inter-
action (F(2,65)¼11.44, po .001). Pairwise comparisons revealed
that, when speech stimuli were used, latencies decreased across all
ages (3-month-olds: 209.2573.91; 12-month-olds: 152.9574.11;
36-month-olds: 124.8274.11 ms). However, when non-speech
stimuli were used, only 3-month-old infants showed longer la-
tency compared with 12- and 36-months-olds (3-month-olds:
156.11736.07; 12-month-olds: 129.3376.37; 36-month-olds:
113.7576.37 ms) (p¼ .010 and po .001, respectively). In addition,
a significant group-by-electrode interaction (F(2.14,138.80)¼3.66,
p¼ .026) was found on the latencies of the P150 component.
Pairwise comparisons indicated that latencies recorded at AFz, Fz
and FCz electrodes (166.2773.35 ms) were significantly longer in
preterm infants (AFz: 153.4073.67; Fz: 153.1173.65 and FCz:
152.4873.62 ms) than those recorded in full-term infants (AFz:
143.2373.31; Fz: 142.6273.29 and FCz: 142.6273.27 ms)
(p¼ .044, p¼ .036 and p¼ .047, respectively). Main effect of elec-
trode as well as age-by-electrode and group-by-condition inter-
actions were not significant.

3.3.4. P150 amplitude
The amplitude analysis revealed a significant condition-by-age

interaction (F(2,65)¼3.38, p¼ .040): in 3-month-olds only, the P150
component was of higher amplitude when speech stimuli were
presented (7.187 .68 mV) than that recorded when non-speech
stimuli were presented (5.667 .97 mV). A main effect of electrode
was also found (F(2.44,158.74)¼30.04, po .001), along with a sig-
nificant electrode-by-group interaction (F(2.44,158.74)¼4.81,
p¼ .006). Pairwise comparisons revealed that, in full-term infants,
amplitudes recorded at Cz and AFz (AFz: 6.097 .62; Cz:
5.707 .57 mV) were significantly lower than those recorded at Fz
and FCz (Fz: 6.487 .63; FCz: 6.777 .59 mV) (AFz: p¼ .002 and
p¼ .003, respectively; Cz: all po .001). In contrast, in preterm in-
fants, amplitude recorded at Cz (5.577 .63 mV) was lower than
amplitude recorded at all three other electrodes (AFz: 6.797 .69;
Fz: 6.867 .70; FCz: 6.667 .65 mV). Main effects of condition, group
and age, or group-by-age or -condition, and age-by-electrode in-
teractions were not significant.

3.3.5. N250 latency
The latency analysis showed a main effect of age (F(2,65)¼45.51,

po .001) and condition (F(1,65)¼52.68, po .001), along with a
significant age-by-condition interaction (F(2,65)¼18.19, po .001).
Pairwise comparisons revealed that, preterms and full-terms taken
together, latencies decreased with age when speech stimuli were
presented (3-month-olds: 316.7776.97; 12-month-olds:
247.0477.37; 36-month-olds: 202.9377.32 ms) (po .001). In
turn, when non-speech stimuli were presented, only 3-month-old
infants showed longer latencies than 12- and 36-month-old chil-
dren (3-month-olds: 231.0977.82; 12-month-olds:
203.6377.82 ms) (p¼ .040). Main effects of group and electrode,
group-by-age or -condition, and electrode-by-age or -condition or
-group interactions were not significant.

3.3.6. N250 amplitude
The amplitude analysis showed a main effect of age

(F(2,65)¼8.41, po .001) and condition (F(1,65)¼15.35, po .001),
along with a significant age-by-condition interaction (F(2,65)¼6.90,
p¼ .002). Pairwise comparisons indicated that, when speech sti-
muli were presented, amplitude of the N250 component was more
negative in 12-month-olds compared to 3-month-olds (3-month-
olds: .277 .80; 12-month-olds: �2.917 .84 mV) (p¼ .023). How-
ever, when non-speech stimuli were used, the N250 amplitudes
were more negative in both 12- and 36-month-olds compared to
3 month-old infants (3-month-olds: .5271.18; 12-month-olds:
�5.3371.24; 36-month-olds: �6.4271.24 mV). A main effect of
electrode (F(2.19,142.28)¼3.91, p¼ .019) was also found, together
with an electrode-by-age (F(4.38,142.28)¼3.99, p¼ .003), an elec-
trode-by-condition (F(2.20,143.02)¼3.43, p¼ .031) and an electrode-
by-age–by-condition interaction (F(4.40,143.02)¼2.61, p¼ .033). In
the interest of clarity, all pairwise comparisons (n¼47) are shown
in Supplementary material (Supplementary Table 3). Main effects
of group, group-by-age or -condition interactions were not
significant.

3.4. Correlations between neurodevelopmental results and AERP
parameters

Pearson’s correlations between neurodevelopmental results,
AERP parameters at the FCz electrode (which, on visual inspection
of the topographical distribution, appeared to yield the most
consistent AERP amplitudes across groups and conditions), ge-
stational age, and birth weight are presented in Table 4. Significant
correlations were found between expressive language scores and
gestational weeks (r¼ .35, p¼ .002), birth weight (r¼ .35, p¼ .002),
and P150, N250, and MMN latencies for speech stimuli (r¼� .34,
p¼ .002; r¼� .34, p¼ .002 and r¼� .39, p¼ .001, respectively). A
trend was also found for the correlations between expressive
language scores and P150 and N250 amplitudes for speech stimuli
was (r¼ .23, p¼ .038 and r¼ .23, p¼ .041, respectively). Receptive
language scores correlated positively with N250 latency responses
to speech stimuli (r¼ .34, p¼ .002), and tended to correlate with
P150 and MMN latencies for speech stimuli (r¼� .25, p¼ .025; and
r¼� .26, p¼ .020, respectively). In addition, cognitive language
scores correlated significantly with birth weight (r¼ .32, p¼ .005),
and a trend was found between gestational weeks and N250



Table 4
Pearson’s correlations between AERPs, MMN, and BSID-III scores.

Cognitive
scores

Expressive
lang. score

Receptive
lang. score

Birth data Gestational
weeks

.24* .35** .07

Birth weight .32** .35** .08

Speech
condition

MMN Latency (ms) � .13 � .39*** � .26*

Amplitude
(mV)

� .05 � .10 .05

P150 Latency (ms) � .16 � .34** � .25*

Amplitude
(mV)

.10 .23* .14

N250 Latency (ms) � .15 � .34** � .34**

Amplitude
(mV)

.10 .23* .17

Non-speech
condition

MMN Latency (ms) � .14 � .19 � .11

Amplitude
(mV)

.06 . 09 .13

P150 Latency (ms) � .18 � .18 � .21
Amplitude
(mV)

� .05 .16 .12

N250 Latency (ms) � .26* � .22 � .14
Amplitude
(mV)

� .07 � .10 � .11

All tests two-tailed. Corrected age used for 3- and 12-month-old preterm infants In
bold: significant correlation at the adjusted alpha level (.01).

* po .05.
** po .01.
*** po .001.
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latency responses to non-speech stimuli (r¼ .24, p¼ .036 and
r¼� .26, p¼ .022, respectively). To illustrate the brain–behavior
relationships, scatterplots with regression lines for significant
correlations between birth data and neurodevelopmental results,
and between AERP parameters and neurodevelopmental results
are shown in Figs. 3 and 4, respectively.
4. Discussion

In this cross-sectional study, we aimed to investigate whether
the MMN and AERPs components could be used as an electro-
physiological indicator for language and/or cognitive delays in
order to help identify as early as possible which prematurely born
children are at risk for developing such impairments. We thus
analyzed cortical responses to speech and non-speech sounds
across ages (3-, 12- and 36-months-old) and groups (preterm, full-
term), as well as their the relationship to behavioral responses in
both groups in order to help clarify cognitive and language de-
velopment in premature and full-term children and to early
identify impairments incurred following premature birth. Using
speech and non-speech stimuli, a delayed P150 responses was
observed in prematurely born children aged 3, 12, and 36 months.
Moreover, preterms of all ages showed a delayed MMN response
compared to full-term children, specifically when speech stimuli
were presented. The use of EEG and auditory event-related po-
tentials (AERPs) in preterm children is of particular interest as it
provides a quick, objective, and noninvasive method that can be
used routinely in neonatal intensive care unit (NICU) and hospital
settings to assess potential cognitive sequelae incurred by pre-
mature birth. In a previous study, we demonstrated that visual
development in preterm children aged from 3 to 12 months, cor-
rected for age, could be examined using EEG and visual evoked
potentials (VEPs) (Tremblay et al., 2014). More specifically, we
found that 3-month-old preterm infants showed developmental
delays (longer VEP latencies) associated with the magnocellular
system, a delay that gradually diminished with age. Develop-
mental vulnerabilities of the magnocellular pathways have been
reported in various developmental disabilities such as develop-
mental dyslexia (for a review, see Stein (2001)). In the present
study, we show that AERPs and MMN can also be used in infants as
young as 3-month-old infants to help examine early language
development in premature children.

Our findings concur with previous electrophysiological studies
that found atypical or delayed AERP or MMN components in
prematurely born children, adolescents, and adults (Fellman et al.,
2004; Gomot et al., 2007; Jansson-Verkasalo et al., 2010; Kilpe-
lainen et al., 1999; Maitre et al., 2013; Mikkola et al., 2007).
However, in these studies, the distinction between the MMN re-
sponses to speech and non-speech stimuli as an electro-
physiological marker for language and cognitive impairements
was not clearly established. Another concern in these studies is the
inclusion of children who underwent major complications in the
perinatal period and early cerebral damage, such as periventricular
leukomalacia or intracranial hemorrhages, which have also been
associated with auditory processing impairment and language
delays (for reviews, see Pavlova and Krägeloh-Mann (2013) and
Volpe (2009)). In order to overcome these limitations, in the cur-
rent study we used both speech and non-speech stimuli and in-
cluded prematurely born infants without major neonatal brain
injuries. Therefore, altered MMN responses to speech stimuli in
the preterm group suggest that these children have impaired
language discrimination ability, which is probably related to pre-
mature birth. Overall, our results add to the body of literature by
exploring the electrophysiological markers of language develop-
ment in premature infants at risk for language impairments using
AERP and MMN responses to speech and non-speech sounds.

4.1. Delayed MMN and P150 responses

The present study observed prematurity-related effects on peak
latency only, while prior studies mainly reported amplitude ef-
fects. Latency measures, however, can provide valuable informa-
tion about the development of children's perceptual, dis-
criminative and cognitive abilities. Delayed AERPs have been
found in studies investigating auditory discrimination in children
at risk for language impairment (Friedrich et al., 2004) as well as in
auditory brainstem responses in preterm children (Hasani and
Jafari, 2013; Pasman et al., 1996; Ribeiro and Carvallo, 2008). In
developing children, latency decreases of AERPs have been asso-
ciated with increase in myelination and in synaptic density in the
auditory cortex (Eggermont, 1985; Eggermont and Ponton, 2003;
Ponton et al., 2002). Furthermore, this maturation has been shown
to coincide with the increasing abilities of the child to process
complex auditory stimuli (Moore and Linthicum, 2007; Ponton
et al., 2000).

The most probable explanation for delayed MMN and P150
latency responses in prematurely born children is the impact of
premature birth on myelin and white matter development. It is
likely that delayed MMN and P150 latencies are associated with
diffuse damage to the white matter, which is common in very
prematurely born infants (Counsell et al., 2003; Volpe, 2009).
Diffusion imaging studies have shown that alterations in the white
matter were associated with various perceptual, cognitive, and
motor skill deficits in preterm children (Peterson et al., 2000; Rose
et al., 2008; Skranes et al., 2007; Stewart et al., 1999). For instance,
a linear relationship between lower diffusion in the corpus



Fig. 3. Scatterplots and regression lines for significants correlations at po .01 between birth data (birth weight and gestationals weeks) and individual neurodevelopmental
scores.
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callosum, anterior commissure, cingulum, and fornix, as well as a
lower overall developmental quotient was found in preterm in-
fants aged 2 years, corrected for age (Counsell et al., 2008).
Moreover, in a prospective cohort of very preterm infants without
major congenital anomalies, significant correlations between
white matter volume abnormalities and BSID-III scores for lan-
guage and cognition were found at 2 years of corrected age (He
and Parikh, 2013). Specifically, atypical volume of cortical projec-
tion and association fibers in the periventricular region of preterm
infants was correlated with lower language and cognitive scores



Fig. 4. Scatterplots and regression lines for significants correlations at po .01 between AERPs and MMN parameters (latency and amplitude) and individual neurodeve-
lopmental scores.
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on the BSID-III. Thus, atypical cognitive and language development
in premature children might be partly explained by alterations in
myelin and axonal development, which typically peaks during the
last few weeks of gestation and the first few weeks after birth.

Another possible explanation would be alterations in functional
cerebral connectivity, which refers to the synchronization of acti-
vation across spatially separate cortical regions (Raichle and Sny-
der, 2007). Such alterations have previously been found in pre-
maturely born infants, children, and adolescents using investiga-
tions of spontaneous brain activity or resting state functional
connectivity analysis (Cohen et al., 2008; Fair et al., 2008, 2010;
Fox and Raichle, 2007; Fransson et al., 2011; Smith et al., 2009). For
instance, in a study investigating resting-state cerebral con-
nectivity during sleep, full-term infants showed enhanced con-
nectivity between left temporal and parietal areas, whereas pre-
term infants showed enhanced connectivity between bilateral
temporal and parietal regions (Fuchino et al., 2013). Alternatively,
in a cohort of 12-year-old adolescents performing a lexical-
semantic processing task, it was shown that preterm adolescents
engaged language networks differently than their full-terms peers,
and they had significantly reduced left frontal and bilateral tem-
poral white matter volumes. In fact, in preterm adolescents, the
language network was shown to involve the temporal area to-
gether with the sensorimotor association cortex. However, in full-
term adolescents, this network instead involved the left inferior
frontal gyrus together with right inferior frontal gyrus and right
middle temporal gyrus (Schafer et al., 2009). Although this hy-
pothesis related to functional brain connectivity could explain the
delayed MMN and P150 latency responses found in prematurely
born children, it was not directly investigated in the present study.
Further studies are therefore needed to fully understand devel-
opmental changes in resting state and functional connectivity and
their clinical implications for examining the networks associated
with language and cognitive development in premature children.

Surprisingly, group analyses on the N250 component ampli-
tude and latency were not significant betweem preterm and full-
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term children. As previously reported by others, the N250 com-
ponent is the most predominant and robust negative auditory
obligatory AERPs associated with auditory perceptual process in
children (Čeponiené et al., 2002; Jing and Benasich, 2006). In ac-
cordance with our results, its amplitude is known to gradually
increase and its latency to decrease as a function of age
(Čeponiené et al., 2002; Kushnerenko et al., 2002a; Ponton et al.,
2000). Our findings might indicate that the auditory perceptual
process associated to the N250 component is rather preserved in
healthy preterm children and less sensitive to speech and/or non-
speech discrimination impairments than the P150 and MMN
components.

4.2. Age-related differences in AERPs and MMN

In addition to differences in AERPs and MMN components be-
tween children born preterm and full-term, significant age-related
differences were found when the two groups were taken together.
Using speech stimuli, we found that P150 and N250 latency sig-
nificantly decreased with age, suggesting neural and axonal ma-
turation, which would allow more timely and efficient information
processing (Nagy et al., 2004; Ponton et al., 2002, 2000). In con-
trast, when non-speech stimuli were used, only 3-month-old in-
fants showed longer AERP latencies compared with 12- and 36-
months-olds. These results suggests that response to non-speech
stimuli mature earlier in infant's life compared to the dis-
criminative processe for speech sounds. A significant effect of age
was also found on MMN amplitude to speech stimuli, with
3-month-old infants showing a positive mismatch and 12- and 36-
month-old children showing a negative mismatch. Positive mis-
matches in typically developing infants and in children with lan-
guage impairment when using speech stimuli have been pre-
viously reported by others (Ahmmed et al., 2008; Dehaene-Lam-
bertz, 2000; Kushnerenko et al., 2002b; Maurer et al., 2003; Morr
et al., 2002; Shafer et al., 2010; Weber et al., 2004). Although the
interpretation of this component in infants and children remains
debatable, one of the main explanations is that it reflects a more
immature discriminative response, whereas a more mature, adult-
like, negative MMN response was observed in school-aged chil-
dren (Shafer et al., 2010). Overall, age-related differences found in
this study suggest specific ongoing maturation of auditory dis-
criminative skills in response to speech and non-speech stimuli in
young children (Dehaene-Lambertz, 2000; Kushnerenko et al.,
2002a, 2002b; Lippé et al., 2009a; Paquette et al., 2013; Shafer
et al., 2010).

In the present study, an unexpected result was the lower scores
on the receptive language scale of the BSID-III observed in 12-
month-olds compared to 3-month-olds. This age difference could
be accounted for by the behavioral assessment, as it is more dif-
ficult to objectively assess receptive language at 12 months. Thus, a
combination of different assessment tools and high interrater
agreement might enable a more precise receptive language as-
sessment at this age. Additional studies are needed to better in-
terpret this results.

4.3. Electrophysiological markers of language impairments using
speech vs. non-speech stimuli

One important finding of this study is the significant correla-
tions observed between longer latencies of the MMN, P150 and
N250 components in response to speech stimuli and lower ex-
pressive language scores on the BSID-III. However, when non-
speech stimuli were used, only a weak correlation was found be-
tween the N250 latency and lower cognitive scores. In a previous
study, distinct patterns of brain activation according to stimulus
type (speech vs. non-speech) and age were found in healthy full-
term children aged 3–13 years-old and adults (Paquette et al.,
2013). Specifically, age-related differences for tone discrimination
(non-speech stimuli) occurred earlier in childhood (around 8–13
years-old) than did the discriminative process for speech sounds
(after 13 years-old), suggesting that networks involved in speech
discrimination are still immature until late childhood. It is thus
possible that networks involved in speech discrimination may also
be more vulnerable to physiological and cognitive differences as-
sociated with prematurity. Likewise, the brain–behavior correla-
tion results of the current study suggest that the MMN response to
speech stimuli may be more sensitive to language delays identi-
fication in preterm children and could provide a stronger marker
than non-speech stimuli in detecting such impairments.

4.4. Methodological considerations and further directions

In this study, the conclusions drawn about group- and age-re-
lated differences are based on a cross-sectional design and a re-
latively small sample size. Longitudinal studies of human devel-
opment and larger cohorts could provide more reliable informa-
tion on cognitive and language development and the predictive
value of AERPs in preterm and full-term children. Similarly, addi-
tional evidence regarding reliability of MMN latencies in infants is
needed in order to better establish their predictive value. It is
challenging to assess neurodevelopment in very young children,
and it requires a combination of tools and good interrater agree-
ment. Future studies could investigate which language sub-
domains might be specifically affected by premature birth, such as
phonological awareness, discourse, and pragmatic comprehension.
In our experiments, the non-speech stimuli were created by de-
leting a formant from speech recordings. This led to a difference in
the frequency spectrum of the speech and non-speech stimuli. By
using non-speech stimuli created in a different way, future re-
search could better distinguish whether it is frequency content
per se, or a distinction between speech and non-speech that drives
differences in AERPs.
5. Conclusion

Overall, our findings revealed delayed AERP and MMN re-
sponses to speech sounds in prematurely born children. These
responses correlated with lower language scores on the BSID-III,
suggesting that AERPs and MMN can be used for early identifica-
tion of children at risk for language impairment as young as
3 months old. Better and earlier identification of the incurred
deficits and the establishment of electrophysiological biomarkers
of language development could allow clinicians to better target
rehabilitation interventions and reduce the long-term medical and
psycho-social needs of these children. Improved assessment
methods could also help to further clarify normal and abnormal
development of preterm children in the hope of detecting poten-
tial problems earlier and more accurately.
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