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Abstract
Associations between efficient processing of brief, rapidly presented, successive stimuli and
language learning impairments (LLI) in older children and adults have been well documented. In
this paper we examine the role that impaired rapid auditory processing (RAP) might play during
early language acquisition. Using behavioral measures we have demonstrated that RAP abilities in
infancy are critically linked to later language abilities for both non-speech and speech stimuli.
Variance in infant RAP thresholds reliably predict language outcome at 3 years-of-age for infants at
risk for LLI and control infants. We present data here describing patterns of electrocortical (EEG/
ERP) activation at 6 month-of-age to the same non-verbal stimuli used in our behavioral studies.
Well-defined differences were seen between infants from families with a history of LLI (FH+) and
FH− controls in the amplitude of the mismatch response (MMR) as well as the latency of the N250
component in the 70 ms ISI condition only. Smaller mismatch responses and delayed onsets of the
N250 component were seen in the FH+ group. The latency differences in the N250 component, but
not the MMR amplitude variation, were significantly related to 24-month language outcome. Such
converging tasks provide the opportunity to examine early precursors of LLI and allow the
opportunity for earlier identification and intervention.
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1. Introduction
During the first year, the critical foundations of phonemic perception and later language are
established and can be observed well before spoken language emerges. Such precursors of
language are evident in the infant’s well-documented ability to process auditory, speech, and
language information. In particular, the ability to perceive and categorize auditory signals
occurring within tens of milliseconds is one of the skills essential to mounting language.

Psychophysical studies of infants strongly suggest that these acoustic abilities and the necessary
underlying cortical substrates are in place from a very early age (Aslin, 1989; Eilers, Morse,
Gavin, & Oller, 1981; Irwin, Ball, Kay, Stillman, & Rosser, 1985; Morrongiello & Trehub,
1987; see Fitch, Read, & Benasich, 2001 for review). While not at adult levels, the acoustic
capabilities of the human infant are impressive and include keen sensitivity to auditory sweeps,
gaps and changes in frequency (Aslin, 1989; Aslin & Hunt, 2001; Jusczyk, Pisoni, Walley, &
Murray, 1980; Trehub, Schneider, & Henderson, 1995; Werner & Rubel, 1992). This ability
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to perform fine-grained acoustic analyses in the tens of millisecond range appears to be critical
to the decoding of the speech stream and the subsequent establishment of phonemic maps
(Aslin, 1989; Aslin, Pisoni, & Juczyk, 1983; Eimas, 1975; Eimas, Siqueland, Jusyzk, &
Vigorito, 1971; Kuhl, 2004). Importantly, all the components that are necessary for children
to process, discriminate, and acquire language are already in place at this early, preverbal stage
of development.

A burgeoning body of research, conducted across laboratories, has shown that one of the
fundamental skills underlying the development of language is the ability to efficiently and
accurately process sequential rapidly presented, brief, auditory stimuli (reviewed in Benasich
& Leevers, 2002; Fitch et al., 2001; see also Farmer & Klein, 1995; Hari & Kiesla, 1996; Kraus
et al., 1996; Leonard, 1998; McAnally & Stein, 1996, 1997; McCrosky & Kidder, 1980;
Neville, Coffey, Holcomb, & Tallal, 1993; Robin, Tomblin, & Kearney, 1989; Witton et al.,
1998; Wright et al., 1997). The neural substrates that subserve efficient processing of brief,
rapidly presented, successive auditory stimuli, or rapid auditory processing (RAP), are critical
for accurately analyzing and segmenting the speech stream. Evidence suggesting that sensory
processing in the time window of tens of milliseconds is relevant to language comprehension
and achievement is drawn from studies of RAP in both children and adults (see Farmer and
Klein, 1995; Leonard, 1998; Tallal, 2004; Wright et al., 1997 for reviews). Individuals with
RAP deficits and an associated language learning impairment (LLI)1 hear normally and can
sequence sounds. However, they need orders of magnitude more processing time than
unimpaired children. Although most 5- to 10-year-olds can process stimuli in sequence that
are only tens of milliseconds apart, children with LLI need a hundred or more milliseconds
between the same stimuli to process their features accurately. These difficulties occur whether
the incoming signals are language, for example, consonant–vowel (CV) syllables such as \da
\ or \ga\, or non-language signals such as tone pairs containing brief within-pair interstimulus
intervals (ISIs). It has also been well documented that LLI runs in families and that children
born to families with affected parents or siblings are at an elevated risk for the disorder with
about a threefold increase in incidence as compared to control children (Bishop, North, &
Donlan, 1995; Bishop & Edmundson, 1986; Choudhury & Benasich, 2003; Lahey & Edwards,
1995; Neils & Aram, 1986; Tallal, Ross, & Curtiss, 1989; Tallal et al., 2001; Tomblin, 1989;
Tomblin & Buckwalter, 1998; van der Lely & Stollwerck, 1996).

However, the earliest steps of language acquisition are still not clearly understood despite many
years of concentrated research. Thus sorting out the etiology of LLI has been difficult. Children
with LLI have extreme difficulty in acquiring language, while other cognitive abilities appear
to remain relatively intact. Theories proposed to account for LLI range from arguments for the
impairment of innate brain modules specialized for processing grammar (Gopnik & Crago,
1991), to limitations in processing capacity or working memory (Gathercole & Baddeley,
1990; Schul, Stiles, Wulfeck, & Townsend, 2004). Delays in learning the semantic and
syntactic rules critical to development of language have most often been proposed as a primary
determinant of LLI (Clahsen, 1992; Rice & Wexler, 1996; see Leonard, 1998 for a review).
Another fundamental and consistent deficit implicated, and thought to be causal, in children
with language or reading deficits is poor phonological processing (Bird, Bishop, & Freeman,
1995; Elliott & Hammer, 1988; Elliott, Hammer, & Scholl, 1989; Gathercole & Baddeley,
1990; Liberman, 1996; Scarborough, 1990; Stark & Tallal, 1988; Sussman, 1993; Wagner &
Torgesen, 1987; Whitehurst & Fischel, 1994). However, the precise nature and origin of these
deficits remains the focus of intense study and theoretical debate. A controversial issue is the
question of whether phonological deficits are ‘speech-specific’, or whether lower level
sensory-processing mechanisms play a crucial role in setting up the phonological building

1For the sake of clarity, in this study the term language learning impairment (LLI) is used, instead of other terms that may have been
used in the literature, to encompass language disorders that fit the general criteria of LLI.
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blocks of human language (see Fitch & Tallal, 2003). Further, considerable research has
recently been directed towards the contribution of basic mechanisms such as attention,
perception, and memory to this process (e.g. Farmer and Klein, 1995; Habib, 2000; Hari &
Renvall, 2001; Hoffman & Gillam, 2004; Webster & Shevell, 2004; see Fitch & Tallal,
2003; Tallal, 2004 for a review). Much evidence suggests that the developing brain exhibits
both ‘hard-wired’ characteristics (such as statistical learning; e.g. Maye, Werker, & Gerken,
2002; Saffran, Aslin, & Newport, 1996) as well as significant environmental modifiability of
emergent language. However, critical areas of knowledge remain elusive.

Infants whose initial acoustic analysis of the speech stream diverges from the norm (i.e.
possibly fairly subtle differences in segmenting, pattern analysis or “chunking” of information
over time; see Tallal, 2004) might well show substantial variation in developmental trajectories
for language acquisition. If early differences in acoustic processing endure, the result may be
difficulty in identifying and mapping phonemes within the native language and subsequent
delays in mounting age-appropriate language. Whether such early delays result in LLI is still
under study, but arguably, the predictive value of these early responses to prelinguistic stimuli
may reflect the earliest manifestations of individual differences in language acquisition.
Findings in normal control infants using operant-conditioned and habituation/recognition-
memory tasks, and both speech and non-speech stimuli, support this contention (Benasich &
Tallal, 2002; Benasich, Choudhury, & Friedman, 2003), as do the retrospective studies of
Trehub and Henderson (1996). The cited studies reported robust correlations between infant
(6–7.5 months) acoustic processing thresholds and preschool expressive and receptive
language outcome. Kuhl and colleagues have also recently reported good predictability of
language outcome in normally developing children at 24 months of age from their
discrimination scores at 6 months of native and non-native contrasts (Kuhl, Tsao, & Liu,
2003; Tsao, Liu, & Kuhl, 2004).

Early neurophysiological (EEG/ERP) responses have also been utilized to examine auditory
processing as it relates to language development. Although ERPs undergo marked
developmental changes from infancy to adulthood (Ceponiené, Rinne, & Näätänen, 2002;
Courchesne, 1990; Kurtzberg, 1982; Kurtzberg, Hilpert, Kreuzer, & Vaughan, 1984;
Kushnerenko et al., 2002a; Kushnerenko, Ceponiené, Balan, Fellman, & Näätänen, 2002b;
Morr, Shafer, Kreuzer, & Kurtzberg, 2002; Novak, Kurtzberg, Kreuzer, & Vaughan, 1989;
Shafer, Morr, Kreuzer, & Kurtzberg, 2000; Thomas & Crow, 1994; Weitzman & Graziani,
1968), waveform components that have been widely studied in relation to auditory processing
(e.g. MMN) have been described in young infants and children. For example, a mismatch-like
response2 (MMR) dependent on the immediate sound context can be observed in both preterm
and full-term infants. This MMR can be elicited with speech stimuli (Cheour et al., 1997,
2002a, 2002c; Cheour-Luhtanen et al., 1995, 1996; Dehaene-Lambertz, 2000; Friedrich,
Weber, & Friederici, 2004; Kushnerenko et al., 2002a, 2002b, 2001; Leppänen, Pihko, Eklund,
& Lyytinen, 1999; Martynova, Kirjavainen, & Cheour 2003; Weber, Hahne, Friedrich, &
Friederici, 2003) and also with tone stimuli differing in parameters such as frequency, intensity,
location and duration (Ceponiené et al., 2000, 2002; Cheour et al., 2002a; Cheour,
Kushnerenko, Ceponiené, Fellman, & Näätänen, 2002b; Dehaene-Lambertz, 2000; Kurtzberg,
Vaughan, Kreuzer, & Fliegler, 1995; Leppänen, Eklund, & Lyytinen, 1997; Morr et al.,
2002; see Cheour, Leppänen, & Kraus, 2000; Leppänen et al., 2004b for reviews).

2The description of the MMR in the ERP literature is based on the well described adult mismatch negativity (MMN) component that is
thought to reflect a pre-attentive auditory change detection process (for review see Näätänen, 1992; Näätänen, Gaillard, & Mäntysalo,
1978). Thus the MMN may provide a valuable index for investigating specific discrimination abilities such as fine-grained temporal
processing in adults, children and preverbal infants. However, the underlying processes represented by these components are not clear
and there may not be a one-to-one correspondence between adult waves and those that seem to be appear at the same latency in infants.

Benasich et al. Page 3

Neuropsychologia. Author manuscript; available in PMC 2006 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ERPs have been found to relate to later language outcome (see Leppänen, Choudhury,
Benasich, & Lyytinen, 2004a for a review). For example, Molfese and Molfese (1985, 1997)
identified specific brain response patterns in healthy newborns that later discriminated between
groups of children with high and low language skills at the ages of 3 and 5 years. These
responses reflected group differences in consonant discrimination in the left hemisphere (at
70–320 ms) and in both hemispheres (at around 660 ms). The authors argue that the ERPs
reflect a mechanism underlying the perception of phonemic boundaries, possibly inherent
within the mammalian auditory system (Kuhl, 2004).

In a prospective, longitudinal study of a population of infants at risk for familial dyslexia,
Guttorm, Leppänen and colleagues reported that group differences at birth in ERP-components
were significantly associated with later language development (Guttorm, Leppänen, Poikkeus,
Eklund, Lyytinen, & Lyytinen, 2005; Guttorm, Leppänen, Richardson, & Lyytinen, 2001;
Guttorm, Leppänen, Tolvanen, & Lyytinen, 2003). The “at risk” response pattern for
consonant–vowel (CV) syllables (i.e., larger and prolonged responses to/ga/at 540–630 ms) in
the right hemisphere was related to significantly poorer receptive language skills at 2.5 years
and a similar ERP pattern in the left hemisphere was associated with poorer verbal memory
skills at 5 years across children with and without familial risk for dyslexia. Similarly Friedrich
et al. (2004) used CV-syllables and an EEG/ERP paradigm to assess auditory processing
abilities in 2-months old German infants at risk for specific language impairment and their
normal controls. The authors report significant group differences in the latency of a mismatch-
like change-detection response (mismatch response, MMR), with infants at risk for LLI
showing a significantly slower MMR to a deviant stimulus than normal control infants. Thus
it appears that both behavioral and EEG/ERP paradigms that assess acoustic processing during
the first year of life provide important information concerning later language attainment.

The research reviewed thus far suggests that questions about the ontogeny of language can be
explored by studying factors, across development, thought to contribute to mature language
ability and attending carefully to the time course of acquisition. Thus, prospective longitudinal
studies beginning in early infancy allow the interactive processes essential to language
development (both normative and atypical) to be investigated and clarified. In the study
presented here, we further examine the role that impaired rapid auditory processing (RAP)
might play in early language acquisition by using converging paradigms and a developmental
framework that is both prespeech and non-language specific. Thus, one may address the
question of whether RAP deficits simply co-occur with the difficulties in phonological and
syntactic decoding seen in children with LLI, or whether they precede and predict those
impairments. Such an approach also allows more general questions to be asked, specifically
those relating to general prelinguistic mechanisms that might perturb emerging language in
normally developing children.

In our current prospective longitudinal studies that start at 6 months-of-age, we are collecting
both behavioral and electrocortical (dense array EEG/ERP) data. The use of such converging
paradigms permits careful examination of recurring relational patterns that may be linked to
poor speech and language skills concurrently and/or predictively (Benasich, Thomas,
Choudhury, & Leppänen, 2002). We have begun to uncover important precursor abilities (such
as rapid auditory processing) that allow efficient mounting of native language (Benasich &
Leevers, 2002).

Infants at high risk for LLI by virtue of having a family history of specific language disorder
(FH+) and infants with no such history (FH−) were studied (Benasich & Tallal, 1996, 2002;
Benasich et al., 2002; Jing, Choudhury, Thomas-Friedman, & Benasich, 2003; see Choudhury
& Benasich, 2003 for a review). Across studies, our results demonstrated that RAP efficiency
evaluated with behavioral measures (operant-conditioned head-turn and habituation/
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recognition paradigms) differs as a function of family history and is predictive of later language
outcome at 16, 24 and 36 months in both FH+ infants and their FH− controls (Benasich &
Tallal, 2002; Benasich et al., 2002; Benasich & Leevers, 2002; Choudhury & Benasich,
2003; Jing et al., 2003; Leppänen, Choudhury, Thomas, Jing, & Benasich, 2002a).

More recently we have begun to collect dense array EEG/ERP data in order to examine
developmental changes and maturation of infant brain responses to rapidly changing auditory
cues and their relation to behavioral performance (Benasich et al., 2002; Jing et al., 2003;
Leppänen et al., 2002a). Below, we present our initial analyses of the 6-month EEG/ERP data,
describe these early brain responses and explore their relations to 24-months cognitive and
language measures.

2. Main experiment: converging EEG/ERP results in a new sample
2.1. Methods

2.1.1. Subjects—Two groups of infants are included in this study: normal control infants
and infants born into families with a history of language-based learning disorders. Infants are
tested at 6, 12, 24 and 36 months of age using a battery of assessments (ERPs, habituation and
recognition memory, operantly conditioned head-turn, and standardized cognitive and
language measures as well as mother–infant interaction) (Fig. 1) Families were recruited from
urban and suburban communities in New Jersey and were assigned to one of the two groups
based on parental report of family history of LLI, the family history positive group (FH+) and
the family history negative group (FH−).

The FH+ group consists of 13 full-term normal birth weight healthy infants (six males and
seven females). Infants from FH+ families were recruited from local newspaper birth
announcements and pediatric clinics. In order to be classified as FH+, families provided clinical
reports of expressive and receptive language scores and a general cognitive score for at least
one affected immediate family member (the “proband”); 75% were siblings and the remainder
were parents (see Choudhury & Benasich, 2003 for more detail). If the language scores for the
proband were at least one standard deviation below the age-appropriate mean, and performance
on standardized tests of general cognitive ability was within the normal range, the family was
recruited into the FH+ group. Families with children who received a primary diagnosis of
attention deficit disorder, or families with children who had language impairments because of
hearing loss, neurological disorders, oral motor impairment, a diagnosis of pervasive
developmental disorder or autism were not included in this sample. The FH− group consists
of 30 infants (14 males and 16 females) with no reported family history of specific language
impairments or of dyslexia, learning disability, attention deficit disorder, pervasive
developmental disorder, or autism in the nuclear or in the extended family (grandparents, aunts
and uncles). Informed consent was obtained from all parents prior to their child’s inclusion in
these studies.

2.1.2. Stimuli—The stimuli are complex tones with fundamental frequencies of 100 or 300
Hz with 15 harmonics (6 dB roll-off per octave). The duration of each tone is 70 ms (5 ms rise
time and 5 ms fall time) and the intensity is 75 dB SPL. The tones are presented as pairs with
varying interstimulus intervals (ISI’s) of 300 and 70 ms. The standard tone pair is a low–low
pair (100–100 Hz) and the deviant tone pair is a low–high pair (100–300 Hz). These acoustic
stimuli are presented in a passive oddball paradigm using a blocked design; the 70 ms ISI
stimuli are presented first followed by a second block of 300 ms ISI stimuli (Fig. 2). In both
blocks the low–low tone pair comprises 85% of the stimuli (708 standard tone pairs) and the
low-high tone pair the remaining 15% (120 deviant tone pairs) of the total stimuli (828 tone
pairs). At least three and no more than 12 standard tone pairs are presented before each deviant
pair. The onset-to-onset inter-trial interval (ITI) is 915 and 1140 ms, and the offset-to-onset
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ITI is 705 and 700 ms, for 70 and 300 ISI ms conditions, respectively. All acoustic stimuli are
presented free field via speakers located on either side of the subject.

2.1.3. Auditory event-related potential recording—The EEG signals were recorded
from the subjects while they were seated comfortably on their parent’s lap or in a chair in a
sound attenuated and electrically shielded room. Silent movies or cartoons were played on a
monitor in front of the children to engage them and minimize their movement. An experimenter
engaged the children’s attention with a puppet show or other toys if they lost interest in the
video.

ERPs were recorded from 62 scalp sites using EGI recording system with a geodesic sensor
net (Electric Geodesic, Inc., Eugene, Oregon, USA). The vertex was used as the online
reference electrode, the signal was sampled at 250 Hz, and bandpass filtered online at 0.1–100
Hz. The signals were rereferenced off-line to an average (whole head) reference and bandpass
filtered at 0.5–25 Hz. The continuous EEG was segmented into epochs according to the
stimulus type (predeviant standard or deviant), with the segment length being the same as each
onset-to-onset ITI. In addition, a 50 ms prestimulus segment was included for baseline
correction and zero was taken as the time of onset of the first tone in the pair. Eye movements
were estimated from EEG at the electrodes slightly above and lateral to both eyes. EEG
segments containing signals greater than ±200 μV from the baseline at any EEG channel were
excluded. A minimum of 90 artifact-free predeviant standard and 90 artifact-free deviant EEG
segments was used in each block for averaging ERPs (300 ms ISI condition: average = 122
segments, ranges; 92–150 and 96–150 segments for standards and deviants segments,
respectively; 70 ms ISI condition: average = 127 segments, ranges; 92–160 and 96–162
segments for standards and deviants segments, respectively;).3

2.1.4. Analyses of ERP data—Latencies and amplitudes were calculated from frontal
(F3 and F4), fronto-central (Fc3 and Fc4), central (C3 and C4), temporal (T3 and T4), parietal
(P3 and P4), and occipital (O1 and O2) areas from each of the hemispheres (see Luu & Feree,
2000 for equivalencies between the Geodesic sensor net electrode positions and their 10–10
international equivalents). The latencies reported in this paper are measured from the onset of
the first tone in the pair (i.e. absolute values from point zero). Relative latencies, if reported,
are presented in parentheses and are measured from the onset of the second tone (after 370 ms
in the 300 ms ISI condition and after 140 ms in the 70 ms ISI condition). Amplitudes reported
are deflections from baseline (0 μV) in either the positive or negative direction.

Peak latencies and amplitudes of the first positive and negative components (P150 and N250)
were extracted from waveforms to the predeviant standard and deviant tone pairs in both the
300 and 70 ms ISI blocks. The components were defined according to the averaged peak
latencies of each component (Shafer et al., 2000). The peak latencies were measured in the
range of 100–300 ms for the P150component and 130–300 ms for the N250 component.
Amplitudes were measured as the largest positive or negative peak amplitudes relative to the
corrected baseline. In the 300 ms ISI condition an additional ERP component was extracted.

3A subset of the files were adjusted for temporal offsets, see Jing, Heim, Chojnowskia, Thomas and Benasich (2004) for more detail.
These files were also subjected to split-half within group comparison with unadjusted files. No differences in waveform amplitudes or
latencies were seen in the FH− control group. More variability in amplitude and latency was seen in the FH+ group than in the control
group. However, these differences in latency and amplitude (across groups) were highly correlated with individual behavioral
performance, thus providing additional confirmation that group differences were strongly tied to risk status. Thus, those infants with
faster and more negative N250 waveforms scored higher on standardized measures of both expressive and receptive language irrespective
of group. A summary of these results can be seen in Tables 4 and 5.
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This was the first negative component following the second tone in the pair (N1*)4 and it
peaked at about 480 ms (range 460–580 ms).

Latencies and amplitudes of a mismatch-like response (MMR) were also measured from the
difference wave (deviant–predeviant standard) within the window of 300–540 ms in the 70 ms
ISI condition and 530–770 ms in the 300 ms ISI condition (i.e., 160–400 ms from the onset of
the second tone in the pair in both 70 and 300 ms. conditions). Amplitudes were measured as
the largest positive or negative peaks relative to the corrected baseline within the
aforementioned time windows. The results were visually verified to ensure accuracy.

2.1.5. Standardized language and cognitive measures—The Preschool Language
Scale-3 (PLS-3) (Zimmerman, Steiner, & Pond, 1992) provides age-normed language scores
for children from birth to 7 years of age and was administered in the laboratory to participants
at 24 months. The PLS-3 assesses receptive (Auditory Comprehension) and expressive
(Expressive Communication) language skills and yields standard scores (Mean = 100, S.D. =
15), percentile ranks, and age scores for the subscales as well as a total language score. In these
analyses standard scores for the auditory comprehension and expressive communication
subscales were used.

The Bayley Scales of Infant Development, Mental Development Index (MDI) (Bayley, 1993)
was assessed at 24-months. The MDI consists of a range of items, administered according to
age, assessing various cognitive abilities such as search, social interaction, imitation,
vocalization, and puzzle completion. The scale provides a standardized score with a mean of
100 and a standard deviation of 16 points.

2.1.6. Statistical analyses—As this longitudinal study is still in progress, we present here
the initial EEG/ERP findings for the 6-month FH+ group only as compared to their same age
FH− controls. We also present a subset of the behavioral results from this sample, in order to
examine prospective associations between ERP waveform components and language and
cognitive outcomes at 24 months of age.

Analysis of variance (ANOVA) models were used to assess differences in ERP amplitude and
latency by group (FH+ versus FH−), rate (70 versus 300 ms ISI), stimulus type (standard versus
deviant), hemisphere (left versus right), and brain area (anterior–posterior)5. In all models the
between subjects factor was group and within-subjects factors were amplitude or latency of
the component of interest from the predeviant standard, deviant (P150, N250, and N1*) and
difference waves (MMR). Differences were deemed significant when p < 0.05. In addition,
ANOVA’s (gender by group) were used to assess differences in ERP components at 6 months
and language and cognitive abilities at 24 months, and Pearson’s product moment correlations
were conducted to assess associations between ERP components and 24-month language and
cognitive abilities. Preliminary analyses were conducted to assess the role of socio-economic
status (SES) and gender on infant ERP responses. Results indicated no association between
SES and ERP components, and no differences in the amplitude or latency of ERP waveforms
based on gender.

4The N1* is not equivalent to the adult N100. It is the first identifiable negative peak following the onset of the second tone observed
only in the 300 ms ISI condition.
5Activity in the anterior brain regions was collected from frontal, fronto-central and central electrodes (F3, F4, Fc3, Fc4, C3 and C4)
while parietal and occipital electrodes were taken to represent activity over posterior regions (P3, P4, O1 and O2).
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2.2. Results
2.2.1. Morphology and analyses of the P150, N250, and N1* of the standard and
deviant wave
2.2.1.1. Morphology of the 300 ms ISI ERP waveform: In both the FH+ and FH− groups
the 300 ms ISI stimuli elicited a biphasic responses to the first tone in the tone pair identified
as the P150 and the N250 (see Fig. 3). Infants in both groups showed a clear positive component
followed by a negative component. The positive peak (P150) appeared between 140 and 200
ms and the negative peak (N250) at about 230–280 ms in all electrode sites examined. The onset
of the second tone in the pair elicited a negative response (N1*) in the standard and the deviant
waves in both groups. This component peaked at about 470–490 ms in the deviant (i.e. 100–
120 ms after the onset of the deviant tone) and standard waves in frontal, central and temporal
regions, and at about 520–570 in parietal and occipital regions. In the deviant wave both groups
had a large positivity (approximately 6.1–7.8 μV in both groups) occurring at about 650 ms
(i.e. 280 ms after the onset of the second tone) in frontal, central and temporal channels. This
positivity was inverted in the posterior regions (parietal and occipital electrodes), considerably
smaller in magnitude over parietal regions (approximately −3.0 to −3.8 μV) and occurred at
about 700 ms.

2.2.1.2. Statistical analysis of the 300 ms ISI ERP waveform: Analyses of variance revealed
no group differences on any of the components of interest (P150, N250, N1* and the large
positivity) on either the standard or the deviant wave.

2.2.1.3. Morphology of the 70 ms ISI ERP waveform: Waveforms of the ERP’s to the 70
ms ISI stimuli were significantly different from those to 300 ms ISI. These stimuli elicited a
more merged response. In both FH+ and FH− groups there were clear positive peaks (P150) at
about 155–208 ms6 followed by negative peaks (N250). In the FH+ group the N250 appeared
280–310 ms (i.e., approximately 155 ms after the onset of the second tone) in both the standard
and the deviant waves in all electrode regions examined. However, in the control group the
N250 appeared at approximately 270–290 ms (135 ms after the onset of the second tone) in the
standard wave and at approximately 260–280 ms in the deviant wave. A robust positive peak,
(FH−: 4.2–5.4 μV and FH+: 2.4–3.9 μV) at 411 ms (i.e., 271 ms after the onset of the second
tone), was observed in the deviant wave following the N250 component.

2.2.1.4. Analysis of the 70 ms ISI ERP waveform: A 2 × 2 (group by stimulus type) ANOVA
revealed significant group differences for latency of the ERP response for frontal, fronto-
central and central channels for the N250 (see Table 1). Overall, infants in the control (FH−)
group had significantly faster N250 responses as compared to FH+ infants. In addition, a
significant interaction effect was observed for the frontal and central channels: the N250
response for the deviant wave of FH+ infants was appeared significantly later than the response
for the standard wave for FH+ infants only. A second 2 × 2 (group by hemisphere) ANOVA
revealed significant laterality effect for frontal channels only (see Table 2): right hemispheric
N250 responses for FH+ infants appeared significantly later in time compared to the response
in the left hemispheric. No such laterality effect was observed for FH− infants (Fig. 4).
Latencies and amplitudes for posterior channels were comparable in both groups with the
N250 peaking at about 290–340 ms in standard and deviant waves. ANOVA revealed no group
differences in the latency or the amplitude of any other component.

6The second tone in the pair occurs at 140 ms. The P150-N250 in the 70 ms ISI stimuli block seems to be a response to both the tones
in the pair (processed as a single event). For the sake of consistency and comparability these waveforms will also be referred to as the
P150 and the N250.
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2.2.2. Mismatch response
2.2.2.1. 300 ms ISI: The MMR was obtained from the difference wave (deviant–predeviant
standard). In the 300 ms ISI block the MMR appeared at about 615–700 ms (i.e. 245–330 ms
after the onset of the second tone) in both groups. An ANOVA revealed no group differences
in either the latency or the amplitude of the MMR response.

2.2.2.2. 70 ms ISI: The amplitude of the MMR for the 70 ms ISI block significantly differed
between the FH+ and FH− groups at frontal, fronto-central and central channels (Table 3). In
addition a significant group by hemisphere interaction was found in frontal channels, F(1, 40)
= 6.47, p < .01; FH− infants demonstrated significantly more robust responses compared to
FH+ infants (7 μV versus 3 μV) in the left hemisphere, while responses on the right side were
comparable in both groups (8 μV versus 6 μV) (see Fig. 5). Amplitudes in the more posterior
regions were smaller than those observed in the anterior regions and were comparable in both
groups. There were no group differences in the latency of this component (occurring at about
400–430 ms all channels in both groups).

Topographic maps representing amplitude of the MMR over the surface of the head are shown
in Fig. 6. Peak MMR latency for 300 ms ISI (top) and 70 ms ISI (bottom) are shown for FH+
and FH− infants. Latency was 659 ms for the 300 ms ISI stimulus and 414 for the 70 ms ISI
stimulus. Note that there are no significant differences in the 300 ms ISI, but for the 70 ms ISI
condition, FH+ infants show reduced positivity at frontal, frontocentral and central channels
as well as a significantly smaller MMR (reduced positivity) in the left hemisphere as compared
to the FH− infants. There was no significant group by hemisphere interaction for the right
hemisphere.

2.2.3. Group differences in language and cognitive abilities at 24 months—
Analysis of variance (2 × 2) with gender and group entered as independent variables revealed
significant main effects for group and gender in 24-month language abilities (see Table 4).
While all infants were within the normal range, infants in the FH+ group scored significantly
lower on the expressive language subscale of the PLS-3 compared to infants from the control
group. While FH+ infants had lower scores on the receptive language subscale compared to
FH− infants this difference did not reach significance. Gender differences were also found on
24-month expressive (F(1, 30) = 8.82, p < 0.01) and receptive (F(1, 30) = 6.62, p < 0.01)
language abilities favoring girls. There was no gender by group interactions.

2.2.4. Associations between ERPs and language and cognitive abilities at 24
months—Predictions from 6-month ERPs to performance on language and cognitive
measures, across groups, were assessed using Pearson’s product moment correlations. Results
revealed a series of statistically significant and systematic associations between the brain
responses to the 70 ms ISI stimuli and language abilities at 24 months (see Table 5).
Specifically, the latency and amplitude of the negative component of the deviant wave (the
N250 of the P150–N250 complex) immediately preceding the large positivity was inversely
associated with expressive and receptive language abilities in the frontal and central channels
(latency r = −0.32 to −0.47, p’s < 0.05; amplitude r = −0.36 to −0.47; p < 0.05). This indicates
that infants with faster and more negative N250 waveforms scored higher on standardized
measures of both expressive and receptive language. No significant correlations to 24-month
language were seen for the amplitude differences in the MMR.

3. Discussion and conclusions
In the EEG/ERP study described here, we show that infants with a family history of LLI (FH
+) and a FH− control group with no such risk factors also differ in patterns of brain activation
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to the same non-verbal stimuli used in our behavioral studies. Well-defined differences were
seen between FH+ and FH− groups in the amplitude of the mismatch response (MMR) as well
as the latency of the N250 component in the 70ms ISI condition, but not the 300 ms ISI condition.
Infants from families with a history of LLI showed smaller MMRs and delayed onset of the
N250 component as compared to infants without familial risk. Whether the clear MMRs we
report here for the deviant as compared to the standard tones correspond to the automatic change
detection response, suggested to be reflected in MMN-like responses reported in infants
(Cheour et al., 2000), will be determined through further analyses as we continue to follow this
sample of children. It is not as yet clear what these components represent and how they may
be different or similar to the well-described adult components.

The group differences described in 6-month-olds’ brain activation to non-speech stimuli are
significantly associated with differences in linguistic performance at 24 months-of-age. Both
language comprehension and expression were correlated with the latency of the N250
component. We chose to first examine the 24-month data given the burst in language and
cognitive abilities as well as the large amount of individual variation in language development
at this age (Fenson et al., 1993; Fenson et al., 1994). Thus, we expected to also see associations
between later language and the amplitude differences in the MMR. However, no associations
were found between the group differences seen for 6-month MMR and performance on
standardized tests at 24 months.

At least one previous study, examining infant response to CV syllables, found similar group
differences in MMR between infants at risk for LLI and controls (Friedrich et al., 2004).
However, later language has not yet been examined in that sample. Another study of infants
at familial risk for dyslexia, that also used CV syllables rather than non-speech, found long-
range prediction from infancy (newborms) to 5 years of age (Guttorm et al., 2001, 2003,
2005). Interestingly, the predictive waveforms in this study were not MMR but rather
waveforms in the 540–630 ms range. Thus it is important to note that, despite common usage
of the MMR as an index of infant response, the underlying processes represented by these
components are not clear and there may not be a one-to-one correspondence between the adult
waveforms and those that appear at about the same latency in infants (Leppänen et al.,
2004a). It may be the case that the N250 is the beginning of the discrimination response in
infants (i.e. it is within the right latency range and also seems to have the same polarity as the
adult MMN). However, only replications will clarify these results. We are currently analyzing
the infant information processing variables and additional EEG/ERP results and will soon be
able to report on further findings.

An interesting pattern was also observed in the FH+ group’s standard waveform. In the left
frontal and fronto-central areas, in the 70 ms ISI condition only, the standard wave appears to
fall somewhat above the baseline for the FH+ group (i.e. the overall waveform is more positive;
see Fig. 3). We posit that this may reflect the greater power density in lower versus higher
frequency bands (seen in the raw EEG data collected during quiet play) for the FH+ as
compared to the FH− control group (Benasich, Gou, Choudhury, Friedman, & Harris,
2005;Gou, Choudhury, Friedman, Harris, & Benasich, 2004). Such differences may index
delayed maturational trajectories for a subset of the FH+ group.

Although studies of changes in distribution of power density functions across development are
sparse, to date the results demonstrate that as children mature, activity in the lower frequency
bands decreases and faster waveform activity increases (Clarke, Barr, McCarthy, Selikowitz,
2001; Gasser, Jennen-Steinmetz, Sroka, Verleger, & Mocks, 1988a; Gasser, Verleger, Bacher,
& Sroka, 1988b; John et al., 1980; Katada, Ozaki, Suzuki, & Suhara, 1981; Matousek &
Petersen, 1973; Matsuura et al., 1985; Matthis, Scheffner, Benninger, Lipinski, & Stolzis,
1980). We have found that FH+ infants (including a subset of the infants studied here) and
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matched FH− control children show significant differences in frontal power density in the
broad gamma range during resting EEG with lower power seen in the FH+ group (Benasich
et al., 2005; Gou et al., 2004). These differences are strongly and significantly associated with
concurrent language and cognitive skills at 24 months of age. Alternatively, or perhaps
additively, distribution of power density may vary as a function of the recruitment of differing
brain areas in order to process the more rapidly presented (i.e. more difficult) stimulus
condition. Further studies will help clarify what mechanisms are operating.

The hemispheric pattern of brain response also differed between groups, again only for the
more rapidly presented stimuli (70 ms ISI condition). FH+ infants showed lower peak
amplitudes in fronto-central areas of the left hemisphere as compared to the right, whereas the
FH− controls showed no laterality differences (see left versus right MMR response in Fig. 4.

The differences we report in hemispheric activation, specifically decreased amplitude in left
as compared to right brain areas only in FH+ infants, is intriguing in light of research from
converging literatures and is evocative of findings in an EEG/ERP study by Leppänen and
colleagues (Leppänen et al., 2002b). The authors found that 6-month-old infants at risk for
familial dyslexia, as compared to control infants, had reduced response amplitude at the left
central hemisphere for a change in consonant duration embedded within a pseudo word (/ata/
versus/atta/). Interestingly, although the stimuli they used differed from the non-speech
complex tones used in the present study, some similarities are obvious. Specifically, their
speech stimulus consisted of a silent within-‘pair’ interval between the vowel and the following
stop consonant (95 versus 255 ms). The same research group also found that newborn infants
with a familial history of dyslexia (a subset of these infants were seen in the 6-month ERP
study) differed in the laterality of their response to CV syllables (/da/, /ga/, /ba/) as compared
to matched newborn control infants (Guttorm et al., 2001, 2003). For the group of control
infants, the responses to the three CV syllables differed from each other predominately over
the left hemisphere; however, infants born into families with a history of dyslexia showed a
greater response over the right temporal and parietal areas. One of the interpretations offered
was that very early on, even in the newborn period, a family history of LLI might predispose
one to the recruitment of differing brain regions for analysis of the speech stream.

Using ERPs with older children Neville et al. (1993) also found decreased activation in frontal
and parietal regions while doing a phonological task. Additional insight and potential support
for this hypothesis that differing brain regions may be recruited in children with positive family
histories of language disorder comes from a large body of research into individuals with LLI
using neuroimaging techniques. MRI studies of LLI brains have shown volumetric and
asymmetry differences in older children and adults, including a lack of the normal left greater
than right pattern in the planum temporale (including Broca’s area), and aberrant asymmetry
in the parietal and frontal regions (e.g. Cowell, Jernigan, Denenberg, & Tallal, 1995; Larsen,
Hoien, Lund-berg, & Odegaard, 1990; Leonard, Voeller, Lomabardino, Morris, & Hynd,
1993; Jernigan, Hesselink, Sowell, & Tallal, 1991; for a review, see Leppänen et al., 2004a).
Functional neuroimaging studies including PET and fMRI have also shown decreased
physiological activation in similar regions to both phonological and non-linguistic transient
auditory stimuli (e.g. Hagman et al., 1992; Paulesu et al., 1996; Rumsey et al., 1992, 1997;
Shaywitz et al., 1998; Temple et al., 2000). Identification and exploration of the possible
etiology and developmental trajectory of such atypical brain organization is of much interest
and could be examined within a prospective longitudinal study of infants. As we are following
these samples of children through the age of 5 years, this is another area that would benefit
from further analysis as data are acquired.

Our previous behavioral studies have repeatedly shown that rapid auditory processing skills
can be reliably measured across the first year, well before spoken language is in place (Benasich
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& Leevers, 2002; Benasich & Tallal, 1996; Benasich & Spitz, 1999) and that efficient
processing of brief, rapidly presented, successive auditory stimuli is critically important to
early language acquisition (Benasich, 1999; Benasich & Tallal, 2002; Benasich et al., 2002).

In a recently published study, infant RAP threshold and being male together predicted 39–41%
of the variance in 36-month language outcome (Benasich & Tallal, 2002). Further, discriminant
function analyses revealed that classification accuracy to “language-impaired” versus non-
impaired groups at 36 months was 93.9% for the Stanford-Binet Verbal/Reasoning Vocabulary
Subtest and 90.9% for the Stanford-Binet Verbal/Reasoning Comprehension Subtest.
Differences in individual RAP thresholds in infancy were not only strongly related to later
language development, but were found to be the single best predictor of expressive and
receptive language outcome at all subsequent ages (Benasich & Tallal, 2002). We were
intrigued by the strength of this effect in general, but also by the impact seen within the normally
developing FH− control group.

Post hoc analysis of these 2002 data revealed a robust within group effect even though the
sample sizes were fairly small. Mean RAP threshold at 7.5 months significantly predicted
expressive and receptive language at 24 months of age in both groups. Specifically, within the
FH− control group, RAP thresholds at the mean age of 7.5 months strongly predicted language
comprehension (F(1, 31) = 47.0, p < .0001) and expression (F(1, 31) = 21.8, p < .0001) on the
PLS-3 at 24 months. Even within the small FH+ group, infant RAP thresholds significantly
predicted PLS-3 Language Comprehension (F(1, 10) = 9.8, p = .01) as well as Expression (F
(1,10) = 7.8, p = .02). In the previous analyses reported in 2002, gender was significant across
groups with males doing more poorly. However, no significant within-group contributions for
gender were seen.

These additional data suggest that linguistic outcomes are as strongly related to early RAP in
normally developing control infants as in infants at higher risk for LLI as a function of family
history. Therefore, these findings further demonstrate the close link between RAP and
emerging language and emphasize the importance of examining more general mechanisms that
appear to be important for normal language development.

Research that uses the human infant as a prelinguistic, model holds considerable promise in
resolving conflicting models of normal and atypical language development. It seems quite
likely that early deficits in lower-level processing have their effect quite early on in
development when acoustic and phonological maps are being constructed (Fitch et al., 2001).
Such constraints (i.e. slower more effortful processing and difficulties in acoustic analysis)
may contribute to an inability to extract the key acoustic features of language and to map the
unique phonemic distribution of that language into auditory cortex. If these representations are
poorly formed, expressive and/or receptive language delays may surface in early childhood,
and reading, writing, and spelling deficits may follow given the importance of accurate
phonographic (spoken) to orthographic (visual/written) mapping (Benasich & Read, 1998;
Tallal, Merzenich Miller, & Jenkins, 1998; Tallal, 2004). It is also critical to examine more
closely the contributions of general mechanisms such as attention, perception, and memory to
variation in the establishment of early language.

Overall, our data suggest that ERPs, during infancy may in the not too distant future be a useful
tool for early screening, which might be employed even at the individual level. Prelinguistic
infants at high risk for LLI might be assessed and intervened for deficient RAP skills and
perhaps the cascading effects of poor processing skills could be avoided (Benasich & Leevers,
2002). ERPs, when combined with behavioral measures, may also provide the predictive power
necessary for detailed study of other populations at high risk for LLI (e.g. VLBW preterm
infants). Use of converging electrophysiological and behavioral methodologies should allow
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better characterization of the nature and developmental origin of the deficits that contribute to
a diagnosis of LLI. Finally, the research presented here illustrates the utility of examining early
processing skills using converging methodologies to both validate and extend knowledge about
the early precursors of LLI and provide the opportunity for earlier identification and
intervention.
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Fig. 1.
Photograph of a 6-month-old child seated on his mother’s lap during an ERP testing session
using a dense array Geodesic Sensor Net system (Electric Geodesic, Inc., Eugene, Oregon,
USA).
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Fig. 2.
The acoustic stimuli were presented in a passive oddball paradigm using a blocked design.
Complex tone pairs had either a 300 or 70 ms within-pair interstimulus interval (ISI). Tones
had a fundamental frequency of 100 or 300 Hz with 15 harmonics (6 dB roll-off per octave).
In both blocks the 100–100 Hz (low–low) tone pair comprised 85% of the stimuli and the 100–
300 Hz (low–high) tone pair comprised the remaining 15%. The 70 ms ISI stimuli were
presented first followed by a second block of 300 ms ISI stimuli. The onset-to-onset inter-trial
interval (ITI) was 915 and 1140 ms, and the offset-to-onset ITI was 705 and 700 ms for the 70
and 300 ISI ms conditions, respectively.

Benasich et al. Page 21

Neuropsychologia. Author manuscript; available in PMC 2006 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Grand averaged ERP waveforms for FH− and FH+ infants to 300 ms ISI (top) and 70 ms ISI
(bottom) conditions. Standard (blue line) deviant (red) and difference (green) waveforms are
presented for Fcz (electrode 4). The onsets of the tones are shown by the black vertical lines
on the baseline (tones 1–2 represent a single tone pair). Negativities are plotted up, positivities
down. The P150–N250 components are visible in the standard and deviant waveforms in both
300 and 70 ms ISI conditions for both groups. The absence of the N1* waveform in the 70 ms
ISI condition from the standard and the deviant waves suggests a merged response for these
more rapidly presented stimuli.
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Fig. 4.
Bar graphs representing the averaged latency of the N250 ERP waveforms for the left (blue)
and right (red) hemispheres for FH+ and FH− infants to the 70 ms ISI stimuli are presented
here. A significant latency by group effect was observed. Overall FH+ infants had longer
N250 latencies and in this group the latency for the right hemisphere was significantly longer
than that of the left side. No such laterality difference was observed in the FH− group.
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Fig. 5.
Grand averaged ERP waveforms for FH+ (top) and FH− (bottom) infants to the 70 ms ISI
stimuli are presented here. The standard (blue line), deviant (red) and difference (green)
waveforms for F3 (electrode13; left) and F4 (electrode 62; right) frontal channels are shown.
The onsets of the stimuli are shown by the black vertical lines on the baseline (tone 1-tone 2
represent a single tone pair separated by 70 ms ISI). Negativities are plotted up, positivities
down. A significant amplitude difference in the MMR was observed both between and within
groups: FH+ infants had a smaller MMR overall as compared to FH−infants, and in the frontal
areas only a significant laterality effect for FH+ infants was evident (left < right). No such
laterality difference was observed in the FH− group.
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Fig. 6.
Topographic maps representing amplitude of the mismatch response (MMR) over the entire
surface of the head for 300 ms ISI (top) and 70 ms ISI (bottom) are shown at peak MMR latency
(659 and 414 ms, respectively) for FH+ and FH− infants. Anterior to posterior represented top
to bottom (nose at top). There are no significant group differences in the 300 ms ISI, but for
the 70 ms ISI condition the FH+ infants show reduced positivity (MMR) at frontal,
frontocentral and central channels as compared to the FH− infants. Additionally, FH+ infants
demonstrated a significantly smaller MMR (reduced positivity) in the left hemisphere as
compared to FH− infants. There was no significant group by hemisphere interaction for the
right hemisphere.
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Table 4
Means (S.D. error) for 24-month-old language and cognitive scores for FH+ (n = 11) and FH− infants (n = 23)

FH+ FH− F p

Language abilities
 Expression 96 (13) 112 (13) 8.41 0.01
 Comprehension 101(12) 110 (17) 2.56 0.12
Cognitive abilities
 Bayley, MDI 103 (10) 98 (12) 1.14 0.24
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