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Abstract

Objective—Event-related brain potentials (ERP) may provide tools for examining normal and
abnormal language development. To clarify functional significance of auditory ERPs, we examined
ERP indices of spectral differences in speech and non-speech sounds.

Methods—Three Spectral Items (BA, DA, GA) were presented as three Stimulus Types: syllables,
non-phonetics, and consonant-vowel transitions. Fourteen 7-10-year-old children and 14 adults were
presented with equiprobable Spectral Item sequences blocked by Stimulus Type.

Results—Spectral Item effect appeared as P1, P2, N2, and N4 amplitude variations. The P2 was
sensitive to all Stimulus Types in both groups. In adults, the P1 was also sensitive to transitions while
the N4 was sensitive to syllables. In children, only the 50-ms CVT stimuli elicited N2 and N4 spectral
effects. Non-phonetic stimuli elicited larger N1-P2 amplitudes while speech stimuli elicited larger
N2- N4 amplitudes.

Conclusions—Auditory feature processing is reflected by P1-P2 and N2-N4 peaks and matures
earlier than supra-sensory integrative mechanisms, reflected by N1-P2 peaks. Auditory P2 appears
to pertain to both processing types.

Significance—These results delineate an orderly processing organization whereby direct feature
mapping occurs earlier in processing and, in part, serves sound detection whereas relational mapping
occurs later in processing and serves sound identification.
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Introduction

Neural mechanisms underlying language comprehension are not fully understood. While the
“innateness” account postulates that humans are born with pre-wired neural network devoted
to language processing (Pinker, 1994), the “emergenist” account (Bates, in press) suggests that,
while inborn morpho-functional biases exist, language ability is built on the basis of non-
linguistic skills such as sensory, motor, attention, and gestures (MacWhinney, 1999; Dick et
al., 2004). Therefore, emergence and development of language should be examined in the
context of maturation of its non-linguistic precursors. In this paper, we examine language-
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relevant aspects of auditory processing, namely processing of spectral auditory features in
speech and non-speech sounds.

Event-related potentials (ERPs) offer an excellent non-invasive tool to study functional brain
systems and their development. However, for this tool to be instrumental, functional roles of
the registered ERP features must be understood. Auditory cortical ERPs consist of P1, N1, P2,
N2, and N4 peaks. The generators of the P1 and N1 waves are tonotopically and ampliotopically
organized (Pantev et al., 1989; Pantev et al., 1995), (but see Liitkenhoner et al., 2003), and it
has been shown that the N1 parameters vary with tone frequency (Naatanen et al., 1988;
Wunderlich and Cone-Wesson, 2001; Wunderlich et al., 2006). However, in adults the P1 and
N1 waves do not show systematic amplitude or latency changes as a function of perceived
sound features, such as loudness or pitch (Parasuraman et al., 1982; Woods et al., 1984;
Néaatanen and Picton, 1987). Instead, perception of subtle differences between sounds is
indexed by the mismatch negativity potential (MMN, 140 — 250 ms, N&atanen and Winkler,
1999; Picton et al., 2000) that has been shown to co-vary with the timing and accuracy of
behavioral discrimination of fine acoustic and phonetic contrasts (Lang et al., 1990; Tiitinen
et al., 1994; Winkler et al., 1999). However, stimulus feature — ERP response relationships
have not been systematically investigated for any of the adult ERP peaks except for the N1.
Given that peaks other than N1 predominate ERPs during the age when language is acquired,
examining their roles in auditory processing appears to be warranted.

The most salient features of children’s auditory ERPs are two large deflections, the P1/P2 and
N2/N4 peaks (Bruneau and Gomot, 1998; Eeponiené et al., 1998; Ponton et al., 2002;
Eeponiené etal., 2002). In rudimentary form, this complex is present at birth and is fully formed
by 6-9 months of age (Kurtzberg et al., 1986; Kushnerenko et al., 2002). This age is remarkable
for rapid acquisition of receptive language. After that, it takes a long period of time, from
approximately 7 to 1618 years of age, for the children’s auditory ERP waveform to transition
into an adult-like P1-N1-P2-N2-N4 sequence (Ponton et al., 2000). This suggests that the ERP
signatures observed during early childhood (P1-N2-N4), and not necessarily those emerging
by adolescence (e.g., N1-P2), reflect the neural processes critical for the development of basic
auditory skills, sound recognition, and receptive language. Therefore, it is important to
understand the functional roles of the children’s ERP peaks and to map them onto adult
correlates. In particular, this is necessary for elucidating mechanisms of neuro-developmental
disorders characterized by language and attention impairments.

In an earlier study (Eeponiené et al., 2001), we found that the amplitude of the auditory P1
peak increased linearly with increasing sound complexity (simple tones, complex tones,
acoustically matched vowels). The N2, however, increased in amplitude in response to complex
tones as compared with simple tones, but did not further increase in amplitude in response to
even more complex vowel stimuli. In contrast, the amplitude of the N4 peak was comparable
in simple vs. complex tone trials but increased in vowel trials. That is, the non-linear acoustic
complexity - neural activation pattern emerged by the time of N2 peak and changed in nature
by the time of the N4 peak. These data showed that children’s ERPs reflect sound complexity
and “speechness” and that successive peaks may reflect orderly organized stages of sound
content processing. It appears that early on, acoustic feature mapping is either linear (distinct
neural populations responding to simple vs. complex stimuli) or additive (acoustically more
complex stimuli excite more neurons) but later on, integrative processing takes over and higher-
order sound features, such as those based on relational aspects, determine the
electrophysiological brain’s response. Our subsequent study (Eeponiené et al., 2005) extended
these findings to consonant-vowel syllable stimuli and included an adult subject group. In this
study, the speech and non-phonetic stimuli were maximally matched on acoustic complexity
with the goal of identifying ERP indices specific to speech sound processing. The findings of
this study corroborated those of Eeponiené et al. (2001) by showing that while the N1 (adults)
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and P2 (children and adults) peaks were enhanced by the non-phonetic stimuli, the N2 and N4
peaks were enhanced by the syllables. Overall, these findings are in line with the electric and
magnetic data from adults showing that the largest activation differences between speech and
non-speech stimuli occur in a time range following the N1 peak (Eulitz et al., 1995; Diesch et
al., 1996; Szymanski et al., 1999, 1999).

Therefore, the N2/N4 peaks may reflect either a comprehensive, fine-grained acoustic analysis
or a higher-order encoding of sound content features. Either of these are likely to be
instrumental for auditory perception and therefore for successful maturation of basic auditory
skills and for receptive language. Indeed, neonatal and infantile speech-sound ERP components
in the P1, N2, and N4 latency ranges were found to predict language and reading abilities at
3, 5, and 8 years of age (Molfese, 1989) and diminished N2 and N4 peaks have been found in
children with developmental dysphasia (Korpilahti and Lang, 1994; Korpilahti, 1995), reading
impairment (Neville et al., 1993), and language impairment (Eeponiené et al., 2006).

Stimulus-response relationships of the adult N1/P2 peaks appear to tell quite a different story.
The N1 is mostly sensitive to sound audibility and salience and parallels behavioral sound
detection thresholds (Martin et al., 1997). Based on its known functional significance in adults
as well as late emergence and specific elicitation conditions in children (long inter-stimulus
intervals, 1SI), we have suggested (Eeponiené et al., 2002; Eeponiené et al., 2005) that, at least
partially, the N1 emerges as a complementing and balancing mechanism to the development
of focused and sustained attention (Gomes et al., 2000; Coch et al., 2005b; Wible et al.,
2005). That is, the auditory N1 may reflect a “gate-keeping” mechanism for sensory
information, which depends on the load and direction of the ongoing mental activity. In contrast
to the N1, the auditory N2 does not appear to vary with stimulus audibility or salience. For
example, the N2 does not increase in amplitude with long 1SIs (Eeponiené et al., 1998) or
diminish in amplitude with sound repetition, as the N1 does. Instead, in both children and
adults, the N2 increased in amplitude with consecutive stimuli (Karhu etal., 1997). This finding
was interpreted to reflect a build up of short-term representation for the repeated sound
stimulus.

Another robust maturational change in the ERP waveform is segregation of the P1 and P2 peaks
upon the emergence of the N1. Views on the development of the P2 peak are inconsistent.
Some researchers posit that auditory P2 emerges early in infancy (Barnetetal., 1975; Kurtzberg
et al., 1984; Novak et al., 1989), while others state that it does not appear until 5-6 years of
age (Ponton et al., 2000). This is difficult to resolve since only one positivity, traditionally
identified as the P1, is present in infants and young children (Ponton et al., 2000; Kushnerenko
etal., 2002; Eeponiené et al., 2002). However, a recent study that used very long inter-stimulus
intervals (3-6 sec) was able to demonstrate both the N1 and P2 peaks in infants (Wunderlich
et al., 2006). Consistent with this, using an Independent Component Analysis (Makeig et al.,
1997), we were able to demonstrate that P2-like activity is present in a later portion of the 7—
10-year-old children’s P1 peak (Eeponiené et al., 2005). In that study, the P1- and P2-like
activities were distinguished by differences in scalp distribution and responsivity to stimulus
salience. Therefore, it appears that children’s P1 represents a correlate of adult P1 and P2 peaks
(hence referred to as P1/P2). The children’s auditory P2 activity responded to the more salient
non-phonetic stimuli ina manner similar to that of the adult N1 and P2. Therefore, we suggested
that the auditory P2 might reflect a sensory-attentional interface that comes online years before
the more effective, “shortcut” N1 mechanism becomes functional. Specifically, the P2 is
sensitive to stimulus salience — increases in amplitude with longer ISIs (Williams et al.,
2006), shows robust refractoriness effects in children and adults (Coch et al., 2005a), and
enhances in amplitude during selective attention tasks (Coch et al., 2005b). On the other hand,
to a certain degree the P2 also reflects content feature perception (Crowley and Colrain,
2004) - it was enhanced during a discrimination, as compared with detection, task (Novak et
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al., 1992) and was was larger in amplitude in response to 400-Hz tones than to 3000-Hz tones
in neonates, toddlers, children, and adults (Wunderlich et al., 2006). Finally, the P2 was about
3-fold enhanced after perceptual training of initially not discriminable syllables (Tremblay et
al., 2001; Tremblay and Kraus, 2002).

The present study is a part of an ongoing inquiry into the functional roles of children’s auditory
sensory ERPs and mapping them onto adult correlates. Specifically, we aimed to determine
which ERP regions, if any, are sensitive to spectral! auditory contrasts in speech stimuli and
acoustically matched non-phonetic stimuli. Based on the earlier data, we hypothesized that the
N4 region of child and adult’s ERPs, earlier identified as enhanced specifically in response to
speech stimuli, would also be sensitive to spectral differences between speech sounds.
Similarly, we hypothesized that the P1/N2 region of child and adult’s ERPs, earlier identified
as distinguishing between different levels of complexity in non-phonetic stimuli, would also
be sensitive to spectral differences in non-phonetic stimuli. No strong predictions could be
made for the P2 peak. Overall, we expected to find comparable ERP indices of spectral
processing in children and adults, consistent with the notion that processing of sound content
acoustics is well mature by mid-childhood.

Seventeen normally developing children were recruited to the study via advertisements in
parent magazines and contacts with elementary and middle schools. Participants were screened
for developmental or acquired neurological disorders, learning and language disabilities,
hearing, vision, emotional, or behavioral problems. Three subjects were excluded from this
report due to excessive noise in their ERP data. The mean age of the remaining 14 children
was 8 yr 3 mo (range 7 yr 0 mo — 10 yr 2 mo, 4 males). Adult group consisted of 14 college
students (mean age 19 yr 9 mo, range 18 yr 2-22 yr 8 mo, 6 males) who participated for a
course credit.

Fourteen adult subjects (10 same as in the ERP experiment, the other 4 matched by age and
gender) and 14 children (12 same as in the ERP experiment, the other 2 matched by age and
gender) performed a behavioral Syllable Discrimination task. All participants were right-
handed native speakers of American English. All of them signed informed consent in
accordance with the UCSD Institutional Review Board procedures.

Stimuli were created using Semi-synthetic Speech Generation method (SSG, Alku et al.,
1999). The SSG allows quantitatively modifying natural speech stimuli according to the
particular goal of a study. The SSG method first extracts, from a natural utterance, a glottal
excitation waveform generated by the fluctuating vocal folds, which is then used to excite an
artificial vocal tract model, specific to the phoneme to be created. Using natural glottal
excitation renders a realistic prosody and jitter in the periodic structure of the synthesized
waveform?.

For this study, three consonant-vowel syllables, /ba/, /da/, and /ga/, spoken by a female speaker
of American English, were recorded, digitized, and served as a raw material for computing the
stimulus synthesis parameters with the SSG. Computed were the glottal excitation waveform,
the formant frequencies for the three voiced plosive consonants (/b/, /d/, /g/), as well as formant

LSimilar to visual spectrum of colors, auditory spectrum refers to acoustic sound frequencies and their combinations, such as formants

in speech sounds.

For a more detailed description of stimulus generation, see Ceponiene et al., 2005.
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frequencies for the vowel /a/. The consonant burst section of the syllables was copied from the
corresponding original recordings. A 30-ms pre-consonant voice bar (segment a in Fig. 1),
present in the natural /ba/ syllables, was also added to the /da/ and /ga/ stimuli to make the
gross structure of all stimuli identical. Using these parameters, the semi-synthetic syllables
were computed by means of an adaptive digital vocal tract filter, formant frequencies of which
changed linearly from those estimated from the consonant bursts to the settings estimated from
the vowel. The duration of the consonant burst was 10 ms. Three exemplars of each syllable
were created that differed in the duration of the consonant-to-vowel transition (CVT, from the
end of the consonant burst to the beginning of the steady-state vowel; bottom panel in Figure
1). The three CVTs were 20, 50, and 80 ms in duration. These CVT segments were followed
by an identical steady-state vowel /a/ lasting for another 60 ms. Therefore, the total durations
of the syllable and non-phonetic correlate stimuli were 120, 150, or 180 ms, with the pre-
voicing of 30 ms, consonant burst of 10 ms, CVTs spanning 20-, 50-, or 80-ms, respectively,
and the steady-state vowel lasting 60 ms. The formants of the steady-state vowel segment were:
F1-1075, F2 - 1445, F3 - 2930, F4-4910 Hz. The starting formant frequencies for the
consonant-vowel transitions were: /ba/, F1 - 605, F2 -1150, F3 - 2700, and F4 - 3960 Hz; /da/,
F1- 540, F2 - 1895, F3 - 3210, and F4 - 4005 Hz; /ga/: F1 - 410, F2 - 1785, F3 - 2650, and F4
- 3790 Hz. Since the same glottal excitation was used in the synthesis of all syllables,
acoustically these stimuli differed only in terms of the plosives and formant transitions, whereas
the rest of the sound features (fundamental frequency, intonation, phonation type, intensity,
duration) were held equal.

The non-phonetic correlates of the nine syllables were created as a composition of five
sinusoidal tones. The frequencies and intensity levels of the tones were selected on the basis
of the formant frequencies of the syllables, as computed by the SSG: the lowest tone of each
non-phonetic stimulus was selected to match the fundamental frequency of the underlying
syllable, while the rest of the four sinusoidals matched the harmonic component in the vicinity
of the four lowest formants in the spectrum of the corresponding syllable. The burst sections
were synthesized to match the spectra of the corresponding burst sections in the syllables.
Finally, the shapes of the burst-to-steady state formant transitions, the durations, and intensities
of the non-phonetic stimuli were equalized to those of the corresponding speech stimuli.

Nine spectrally different stimuli were used in the present study: three syllables (/ba/, /da/, and /
ga/), their three non-phonetic correlates, and three isolated consonant-vowel transitions. Each
of the 9 stimuli had three consonant-vowel transition durations (20-, 50-, 80-ms), which
resulted in a total of 27 stimulus items. The stimuli were perceptually validated by 17 adult
subjects who performed a sound identification task (Eeponiené et al., 2005)

Stimulus presentation

The stimuli were presented in blocks of 325 (children) or 450 (adults) sounds. In the same
block, sounds of the same Stimulus Type (syllables, non-phonetics, or isolated CVTs) and
CVT duration were presented. E.g., one block contained the 3 syllables (/ba/, /da/, /ga/), all
with 50-ms CVT duration, etc. Therefore, were 9 different stimulus blocks (3 stimulus types
x 3 CVT durations). Within any given block, the 3 stimuli were presented with equal
probabilities. The intensities of the different-duration stimuli were equalized to be 62 dB SPL
at the subject’s head. The onset-to-onset inter-stimulus interval varied randomly between 700
and 900 ms. Sounds were delivered by stimulus presentation software (Presentation® software,
Version 0.70, www.neurobs.com) and played via 2 loudspeakers, situated 120 cm in front and
40 degrees to the sides of a subject. During the experiment, subjects watched a self-selected
soundless video on a computer monitor.
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Behavioral Syllable discrimination task

To provide a perceptual index of syllable discrimination as a function of CVT duration in a
syllable, 14 adults and 14 children performed a Syllable Discrimination Task. During this task,
the subjects listened to a total of 180 syllable pairs (Same or Different, 50% each) presented
at 1-sec inter-stimulus intervals. They pressed a “happy-face” button or a “sad-face” button to
indicate whether the sounds were same or different, respectively. The response was considered
valid if it occurred within 150 ms — 3 sec after onset of the second stimulus of a pair. Syllables
with 20-ms and 80-ms consonant-to-vowel transitions were presented to allow assessing
perceptually more difficult and less difficult conditions, respectively. In order to control for
potential differences in response bias, we analyzed a measure of discrimination sensitivity, d
prime (d’) computed from z transforms of hitand false alarm rates. In this calculation, omissions
were excluded from the total number of trials.

EEG recording and averaging

Continuous EEG was recorded using a 32-electrode cap (Electrocap, Inc.) with the following
electrodes attached to the scalp according to the 10-20 system: FP1, FP2, F7, F8, FC6, FC5,
F3, Fz, F4, TC3, TC4 (30% distance from T3 to C3 and T4 to C4, respectively), FC1, FC2,
C3,Cz,C4, PT3, PT4 (halfway between P3 — T3 and P4 —T4, respectively), T5, T6, CP1, CP2,
P3, Pz, P4, PO3, PO4, 01, O2, and right mastoid. Eye movements were monitored with two
electrodes, one attached below the left eye and another at the outer corner of the right eye.
During data acquisition, all channels were referenced to the left mastoid; offline, data was re-
referenced to the average of the left- and right-mastoid recordings.

The EEG (0.01 — 100 Hz) was amplified 20,000 x and digitized at 250 Hz for the off-line
analyses. An independent-component analysis (ICA, Jung et al., 2000) was used to correct for
eye blinks and lateral movements. After this, each data set has been visually examined and the
artifact rejection values were adjusted individually for each subject to maximize rejection of
all visible artifact. Epochs containing 100 ms pre-stimulus and 800 ms post-stimulus time were
baseline-corrected with respect to the pre-stimulus interval and averaged by stimulus type.
Frequencies higher than 60 Hz were filtered out by convolving the data with the Gaussian
function. For a subject to be included in final analysis, they had to have at least 60 accepted
epochs per smallest bin (e.g., bin of syllable /ba/ with 20-ms CVT), although most had 75 to
85. On average, children’s individual data contained 233, 233, and 231 accepted trials per
syllable bins /ba/, /da/, and /ga/, respectively; 220, 213, and 215 accepted trials per each
corresponding non-phonetic bin, and 218, 220, and 218 trials per each corresponding transition
bin. The respective sums in adult data were 397, 396, 401 (syllables), 389, 390, 387 (non-
phonetics), and 401, 398, 399 (transition) accepted trials.

Data measurement and analysis

Peak search windows were determined by visual inspection of syllable, non-phonetic, and CVT
grand-average waveforms of each age group (Figures 2 and 4; Table 1). Peak latencies,
measured from these windows, were used to center a 24-ms interval over which the mean
amplitudes were calculated.

The initial statistical analysis was a four-way ANOVA run on mean amplitudes and peak
latencies with factors of Stimulus Type (Syllables, Non-phonetics, Transitions), CVT duration
(20, 50, or 80 ms), Spectral Item (BA, DA, GA), and Electrode (n=21 in adults, n=23 in
children). In adults, the 21 electrodes were F3, Fz, F4, FC1, FC2, TC3, TC4, FC5, FC6, C3,
Cz, C4,CP1, CP2, PT3, P3, Pz, P4, PT4, PO3, and PO3. In children, the F7 and F8 electrodes
were used in addition according to the extent of the effects seen in their grand average
waveforms. To specifically examine Spectral Item effects, the main focus of this paper, separate
three-way ANOVASs were run on Syllable, Non-phonetic, and Transition stimuli. The factors
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were Spectral Item, CVT duration, and Electrode. The sources of significant interactions were
clarified using post hoc Pairwise Comparisons. All scalp distribution analyses were done using
amplitudes normalized using z-score technique (McCarthy and Wood, 1985). The data were
normalized at the level of the analyses of interest (e.g., by Stimulus Type if this variable
interacted with the Electrode factor). Because large amplitude differences, and different
waveforms, were observed in the two age groups, no direct between-group comparisons were
performed. Within each group, separate analyses were performed to assess the laterality
differences (Hemisphere effect), by contrasting the amplitudes measured over 8 x 2 lateral
scalp sites (F7, F3, FC5, FC1, TC5, C3, TP5, CP1 vs. F8, F4, FC6, FC2, TC6, C4, TP6, CP2).
Huynh-Feldt correction was applied whenever appropriate.

Behavioral Syllable Discrimination Task

Overall, adults were more accurate (F(1,26)=26.36, p<.0001; d’ adults - 4.59, children - 3.48,
p <.0001) and faster (F(1,26)=35.71, p<.0001) than children (Table 2).

The CVT duration or pairing (Same-Same vs. Same-Different) did not affect discrimination
accuracy in either age group. However, reaction times were shorter for Same than Different
stimulus pairs (F(1,26)=28.72, p<.0001), and this difference was greater in children than adults
(Group x Same-Different interaction F(1,26)=9.63, p<.005, 12 =.27; 1192 vs. 1392 ms and 826
vs. 880 ms, respectively).

ERP results - Adults

Main Stimulus Type and CVT duration effects—Stimulus Type effects replicated our
earlier findings (Eeponiené et al., 2005) showing that the non-phonetic stimuli elicit larger N1
and P2 peaks, whereas syllables elicit larger N2 and N4 peak. These effects, which are
summarized in Tables 3,5 and Figs. 2, 3, and 4 have been interpreted to reflect distinct functions
of the N1-P2 peaks (sensory detection, arousal, sensory-attention interface) vs. those of the
N2-N4 peaks (integrative processing of sound content).

A new Stimulus Type-related finding was the nearly opposite scalp distributions of the N1 and
N4 peaks across the three Stimulus Types (normalized amplitudes: Stimulus Type x Electrode
interaction, N1: F(40,520)=8.14, p<.0001, 1 2 =.39; N4: F(40,520)=5.09, p<.0001, 1 2 =.28).
During the N1 range, response to the syllables was predominantly parietal, that to non-phonetic
stimuli — central, and the transition N1 was distributed relatively evenly over the anterior-
posterior scalp (Figs. 2 and 3). During the N4 range, response to the syllables was oriented
most anteriorly, that to transitions - most posteriorly, and that to the non-phonetic N4 displayed
an intermediate pattern (Fig. 4).

Table 3 summarizes also the main CVT duration effects, which are also reflected in Fig. 5.
These effects are consistent with earlier findings (Kushnerenko et al., 2001) demonstrating
larger negativity in response to longer sounds, a finding that was explained by elicitation of a
sustained potential and/or by elicitation of duration-specific neural response.

Spectral Item effects, the main focus of the present study, are reported separately for each of
the three Stimulus Types (Fig. 5). A summary is given in Table 4. Of all the peaks, the auditory
P2 showed the most consistent Spectral Item effects across the three Stimulus Types. Isolated
transitions, acoustically simplest stimuli, elicited Spectral Item effects additionally in the
earlier P1 and N1 peaks, whereas syllables, the most complex, verbal stimuli, elicited Spectral
Item effects additionally in the N4 peak.
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P1: Neither the syllable nor the non-phonetic P1 showed significant Spectral Item effects
(Tables 4 and 5, Fig. 5, upper panel).

The consonant-vowel transitions were the only stimulus type showing a significant Spectral
Item effect for the P1 peak (F(2,26)=10.51, p<.0001, 2 =.45; Fig. 5, Tables 4 and 5). This
effect originated from the tr-/da/ P1 being smaller in amplitude than either the tr-/ba/ P1 (p<.
006) or tr-/ga/ P1 (p<.001; Fig. 5, lower panel).

Consistent with this finding, the peak latency of the auditory P1 was shorter for the da/ as
compared with the /ba/ (p<.03) or /ga/ (p<.004) for transition stimuli and also for syllables
(Spectral Item effect: F(2,26)=3.39, p<.05, n 2 =.21 and F(2,26)=4.36, p<.04, n 2 =.25,
respectively).

NZ1: Syllable N1 did not show any Spectral Item related effects (Tables 4 and 5). The only
significant effect for the non-phonetic N1 was Spectral Item x Electrode interaction (F(40,520)
=3.70, p<.0001, 11 2 =.22): the np-/da/ and np-/ga/ elicited larger N1 amplitudes over the FC1,
FC2, and Cz electrodes than the np-/ba/ (Fig. 6).

Similar to the P1 peak, transitions were the only stimulus type producing a significant Spectral
Item effect for the N1 amplitudes (F(2,26)=4.40, p<.02, ) 2 =.25). The tr-/da/ N1 was larger
in amplitude than either the tr-/ba/ N1 (p<.09) or tr-/ga/ N1 (p<.02; Table 5). However, this
mostly originated from the 80-ms stimuli, as corroborated by a significant Spectral Item x CVT
interaction (F(4,52)=3.17, p<.02, n 2 =.20; Fig. 5, bottom panel).

P2: The overall Spectral Item effect was highly significant for this peak: F(2,26)=18.45, p<.
0001, n 2=.59. It originated from the stimuli with spectral /ba/ characteristics eliciting smaller
P2 amplitudes than stimuli with either the /da/ (p<.0001) or /ga/ (p<.0001) characteristics
(Tables 4 & 5, Fig. 5).

The syllable P2 was smaller in amplitude in response to the /ba/ than to either the /da/ (p<.
0001) or /ga/ stimuli (p<.03; Spectral Item effect F(2,26)=3.98, p<.05, n 2 =.23). However,
there was no difference between the /da/-P2 and /ga/-P2.

The Spectral Item effect of the non-phonetic P2 (F(2,26)=3.98, p<.05, 2 =.23) was such that
np-/ba/ elicited smaller P2 amplitude than either the np-/da/ (p<.05) or np-/ga/ (p<.005), and

also the np-/da/ stimuli elicited smaller P2 than the np-/ga/ stimuli (p<.07; Tables 4 & 5; Fig.
5, middle panel).

Similar to the syllable P2, the transition P2 was smaller in amplitude in response to the tr-/ba/
than either to the tr-/da/ or tr-/ga/ stimuli (p<.001 and.03, respectively), but there was no
difference between tr-/da/ P2 and tr-/ga/ P2 (Spectral Item effect (F(2,26)=7.82, p<.003, 12 =.
38, Tables 4 & 5).

N2: The N2 elicited by each of the three Stimulus Types was larger in amplitude over the right
than left hemisphere (syllables: F(1,13)=10.42, p<.007, n 2 =.45; non-phonetics: F(1,13)=3.76,
p<.07, n 2 =.22; transitions: F(1,13)=11.91, p<.004, n 2 =.48).

The syllable N2 amplitude showed no Spectral Item-related effects (Table 4). However, the
peak latency of /ba/-N2 (328 ms) was longer than that of the /da/-N2 (319 ms, p<.05) or /ga/-
N2 (322 ms, p<.09; F(2,26)=3.10, p<.05, 1 2 =.20).

The non-phonetic N2 showed a significant Spectral Item x Electrode interaction (F(40,520)
=3.12, p<.001, n 2 =.19): stimuli with /ga/ spectrum elicited larger N2 amplitudes than the other
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two spectra specifically over the Fz, FC1, FC2, and Cz electrodes (Fig. 5, middle panel, Fig.
7).

The transition N2 showed a trend (F(2,26)=2.18, p<.1, n 2 =.14) for the Spectral Item effect,
with the tr-/ga/ N2 amplitudes being smaller than either the tr-/ba/ or tr-/da/ N2 amplitudes
(Tables 4 & 5).

N4: The N4 elicited by each of the three Stimulus Types was larger in amplitude over the right
than left hemisphere (syllables: F(1,13)=21.96, p<.001, n 2 =.63; non-phonetics: F(1,13)
=16.52, p<.001, n 2 =.56; transitions: F(1,13)=26.64, p<.0001, 2 =.67).

The syllable N4 showed a trend for Spectral Item x CVT interaction (F(4,52)=1.69, p<.1, n2
=.13,) and Spectral Item x Electrode interaction (F(40,520)=1.90, p<.06, 1 2 =.13). The Spectral
Item x CVT interaction indicated that there might be Spectral Item N4 differences with the 50-
ms CVT syllables but not with the 20- or 80-ms CVT syllables (Fig. 5, top panel). Therefore,
the 20- 50-, and 80-ms CVT syllables were analyzed in separate ANOVAs to elucidate stimulus
effects within each CVT category. There were no significant stimulus effects with either the
20- or 80-ms CVT syllables, but 50-ms syllables produced a significant N4 amplitude
difference (F(2,26)=4.12, p<.03, 12 =.24) that originated from the syllable /da/ eliciting smaller
N4 amplitude than either the /ba/ (p<.006) or /ga/ (p<.05) syllables (Tables 4 & 5, Fig. 5, top
panel).

The Spectral Item x Electrode interaction was caused by subtle differences in scalp distribution
among the three syllables. As can be seen in Fig. 8, the /ba/-N4 was distributed somewhat
anteriorly than either the /da/-N4 or /ga/-N4, and also showed a different topography over the
left, but not right, centro-parietal regions (shaded area in Fig. 8).

The non-phonetic N4 showed a significant Spectral Item x Electrode interaction (F(40,520)
=2.82, p<.003, n 2 =.18). Almost opposite to the scalp distributions of syllable N4, the most
anterior distribution for the non-phonetic stimuli was of the np-/ga/ N4, while the np-/ba/ N4
was the most posterior (Fig. 9). However, the differential distribution over the left lateral
temporal area was similar to that of the syllable N4 (shaded area in the Fig. 9).

The transition N4 showed a trend for the Spectral Item effect (F(2,26)=2.69, p<.09, 2 =.18)
such that tr-/ba/ elicited larger N4 than the tr-/ga/ (Fig. 5, bottom panel).

ERP results — Children

Main Stimulus Type and CVT duration effects—No discernible N1 peak was elicited
in the present study in children. Assessed were the P1 peak and the N2/N4 complex (Fig. 10).
As in adults, Stimulus Type effects replicated our earlier findings (Eeponien et al., 2005)
demonstrating that non-phonetic stimuli elicit larger P1 peak whereas syllables elicit larger
N2/N4 complex (Tables 3 & 6, Fig. 10). The P1 effect was explained by the contribution of
P2-like activity indexing sensory detection and arousal, while the N2/N4 effect was explained
by the ontogenetically early integrative processing of sound content. A new finding was a
highly significant Stimulus Type x Electrode interaction (Fig. 12; F(44,528)=4.44, p<.0001,
n 2 =.27) showing that, as in adults, in children syllable N4 was distributed most anteriorly,
the transition-N4 was relatively posterior, and the non-phonetic N4 had an intermediate
anterior-posterior gradient

Table 3 summarizes the main CVT duration effects, which are also reflected in Fig. 11. These
CVT duration effects are consistent with earlier findings (Kushnerenko et al., 2001)
demonstrating larger negativity in response to longer sounds.
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Children’s Syllable P1 was smaller in amplitude in response to the /da/ than /ga/ stimuli (F
(2,26)=4.05, p<.04, n 2 =.24; post hoc: p<.01; Fig. 12, Tables 4 & 6).

For the non-phonetic P1, the relationship was inversed (F(2,26)=7.98, p<.006, n 2 =.38): the
np-/ga/ P1 was smaller in amplitude than either the np-/ba/ (p<.009) or np-/da/ P1 (p<.08; Fig.
12). The non-phonetic P1 also showed a Spectral Item x Electrode interaction (F(44,572)=2.43,
p<.02,m2=.16) due to the np-/ga/ P1 being more weakly expressed over the mid-parietal region
than the other two P1 peaks.

The transition P1 also showed a significant Spectral Item effect (F(2,26)=3.77, p<.04, n 2 =.
23). For these stimuli, the tr-/ba/ elicited smaller response than either the tr-/da/ (p<.09) or tr-/
ga/ (p<.05) (Fig. 12, bottom panel).

N2: The Spectral Item x CVT interaction (F(4,48)=3.14, p<.03, n 2 =.21) showed that the
Spectral Item differences were most salient with the stimuli containing 50-ms CVTs. These
stimuli elicited smaller N4 amplitudes for /da/ syllable and correlates than for either /da/ or /
ga/ syllables and correlates (Spectral Item effect: F(2,26)=4.80, p<.02, 1 2 =.27). Individually,
neither the syllable, non-phonetic, nor the transition N2 showed significant Spectral Item
effects.

N4: There were no significant effects or interactions involving Spectral Item for either the
syllable or transition N4.

The non-phonetic N4 showed a significant Spectral Item x CVT interaction, suggesting that

Spectral Item differences were CVT-dependent (Fig. 12, middle panel). Separate ANOVA-s
conducted for stimuli containing 20-, 50-, and 80-ms CVTs revealed a significant Spectral Item
effect for the 50-ms CV/T stimuli (F(2,26)=3.72, p<.05, n 2 =.22). For these stimuli, the np-/

da/ elicited smaller N4 amplitudes than either of the two other stimuli.

Discussion

The broad aim of the present study was to continue inquiry into the functional significance of
the child and adult auditory sensory ERPs. Our earlier study showed that in both children and
adults (Eeponiené et al., 2005), the N1-P2 peaks are preferentially sensitive to sound salience
while the N2-N4 peaks are sensitive to sound content features. The specific goal of the present
study was to determine which of the ERP features are sensitive to variations in spectral sound
values, specifically those defining consonants in CV syllables. Further, three stimulus types

were used (syllables, their non-phonetic correlates, and isolated consonant-vowel transitions)
to examine the generalization of the observed effects across speech and non-speech stimuli.

Behavioral performance

Overall, adults were more accurate than children in discriminating the syllables. Although it
has been shown that fine frequency discrimination matures until 9-10 years of age (Trehub et
al., 1988; Allen and Wightman, 1992), there is little reason to believe that this caused poorer
performance in children. The syllable stimuli were chosen to be good representatives of the
three phonemes and were identified with high fidelity by adults (96-98% accuracy; Eeponiené
et al., 2005) and discriminated well above chance by children and adults (85% and 98%
accuracy, respectively). Furthermore, distinguishing between phonemes of one’s native
language does not require fine-grained acoustic analysis; this is typically accomplished by
utilizing critical, though partial, acoustic cues (Winkler et al., 1999). Therefore, it appears that
factors other than perceptual abilities accounted for the accuracy differences between the
groups. The likely factors are attentional, motivational, working memory, and/or executive
abilities. This is supported by longer reaction times in children as compared with adults.
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An interesting finding was shorter reaction times in same-syllable trials. One explanation for
this is that stimulus repetition reinforces its neural representation and thus facilitates a
behavioral response. The forms of representation at question are short-term sensory memory
trace as well as covert stimulus rehearsal within the phonological loop. On the other hand, once
a different stimulus is encountered, additional processes of mismatch detection, evaluation,
and feasibly identification of the new stimulus take place, contributing to the delay in reaction
times. Based on the significant Pairing x Age Group interaction, it appears that this interference
is greater in children than adults.

Sensory “orienting”

This study replicated our previous findings (Eeponiené et al., 2005) regarding Stimulus Type
effects on adult auditory sensory ERPs whereby perceptually more salient stimuli, the non-
phonetic correlates, elicit larger N1 and P2 peaks and the syllables, most complex though
perceptually “soft” sounds,3 elicit larger N2 and N4 amplitudes. These findings corroborate
the notion that the auditory N1 (Naaténen, 1990; Naatanen and Winkler, 1999) and P2 peaks
(Eeponiené et al., 2005) serve sound detection whereas longer-latency peaks (e.g., N2, N4)
may reflect integrative processing of sound content. The Spectral Item x Electrode effect of
the non-phonetic N1 (Fig. 6) was likely caused by the same phenomenon since it was observed
over the vertex, a scalp distribution characteristic to orienting-related, “non-specific” N1 and
P2 components. Further, this was the case in both adults and children, as indexed by the
behavior of children’s P1 peak that likely includes correlate of the adult P2 (Eeponiené et al.,
2005).

In addition, the three Sound Types yielded significant N1 scalp distribution differences. The
non-phonetic N1 was predominant around the vertex, the syllable N1 showed a clear
predominance over the centro-parietal areas, and the transition N1 was quite evenly distributed
across the anterior-posterior scalp (Fig. 3). One explanation for this finding could be different
N1 componentry elicited by these stimulus types. The most attention-getting non-phonetic
stimuli may have elicited a larger “non-specific” N1 component, consistent with the vertex-
predominant distribution of the non-phonetic N1.

Relevant to the here observed Sound-Type related N1 differences, an earlier MEG study
(Diesch and Luce, 1997) reported different N1 source locations for vowels, their isolated
formants, and corresponding simple tones. These data suggest that the N1 generators may draw
sound detection-facilitating information from several processing levels or sub-streams
specialized for different types of acoustic information.

The dual role of the auditory P2

As the N1, the P2 also was larger in amplitude in response to the non-phonetic sounds than to
syllables, which is consistent with earlier reports on the P2 amplitude being larger for more
salient sounds (Picton et al., 1974; Eeponiené et al., 2002). However, while the N1 did not
show consistent Spectral Item effects, the P2 showed amplitude differences between the three
Spectral Items (/ba/, /da/, /ga/), across the three Stimulus Types. Further, this was the case in
both adults and children, as indexed by the behavior of children’s P1 peak that likely includes
correlate of the adult P2 (Eeponiené et al., 2005).

Earlier, The P2 has been shown to correspond to perception more closely than the N1 by, for
example, showing higher ceiling for intensity saturation and significant latency-intensity

correlation (Crowley and Colrain, 2004). Further, task manipulations have demonstrated larger
P2 amplitude during sound discrimination than detection tasks (Novak et al., 1992). In a patient

3Speech is rendered perceptually “soft” by band-width formants, low-pass envelopes, and low-energy antiformants.
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with bilateral damage to auditory cortex, both supra-threshold and below-threshold stimuli
elicited the P1-N1 peaks, but only the supra-threshold (perceived) stimuli elicited the P2 peak
(Woods et al., 1984). Similarly, perceptually discriminable differences in voice (speech
stimuli) and formant (non-speech correlates) onset times elicited significant P2 amplitude
variations while acoustically comparable though perceptually not discriminable onset time
differences did not (Horev et al., 2007). Finally, robust P2 enhancement was the major change
that occurred with perceptual CV syllable discrimination training in young adults (Tremblay
etal., 2001; Tremblay and Kraus, 2002). Therefore, the P2 appears to be tightly linked to sound
content processing, which is in agreement with its early ontogenetical emergence as well as
latency overlap with the discrimination-related ERP component, the MMN.

It has been suggested that one source of the P2 is in extra-lemniscal pathways (Barnet et al.,

1975; Ponton et al., 2000). This is supported by its vertex-centered scalp distribution, as well
as a maturational trajectory that parallels that of the brainstem potentials (Eggermont, 1988).
Contribution of this pathway to P2 is consistent with its reflection of sound detectability and
possibly even the conscious perceptual thresholds.

However, data also exists showing that the P2 has temporal-lobe generators within auditory
cortices that are tonotopically organized (lemniscal pathway, Rif et al., 1991; Litkenhoner and
Steinstrater, 1998). Litkenhoner et al. (1998) localized the P2 in primary auditory cortex of
HeshlI’s gyrus, which is consistent with our observation of spectral sensitivity of the P2 as well
as with the findings of Wunderlich et al (2001, 2006) who showed that the P2 amplitude
decreased as a function of tone frequency, and that this variability was present from infancy
for the P2 but emerged only in childhood for the N1. In addition, the present findings suggest
that the P2 generators might have access to more fine-grained spectral stimulus information
than the N1 generators. This level of resolution appears to allow not just stimulus detection
but also assignment of relevance (e.g., in selective attention tasks) or identification (e.g., in
discrimination tasks). The latter is especially interesting due to the considerable overlap of the
latency of the P2 with that of the mismatch negativity (MMN, the so far unsurpassed objective
measure of auditory perceptual accuracy Naatanen and Alho, 1997). While the functions
reflected, and the mechanisms utilized by the P2 and the MMN are different, the underlying
sensory substrates may be shared. Specifically, MMN operates on short-term sensory memories
that are not identical to stimulus-evoked transient activation (or synchronization), reflected by
transient sensory ERPs (for review, see Naatanen and Winkler, 1999). However, the type of
acoustic analysis performed during the P2 range may provide information relevant for
constructing and maintaining the memory traces underlying MMN generation. Indeed, MMN
evidence exists that certain perceptually relevant sound features, such as those identifying
phonemic distinctions, can be extracted during the MMN — P2 latency range, in parallel with
and before the fine-grained sensory analysis is complete (Winkler et al., 1999).

Altogether, available results support the dual role of the auditory P2. Specifically, the auditory
P2 appears to be concerned with both stimulus detection and possibly some level of
identification, in part based on the spectral information afforded by the P2 generators.

Interestingly, the only peak in the children’s ERPs that showed similar Spectral Item effects
was their auditory P1. Using Independent Component Analysis (Makeig et al., 1997), earlier
we suggested that children’s P1 contains functional correlates of both the adult P1 and P2 peaks
(Eeponiené et al., 2005). Consistent with the “detection” role of the adult auditory P2,
children’s P1 was larger in amplitude in response to the non-phonetic stimuli than to syllables.
On the other hand, consistent with spectral sensitivity of the adult P2, children’s P1 showed
Spectral Item-related amplitude variation. Isolated transitions, the stimuli that yielded the most
consistent Spectral Item effects, elicited the same P2 amplitude patterns in both children and
adults (BA<DA, GA). Therefore, the present findings of similar behaviors between the adult
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P2 and child P1 peaks support the notion that, at least functionally, children’s P1 is a correlate
of the adult P1 and P2, and that both children’s and adult P2 is reflective of spectral auditory
processing.

Non-linearity of spectral encoding: simple vs. complex acoustically rich stimuli

Isolated consonant-vowel transitions, the simplest stimuli of the present study;, elicited the most
consistent Spectral Item-related effects. These effects were significant for the earlier, P1, N1,
and P2 peaks in the adults and for the P1 peak in children. Assuming that auditory attributes
are being encoded, possibly at different levels of complexity and abstraction (e.qg., direct simple
acoustic mapping, direct complex acoustic mapping, relational mapping), at all levels of
auditory pathways it is reasonable to assume that spectral stimulus differences can be detected
at several processing stages, indexed by several ERP peaks. However, isolated transition
stimuli elicited detectable Spectral Item effects above and beyond the peak ranges of the other
two stimulus types. One reason for this might be their “rich simplicity”: although spectrally
rich, the transitions had simple, linear shape, were relatively brief, and carried no phonemic
information. Apparently, such form of information delivery (just the on-off features and the
spectra of sweeps) permitted robust frequency mapping at the earlier processing levels (e.g.,
P1), utilization of this information for sound salience response (the N1), and also maintained
the robustness of spectral representation during the P2 range since it was spectrally rich but
not obscured by, e.g., complex envelope. Therefore, these stimuli elicited the cleanest ERP
indices of spectral processing. Similar stimuli may be considered for use in populations with
suspected or known spectral processing deficits (e.g., children with language impairment).

Late sensory processing: comprehensive integration

In adults, both the N2 and N4 peaks showed amplitude as well as scalp distribution differences
related to Stimulus Type, which were opposite to those shown by the N1. Specifically, syllable
N2 and N4 showed the most anterior predominance while the non-phonetic stimuli showed the
most parietal predominance. In addition, the N2 and N4 responses to syllables were larger in
amplitude than those to the non-phonetic sounds. This indicates that Stimulus Type effects
were caused by different factors in the N2/N4 than the N1 latency ranges. Two earlier studies
(Woods and Elmasian, 1986; Eeponiené et al., 2001) found that the P1 and N1 peaks were
larger in response to acoustically complex than simple tones, but the N4 increased specifically
in response to vowels. The present study replicated this finding for consonant stimuli. This
supports the above notion that structurally complex stimulus features, and/or those favoring
pre-established coding rules, are being preferentially processed during 250-400 ms after
stimulus.

The robustness of Spectral Item effects evoked by the transitions in the adults diminished by
the N2 - N4 range. There were trends but not statistically significant effects. Instead, at those
latencies, significant differences were found among the non-phonetic Spectral Items (N2 scalp
distribution) and 50-ms CVT syllabic Spectral Items (N4 amplitudes). This might suggest that
at these later processing stages, larger-scale acoustic structures, such as complex envelopes,
are taken into account and that auditory analysis is exhausted once the temporally local,
spectrally distinct features are utilized to produce a larger temporal scale, higher spectral-code
level transient sound representations. One putative role of such transient traces might be
facilitation of phoneme matching during online auditory processing, especially in poor
audibility conditions (Diesch and Luce, 1997; Naatanen et al., 2001; Eeponiené et al., 2005).
Further, this level of encoding could be used for identification of novel complex auditory
objects such as syllables and words during language acquisition in infancy or in foreign
language learning after childhood. A possibly corroborating finding was the differential
distribution of Spectral Item activities recorded over the left, but not right, lateral temporal
regions (Figs. 8 & 9). This pattern was observed exquisitely for the N4 peak, but both for the

Clin Neurophysiol. Author manuscript; available in PMC 2008 July 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eeponiené et al.

Page 14

syllable and non-phonetic stimuli. This suggests differential involvement of the left auditory
cortices during the N4 range, supporting a link of late sensory processing with the higher-order,
though sub-phonemic, sensory encoding.

An interesting observation was that only syllables, and only those with the 50-ms CVT - the
most prototypical versions — evoked a detectable consonant effect on the N4 peak in adults. It
has been suggested that due to their brief, complex, and unstructured character, consonants are
retained only in coded form in short-term memory (Studdert-Kennedy, 1993) and that
categorization of consonants requires attention (Cowan et al., 1990). Therefore, the unattend
conditions of the present study make it rather unlikely that phonemic consonant representations
were tapped, which is supported by the right-hemisphere predominance found for the N2 and
N4 peaks. Nonetheless, it appears that the most prototypical stimuli were able to pre-attentively
activate different spectral items in higher-order sensory networks. While this will have to be
verified in a follow-up study using both attended and unattended stimuli, it provides additional
support for there being coded, yet sub-phonemic, speech sound representations in auditory
cortex serving, for example, facilitation of phoneme recognition.

In children, both the Stimulus Type and the consonant effect were exactly the same as in adults
for the N4 peak. Specifically, syllables showed the most anterior scalp distribution while the
non-phonetics showed the most posterior distribution. Further, syllable /da/ elicited smaller
N4 amplitudes than syllables /ga/ or /ba/, and this effect was seen with 50-ms CVT stimuli
only. This suggests persisting functional roles of the later auditory sensory peaks from
childhood to adulthood even in the wake of robust changes in amplitudes and overall waveform
morphology.

Developmental conjectures

The present study provided additional evidence to the notion that children’s P1 contains
functional correlates of the adult P1 and P2 peaks. Since these peaks emerge during the first 6
months of life, it appears that it is this early when infants become equipped with both sound
detection as well as spectral processing devices. However, this is not to be taken to assume
that these mechanisms are as efficient or precise during infancy as in their mature form. In fact,
the P2-based sound detection, although possibly better rooted in stimulus features, may be not
as efficient or sensitive for the purposes of mere sound detection and calling for attention as
the later-emerging N1 mechanism.

The close similarity between the child and adult N4 Spectral Item effects provides both inter-
group validation as well as demonstrates the developmental stability of the observed results.
Although the children of the present study were well beyond the major developmental
milestones of sensory-motor and language development, their N1-P2 complex was still not
defined (e.g., compare Figs 2 & 10). Compared to this, the stimulus-response relationship of
the N4 peak stands out as rather mature. It may appear counterintuitive that the longer-latency
peak, feasibly reflecting higher-order processing, shows relative maturity earlier in
development than earlier-latency peaks. However, an explanation exists. First, data shows that
the N4 emerges as early as by 3 months of age (Kushnerenko et al., 2002). If the N4 indeed
reflects larger-scale sound organization, its early emergence would be consistent with the
evidence showing that infants are capable of processing larger-scale stimulus attributes, such
as prosody, words en bloc, and distinct streams of auditory information (Werker and Polka,
1993;Best, 1994;Winkler et al., 2003). If so, it is reasonable to expect that such a
developmentally early processor appears quite mature at the age of 7 to 10 years. Nonetheless,
even if the present account is correct, the substrates feeding to this generator likely undergo
robust maturation from birth to late childhood, yielding emergence of fine grading of spectral
information. The effects of such maturation on the N4 functionality are yet to be uncovered.
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No robust Stimulus Type or Spectral Item effects were found for the auditory N2 peak in the
children of the present study. This is at odds with the earlier results of the 50-ms CVT stimuli
showing significant Stimulus Type effects. One possibility is that inclusion of very short, 20-
ms CVT, stimuli diminished resolving power of this large peak. Further studies are needed to
clarify functional significance of the N2 in children, including conditions with attended stimuli
and those with easier-detectable spectral distinctions, for example, vowels.

Even for complex stimuli presented under unattended conditions, auditory sensory ERPs
showed robust indices of differential spectral processing in child and adult groups. The most
consistent Spectral Item effects were found for the P2 peak in adults and its correlate in children
(P1). Based on its spectral as well as stimulus salience sensitivity, it appears that P2 serves
both stimulus detection and identification functions. Further, spectral processing showed
Stimulus Type-associated nonlinearity across processing stages, as reflected by the more robust
Spectral Item-related ERP differences during earlier peaks (P1, N1) for simpler stimuli
(transitions) and more robust Spectral Item-related ERP differences during later peaks (N2,
N4) for more complex stimuli (non-phonetics and syllables)

The Stimulus Type effects replicated earlier findings of stimulus salience-linked sensitivity of
the N1-P2 complex and content-feature sensitivity of the N2-N4 peaks. Together, the Spectral
Item and Stimulus Type effects delineate an orderly processing organization whereby direct
mapping of linear acoustic features occurs earlier in the processing and, in part, serves sound
detection and a more integrative, relational, mapping occurs later in the processing and, in part,
serves sound identification.

Children demonstrated rather comparable Spectral Item effects to those of the adults, indicating
relative maturity of spectral sound content processing at the age of 7-10 years.
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Examples of stimulus waveforms, spectral view. Top panel: 50-ms CVT syllable /ba/. Middle
panel: non-phonetic correlate of the syllable /ba/. Bottom panel: 50-ms consonant-vowel
transition isolated from 50-ms CVT syllable /ba/. a - pre-consonant voice bar (30 ms); b —
consonant burst (10 ms); ¢ — consonant-to-vowel transition (50 ms); d — steady-state vowel (80

ms).
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Adults, Stimulus Type Effects
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Figure 2.

Stimulus Type effects in adults. Adult syllable, non-phonetic, and transition grand-average
ERPs averaged over all CVT durations and spectral items. Non-phonetic stimuli elicited larger
N1 and P2 peaks whereas syllable stimuli elicited larger N2 and N4 peaks.
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Adult N1 topography by Stimulus Type
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Figure 3.

Anterior-posterior scalp distribution differences of the adult N1 peak as a function of Stimulus
Type. The non-phonetic N1 was maximal fronto-centrally, syllable N1 - centro-parietally, and
transition N1 did not show a clear predominance. Z score reflects N1 amplitudes normalized
by Stimulus Type.
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Adult N4 topography by Stimulus Type
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Figure 4.

Anterior-posterior scalp distribution differences of the adult N4 peak as a function of Stimulus
Type. Syllable N4 showed the steepest anterior-posterior slope. Z score reflects N4 amplitudes
normalized by Stimulus Type.
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Spectral Item effects by Stimulus Type and CVT duration in adults. A fronto-central and the
right and left lateral electrodes are shown. Significant Spectral Item effects for peak mean
amplitudes are indicated by asterisk (significant scalp distribution differences are not noted).
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Adult non-phonetic N1 topography
by Spectral Item
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Figure 6.

Anterior-posterior scalp distribution differences of the adult non-phonetic N1 peak as a
function of Spectral Item. The difference between /ba/ and /da/, /ga/ was maximal around
vertex, a distribution characteristic of non-specific component of the N1. Z score reflects non-
phonetic N1 amplitudes normalized by Spectral Item.
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Figure 7.

Anterior-posterior scalp distribution differences of the adult non-phonetic N2 peak as a
function of Spectral Item. The difference between /ga/ and /ba/, /da/was maximal anterior to
the vertex. Z score reflects non-phonetic N2 amplitudes normalized by Spectral Item.
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Adult Syllable N4 topography by Spectral Item
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Figure 8.
Scalp distribution differences of the adult syllable N4 peak as a function of Spectral Item.

Syllable /ba/ showed distinct topography over the left, but not right, centro-parietal region. Z
score reflects syllable N4 amplitudes normalized by Spectral Item.
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Figure 9.

Scalp distribution differences of the adult non-phonetic N4 peak as a function of Spectral Item.
Non-phonetic /ba/ showed distinct topography over the left, but not right, temporal-parietal
region. Z score reflects non-phonetic N4 amplitudes normalized by Spectral Item.
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Children, Stimulus Type Effects
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Figure 10.

Stimulus Type effects in children. Child syllable, non-phonetic, and transition grand-average
ERPs averaged over all CVT durations and spectral items. Non-phonetic stimuli elicited larger
P1/P2 peak whereas syllable stimuli elicited larger N4 peak.
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Figure 11.

Spectral Item effects by Stimulus Type and CVT duration in children. Significant Spectral Item
effects for peak mean amplitudes are indicated by asterisk (significant scalp distribution
differences are not noted).
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Figure 12.

Anterior-posterior scalp distribution differences of children’s N4 peak as a function of Stimulus
Type. Syllable N4 was maximal fronto-centrally, transition N4 —centro-parietally, and the non-
phonetic N4 showed an intermediate distribution patter. Z score reflects N4 amplitudes
normalized by Stimulus Type.
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