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Abstract
Maturation of auditory perceptual and discrimination process within the first two years of life is
investigated in healthy infants by examining event-related potentials (ERPs). High-density EEG
signals were recorded from the scalp monthly between 3 and 24 months of age. Two types of
stimuli (100 vs. 100 Hz for standard stimuli; 100 vs. 300 Hz for deviant stimuli; occurrence rate:
85:15%) were presented using an oddball paradigm. Latencies and amplitudes were compared across
development. The results showed that latencies of P150, N250, P350, and N450 components gradually
decreased with increasing age. Amplitudes of the N250 and P350 components gradually increased and
reached the maximum at 9 months, and then gradually decreased with the increase of age. Mismatch
negativity was not obvious at 3 months of age, but was seen at 4–5 months and became robust after
6 months. Robust late positivity was recorded at all ages. These mismatch responses were noticeable
in the frontal, central, and parietal areas, and the maximal MMN amplitude distribution gradually
moved from the parietal area to the frontal area across the age range. Two important periods—one
around 6 months and the other around 9 months are suggested in the maturation of auditory central
system. Dynamical changes in the underlying source strengths and orientations may be principal
contributors to ERP morphological changes in infants within the first 24 months.

Keywords
EEG; Auditory event-related potentials; Child; Development; Mismatch negativity

1. Introduction
The examination of auditory event-related potentials (ERPs) is a useful tool of studying
cognitive functions in infants because non-invasive methods available for assessing brain
psychophysiological functions at this early age are very rare and behavioral methods provide
rather limited information of central sensory processing [1]. It has been shown that with the
increase of age, infant ERP waveforms gradually become complex. Amplitudes of the ERP
components progressively increase while latencies gradually decrease [2–4]. In most of the
previous ERP studies of infants, ERP signals were usually obtained from one study visit.
Although some longitudinal studies have been conducted recently, ERPs are often less
frequently recorded. The relatively longer intervals between two ERP recordings can result in
difficulties in interpretations of morphological changes seen in ERP components.
Developmental evidence from monthly examined ERPs in the same subjects has not been made
available.
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Auditory ERPs recorded from the scalp consist of a series of waves at different latencies that
are thought to reflect neural activity at different levels of the central nervous systems. In adults,
early brain response components, such as P1 and N1 components, are thought to be exogenous
and are associated with neural activity involved in the lateral lemniscus nuclei, the inferior
colliculus and the thalamic nuclei, whereas activations underlying adult P2 component may
involve unspecific projections to auditory cortex. Relatively longer latencies of ERP
components are measured in infants and children. Brain responses to tonal changes in infants
have been investigated in a number of studies, but the observations have not yet agreed upon
each other. For example, some investigators showed that brain activations induced by tonal
stimuli are predominant in the right hemisphere [5–6], whereas in some other studies, the
highest amplitude of brain responses to tones are observed in the left hemisphere [7–9].
Dehaene-Lambertz [10] found that discrimination responses to tones were detected in the left
frontal area in infants at 4 months of age, while these brain responses induced by tones were
seen bilaterally by some other researchers [11]. The above differences in observations had been
thought to be caused by insufficient spatial resolution (e.g. small electrode numbers), which
made it difficult to distinguish a genuine effect from a spurious artificial effect [10]. Therefore,
high-density EEG/ERP recordings are required for evaluation of brain regions involved in
auditory processing in infants.

One approach to investigation of brain discrimination process to tonal changes is to induce
mismatch responses, such as mismatch negativity (MMN). MMN is elicited in an oddball
paradigm, where a difference between a deviant sound input and a sensory-memory trace
representing physical features of repetitively presented standard sounds is detected [12]. Since
the MMN response does not require active attention of subjects, it is well suited for acquisition
in infants and very young children. Infant MMN has only received attention in the recent years
[2–3,5,9–10,13–15]. Cheour et al. [16] compared brain responses to familiar and unfamiliar
languages in infants at 6 and 12 months of age, suggesting that language-dependent memory
traces may emerge in the brain sometime between those two ages.

Because of the above facts, we think that it is essential to conduct a longitudinal study in which
high-dense ERPs are frequently acquired from infants to investigate the development of
auditory processing. In this study, we are interested in the following questions. (1) At what age
is the auditory cortex organized into functional neural network to detect changes in sounds?
(2) How do the auditory discrimination functions change across age? (3) How do topographic
distributions change across development of brains, and (4) what possible neural mechanisms
contribute to those changes? Therefore, in order to compare waveforms across development,
ERP signals were monthly recorded in the present study from the same five subjects until 2
years of age. Moreover, in order to compare ERP topographical features at critical
developmental stages, ERP signals were also collected from some additional subjects at each
of five ages.

2. Methods
2.1. Participants

ERP waveforms were obtained from five healthy infants (two males) monthly between the age
of 3 months and 24 months. In addition to these data, ERPs from another 14 healthy infants
(seven males) were also recorded at each of five ages (6, 9, 12, 16, and 24 months). At each
of these ages, the data from these 14 subjects and the data from five subjects were pooled for
topographical comparisons. All infants were full term (gestation age 39–42 weeks, weight
2600–4400 g, length 46–56 cm), with no history of neurological or developmental disorders
reported. These infants were selected from those who participated in a longitudinal study.
Infants who had a risk of hearing or other brain dysfunctions (e.g. from families having a history
of language impairment) were not included in this study. Prior to participation, informed
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parental consents were obtained. The protocol of this study was approved by the Institutional
Review Board of Rutgers University, where the study was conducted.

EEG/ERP signals were recorded while the infants were awake and seated comfortably on their
parent’s lap in a soundproof and electrically shielded room. Silent movies were played on a
monitor in front of the children to engage them and minimize their movement. An experimenter
would attract the children using a puppet show or other toys if they lost interest in the video.

2.2. Stimuli
Each of the stimuli used in this study contained two complex tones that consisted of all
harmonics with a fundamental frequency of 100 or 300 Hz and a 6 dB roll-off per octave. Each
tone lasted for 70 ms, with a 5 ms rise time and 5 ms fall time. The two tones were separated
by a silent period of 300 ms. Two types of stimuli were presented by using an oddball paradigm.
The frequent stimuli (standard, 85%) contained two 100 Hz tones, and the infrequent stimuli
(deviant, 15%) had 100 and 300 Hz tones. These stimuli were played binaurally at a rate of
1140 ms per stimulus through two loudspeakers (intensity 75 dB sound pressure level at the
ears). Therefore, the standard and deviant stimuli only differed for the frequencies of the second
tones. A total of 833 stimuli were presented. The presentation sequence was randomized and
deviant stimuli were separated by at least three standard stimuli. About 8–10 standard stimuli
were presented at the beginning of the presentation sequence.

These stimuli were used because our previous studies reveal that the ability to efficiently and
accurately process rapidly presented sequential auditory stimuli reflects fundamental skills
underlying the development of language [17]. Stimuli with a 300 ms inter-stimulus interval
(ISI) can be easily discriminated at an early age as compared to stimuli with shorter ISIs [18].
The frequencies of tones used were close to the fundamental frequencies of human speech
sounds.

2.3. EEG recordings
EEG signals were recorded at 62 electrode sites from the scalp using Geodesic Sensor Nets
(Electric Geodesic, Inc., Eugene, OR, USA). The vertex was used as a common reference
during recording. Electrodes placed above the canthus of both eyes were used for monitoring
eye movement. A bandpass filter from 0.1 to 100 Hz was applied before digitization at 250
Hz. The data were re-referenced off-line to both mastoid electrodes.

The EEGs were segmented and averaged according to the stimulus types. The duration of each
EEG segment was 1140 ms, including a 50 ms pre-stimulus segment for baseline correction.
EEG segments containing signals higher than ±100 μV were excluded from averaging.

2.4. Measures and statistical analyses
The development of ERP morphology was described based on both monthly recorded ERPs
and those collected at five ages. In addition to inspections of grand averaged waveforms, signals
from each individual subject were also examined for inter-subject variations. Results presented
here are based on the group data. However, individual data will also be reported if all the
subjects did not show the same changes. ERP components were labeled according to their peak
latencies. The peak latency was measured as the time point where the maximal positive (or
negative) amplitude was recorded. Amplitudes were measured relative to the baseline. For
example, the positive component peaked around 150 ms was termed as P150. Latencies and
amplitudes of the ERP components were measured and compared across development. Results
from prefrontal, frontal, central, parietal, occipital, anterior temporal, mid-temporal, and
posterior temporal areas are presented here. In addition to the statistical comparisons of
latencies and amplitudes for all ages, the measures obtained at the five ages from all 19 subjects
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were also examined. A repeated-measure analysis of variance (ANOVA) with the factors of
age, stimulus type (standard vs. deviant), hemisphere, and brain area was employed. To
measure mismatch responses, difference waves were obtained by subtracting waves to standard
stimuli from those to deviants. Main effects of factors (i.e. age, hemisphere, and brain area)
were examined by repeated-measure ANOVA. Greenhouse–Geisser adjustments were
performed when applicable. The Newman–Keuls test was used as a post hoc for comparisons
of individual values. Significance level was set at P<0.05.

3. Results
Dynamical changes in ERP waveforms across development were revealed by visual
inspections. Congruous changes were observed in all the infants. Similar waveforms were
elicited by each of the standard tones. A prominent positive component was induced from the
prefrontal, frontal, central, parietal, and anterior temporal areas in all infants at each age. The
amplitude was low at 3 months of age. The latency ranged between 110 and 180 ms (refer to
P150). After the P150 component, a negative deflection was induced and the peak latency was
measured between 220 and 300 ms. This component (N250) was clearly seen in infants after 4
months of birth, and had similar maximal distributions to those of the P150 component.

More complex waveforms were elicited by the deviant tones. Besides the P150 and N250
components, another positive component was induced, with the peak latency measured
between 310 and 410 ms (called P350 here). The maximal distribution was seen in the frontal,
central, and parietal areas. The P350 amplitude gradually increased, making the P350 component
more prominent after 7 months of age. A negative deflection was elicited between 410 and 590
ms (called N450 here). This low-amplitude wave was recorded from all infants at all ages. An
example of waveforms to standard and deviant tones recorded at 12 months is demonstrated
in Fig. 1.

The most prominent wave seen from difference waves was a positive deflection (late
positivity). Inspections of the late positivity revealed that its amplitude gradually increased and
reached the maximum at 9 months of age, and then turned to decrease gradually. A MMN
appeared at 4–6 months of age and became robust after 6 months of age. Dynamical changing
patterns were seen on the MMN and late positivity across development. The changes in
waveforms across age are demonstrated in Fig. 2. In order to clearly demonstrate the changes
of waveforms, the waves to standard and deviant tones are displayed separately (i.e. not
superimposed for direct comparisons). The difference waves (deviant–standard) are also shown
in this figure.

Detailed statistical results for each ERP component are reported below. To facilitate
comparisons, the major findings are also summarized in Table 1.

3.1. The P150 component
The P150 latencies significantly differed across age (F= 62.9, P<0.001) indicating that the
P150 latency changes as a function of age. The post hoc test revealed that the latency gradually
decreased across age (P<0.05). From 3 to 24 months, the latency decreased by 41 ms in the
frontal area (P<0.01) and by 36 ms in the central area (P<0.01). Pearson Product–Moment
Correlation analysis showed that changes in the P150 latency were significantly correlated to
age (r=−0.89, P<0.05). A significant effect was detected for brain area (F=5.73, P<0.01). The
latency measured in the central areas was significantly shorter than that measured in the frontal
areas (P<0.05). This effect was not modified by age (F=0.83, P>0.6). The P150 latency
significantly changed between hemispheres (F=6.33, P<0.05). There was a trend that in the
mid-temporal areas, the P150 component was present earlier in the left hemisphere (i.e. shorter
latency) than that in the right hemisphere at all ages. At 9 months of age, the P150 component
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appeared earlier in the right frontal area than that in the left frontal. These changes, however,
did not reach significance (P>0.05, see Fig. 3A and B).

The main effect of age was significant for the P150 amplitude (F=52.3, P<0.01). The highest
amplitude was measured at 10–11 months of age. The amplitude significantly varied among
brain areas (F=43.5, P<0.01), with a maximal distribution over the fronto-central area. The
P150 amplitude was higher in the left frontal area than in the right side at 6 months. This
hemispheric predominance was not always seen across the development. After 6 months of
age, relatively stronger responses were recorded from the right frontal area. This difference,
however, did not reach significance (F=1.62, P=0.2).

3.2. The N250 component
Significant effect was detected on the N250 latencies for age (F=50.6, P<0.01) indicating that
the N250 latency changes as a function of age. The N250 latency also differed among brain areas
(F=7.78, P<0.01). For example, the latency measured in the frontal area decreased by 33 ms
from 3 to 24 months (P<0.01). The latencies in the centro-parietal area were shorter than those
in the frontal area (P<0.05). These trends were observed at all ages. On the other hand, the
N250 latency to the deviant tones was relatively shorter than that to the standards at all ages.
For instance, at 3 months the mean difference in latencies was 78 ms in the frontal area
(P<0.01). No hemispheric difference was found on the N250 latency (F=0.74, P>0.3).

Significant effects were indicated on the N250 amplitude for the factors of age (F=8.40, P<0.01)
and brain area (F=40.7, P<0.01) revealing that the amplitude varies as a function of age and
brain area. The N250 amplitude induced by the deviant tones was significantly higher than that
induced by the standards (F=116, P<0.01). This difference was measured from all brain areas
at each age. Moreover, significant interaction effect was detected between age and stimulus
type (F=6.70, P<0.01). The post hoc test showed that the N250 amplitude to the standard stimuli
was similar across age; however, a complex changing pattern was observed on the amplitude
to the deviant stimuli—the amplitude gradually increased and reached the maximum at 9
months of age, and then gradually decreased with increasing age. Hemispheric differences
were not detected (F=0.104, P>0.7).

3.3. The P350 component
The P350 latency significantly varied across age (F= 3.00, P<0.05). Comparisons of the
measures showed that the P350 latency was shorter at two age periods: 3–4 and 17–21 months.
The P350 latency to the deviant stimuli was apparently shorter than that to the standards
(F=3895, P<0.01). The interaction between age and stimulus type was significant (F=22.2,
P<0.01). The post hoc test showed that the latency to the deviant stimuli was 117 ms shorter
than that to the standard stimuli at 12 months of age (P<0.01). This difference in latency
decreased to 91 ms at 24 months (P<0.01). No hemispheric effect was detected on the latency
(F=0.06, P>0.8).

For the P350 amplitude, significant effects were detected for the factors of age (F=87.0, P<0.01)
and brain region (F=23.1, P<0.01). Again, the P350 amplitude gradually increased and reached
the maximum at 9 months of age, and then gradually decreased with increasing age, regardless
of stimulus types. For example, the values of mean amplitudes to the standard stimuli in the
frontal area were 2.06, 2.70, 2.59, 2.19, and 1.18 at the ages of 6, 9, 12, 16, and 24 months,
respectively. Dynamical changes in amplitudes are demonstrated in Fig. 3C and D.

3.4. The N450 component
The N450 latency significantly varied among different ages (F=10.6, P<0.01) showing that the
N450 latency changes as a function of age. Stimulus type significantly interacted with the brain
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area (F=2.51, P<0.05). The post hoc test revealed that the N450 component to the standard
stimuli appeared earlier in the frontal area than in the central and parietal areas (by 11 and 9
ms, respectively, P<0.05), whereas the presence of N450 component to the deviant stimuli was
earlier in the central and parietal areas than in the frontal area by 6 and 8 ms, respectively.
Similar changes in the mean N450 latency were observed at all ages. Laterality effect was not
significant (F=0.03, P>0.8).

The N450 amplitude varied as a function of age (F=47.8, P<0.01) and stimulus type (F=17.8,
P<0.01). For example, in the frontal area, the highest N450 amplitude to the standard stimuli
was measured at 16 months of age, whereas the highest amplitude to the deviant stimuli was
recorded at 9 months.

3.5. The mismatch responses
The MMN latency was significantly affected by age (F= 5.05, P<0.01, see Fig. 4) and brain
area (F=2.48, P< 0.05). MMNs were present earlier in the frontal area in both hemispheres at
6, 12, and 24 months, but at 9 and 16 months, the MMNs appeared earlier in the central area
than other brain areas. The main hemispheric effect was not detected on the MMN latency
(F=0.33, P>0.05).

Significant effects on MMN amplitudes were detected for age (F=18.9, P<0.01, see Fig. 4)
and brain region (F= 5.59, P<0.01). The interaction between age and brain area was also
significant (F=2.01, P< 0.01). The post hoc test revealed that the MMN recorded between 9
and 12 months was more negative than that recorded at other ages, and at 6 months of age, the
highest MMN amplitude was seen over the parietal area; however, this maximal distribution
gradually shifted anteriorly, showing a maximal fronto-central distribution after 6 months of
age. The MMN component was more negative in the left parieto-occipital areas than in the
right side between 6 and 9 months of age, where the MMN response was stronger in the right
fronto-central areas than that in the left side between 12 and 24 months. These differences,
however, did not reach significance (F=2.90, P=0.09).

The peak latency of the late positivity was significantly affected by the factors of age (F=16.9,
P<0.01) and brain area (F=5.97, P<0.01). The interaction between age and brain area was also
significant (F=1.84, P<0.05). The post hoc test revealed that the longest latencies were
measured in the parietal area at all ages. At 16 months of age, the late positivity appeared
relatively earlier in the frontal area, while at 6, 9, 12, and 24 months, the late positivity presented
earlier in the central area. Hemispheric differences were not significant (F=0.04, P>0.05).

The amplitude of late positivity changed as a function of age (F=62.1, P<0.01), and
significantly varied among brain areas (F=33.6, P<0.01). The post hoc test revealed a maximal
amplitude distribution in the frontal areas. No significant hemispheric effect was observed on
the amplitude (F=0.16, P>0.6, Fig. 5).

4. Discussion
Developmental trajectories of auditory ERP waveforms were investigated in the same infants
between 3 and 24 months of age. Major findings of this study are the followings. (1) Important
morphological changes in ERP components were observed at 6–7 months of age. (2) Latencies
of ERP components gradually decreased with increasing age. (3) Biphasic changes in
amplitudes of N250 and P350 components as well as mismatch responses were observed. With
gradually increasing amplitude, these ERP components reached the maximal strength at 9
months of age and then gradually attenuated. (4) Positive mismatch responses were elicited at
all ages, while robust adult-like MMN responses were induced after 6 months of age. The
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maximal amplitude distribution of MMN gradually moved to the frontal areas at 24 months of
age.

4.1. Morphological changes of ERP components
With monthly acquired ERP records, several developmental changes were found from the ERP
waveforms. One positive and one negative (N450) components were elicited by the deviant
stimuli at 3 months. It is difficult to unambiguously link this positive wave to the P350
component at this age due to morphological differences between these two positive waves. At
4 months of age, a negative trough started to emerge in the front part of this positive wave,
splitting the positive wave into two components (i.e. P150 and P350). The P150 and N250
components started to emerge at 5–6 months of age and gradually became higher in amplitude,
and the appearance of P350 and N450 components was slightly postponed. All these four ERP
components were robustly observed after 6 months of age. These morphological changes are
consistent with previous findings [2,14]. The amplitudes of N250 and P350 components
gradually increased between 3 and 9 months. This result is congruous with the one reported
by Kushnerenko et al. [3]. Additional developmental changes were also revealed in this study
—a biphasic changing pattern was detected on the amplitudes of N250 and P350 components.
After reaching the maximum of strength at 9 months, the amplitude of the two components
started to decrease.

Amplitude distributions of the P150 component dynamically changed across the development.
The P150 component was predominant in the left frontal area at 6 months. The maximal
amplitude distribution gradually shifted to the right frontal area after 6 months of age. This left
hemispheric predominance is also observed at 2 and 4 months of age in studies of infants by
Dehaene-Lambertz and associates [10,19,20]. In addition, sources underlying the occipital
areas are also indicated in those studies. These occipital sources, however, were not present in
our present study. One of the reasons causing the differences may be due to different referential
methods used. EEG signals were transformed relative to the mean values of all electrodes in
their studies, which might lead to the presence of large waveforms that otherwise were smaller
in a link-mastoid montage [21]. This referential influence is demonstrated in a study, where
the polarity of frontal P300 component is reversed when an average reference is used [22].

Regarding these developmental changes, it seems that neural networks consisting of multiple
dynamically changing sources might have contributed to the P150, N250, P350, N450
components. Both strengths and orientations of these sources may change across age. At 3
months of age, activations of the P150 and P350 sources are predominant and overlap, resulting
in a single positive waveform at this age. At 4–6 months, the N250 response gradually becomes
stronger, leading to a robust N250 wave and the separation of P150 and P350 waves. The peak
latency of P150 wave is decreased because of the growth of N250 activation. This effect also
causes the postponement of the peak of P350 wave. From 6 months of age, activation of the
N450 source becomes stronger. Activities of the N250 and N450 sources overlap with those of
the P350 source, leading to a short N450 latency and attenuated P350 waveform. Variations in
dipole orientations may contribute to the biphasically changing ERP amplitudes. These
changes may be due to the consequence of different maturation rate of cerebral layers and
connectivity [23]. The amplitude variations may also be caused by changes in the planum
temporale secondary to the growth of frontal lobes [10]. These continuous changes in dipole
orientations result in the decrease in signal strength at the scalp. This neural mechanism is
parallel to that proposed by Kushnerenko et al. [3].

There are several possible mechanisms underlying those changes. First, axons and dendrites
of neurons rapidly develop during the first several months after birth. The growth of dendritic
trees and spines occurs in all layers of cortex, and the length of prefrontal dendrites may increase
5–10 times during the first 6 months of postnatal life [24]. Second, improvement in synaptic
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efficacy may also result in changes in ERP latencies and amplitudes. For example, Huttenlocher
and de Courten [25] found that the greatest increases in synaptogenesis in the occipital cortex
occur between 2.5 and 8 postnatal months; however, this process is relatively slower in the
frontal cortex where synapse formation does not reach its maximum density until after 15
postnatal months. Third, influences of myelin development on the morphology of waveforms
have been demonstrated in animal studies [26], showing that brain responses can be impaired
if the brain is exposed to carbon monoxide during the developmental stage of myelination
[27]. Moreover, the number of neurons involved in the sensory processes may vary at different
ages. In a histological study of Vasil’eva and Shumeiko [28], structural organizations of human
neurons in the pre-central, temporal, parietal and occipital cortex were examined. Continuously
changing morphology accompanied by varying spatial distributions and cell numbers were
found in these neurons within the first year of life.

4.2. Morphological changes of mismatch responses
The MMN latencies remarkably differed for the first 24 months of life. It appears that the most
obvious decreases in MMN latency occurred within the first year. This result is parallel to
previous studies [14]. Ejiri et al. [29] also observed a progressive decrease in MMN latency in
subjects within 7 years of age. According to our study, the MMN was not apparent at 3 months
of age in all the subjects. In fact, one individual showed a slightly negative wave prior to the
large positive component, but it was difficult to determine whether it was a real MMN
component. Robust MMN was observed after 6–7 months of age. The absence of MMN at this
young age has also been documented by Morr et al. [15] and Kushnerenko et al. [4]. In their
studies, MMN could be elicited in some infants at 6 months of age, but not at 3 months. The
absence of MMN might be caused by the mask of other components, such as P3b [4]. On the
other hand, the late positivity is robust at each of the ages. This brain response has been
associated with the perceptual saliency [5,30]. Latencies of both MMN and late positivity
decreased with increasing age. These findings are parallel to those of earlier studies [13,31–
32]. The changes in amplitudes of mismatch responses found in the present study are consistent
with the previous observations [4].

Topographic distributions of mismatch responses dynamically change across development. At
6 months of age, the MMN is predominant in the parietal areas. The maximal amplitude
distribution gradually moves to the frontal areas at 24 months. In addition, the MMN responses
are more prominent in the right frontal area than in the left side. These results are consistent
with those reported by Dehaene-Lambertz [10] and Martin et al. [9]. There are several
possibilities causing these changes. First, a single dipole source in the superior temporal gyrus
(STG) might be the contributor of the MMN component [33]. It is obvious that frontward
dipoles located in both temporal lobes will generate a maximal amplitude distribution in the
fronto-central areas, and changes in dipole directions or locations (e.g. anterior or posterior to
the STG) will alter the patterns of topographical distributions. Second, multiple MMN sources
have been suggested in several neuroimaging studies [6,34], in which neural sources in both
temporal and frontal lobes may contribute to the generation of MMN. Therefore, it might be
possible that before 6 months of age, activation of the frontal sources is relatively weaker,
resulting in the maximal parieto-occipital distribution. With the increase of age, the frontal
sources become more active, leading to higher amplitudes in the fronto-central areas. This
neural mechanism is compatible with the ones reported previously [35–36], and is also
supported by the studies that decreased mismatch responses were recorded in patients who
suffered from dorso-lateral prefrontal cortex lesions [37]. Third, as we stated above, changes
of neural source numbers may also play a role in our findings. However, due to the facts that
infant brains developed rapidly and their anatomical and physiological features vary monthly,
dipole estimations using conventional methods will be difficult and yielded results should be
explained carefully.
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We note that activations seen in the difference waves may reflect neural mechanisms involving
the generation processes of both N1 and MMN. In a recent study, Cranford et al. [38]
demonstrated that MMN waveforms could be modified by inter-stimulus intervals, indicating
that the negative mismatch responses can be contaminated by neural refractory effects.
However, in the present study, the N250 latency to deviant stimuli was significantly shorter
than the MMN latency, revealing that the negative mismatch responses recorded here cannot
be completely explained by the obligation effect. It has also been demonstrated that the N250
latency to deviant stimuli is highly correlated to the N250 latency to standard stimuli, not to
MMN latency [14], suggesting a neural mechanism differing from the sensory processing
underlying the negative responses [39].

In summary, the maturation of auditory perceptual and discrimination processing were
investigated in this longitudinal study of infants. The N250 component and MMN are not
obvious at 3 months of age. Robust ERP components are seen after 6 months. Latencies of the
ERP components gradually decrease, while the N250 and P350 components as well as mismatch
responses are enhanced with increasing age, reaching the maximal strength at 9 months of age.
The maximal amplitude distributions dynamically change across development. Two important
developmental periods—one around 6 months and the other around 9 months of age—are
suggested in the maturation of auditory central system.
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Fig 1.
Grand averaged event-related potentials (ERPs) to standard and deviant stimuli (five subjects
at 12 months of age). The onsets of the tone pairs are indicated by small ticks (at 0 and 370
ms, respectively). Out of the 62 channels, only a few waveforms are displayed to represent
different brain areas. The number in front of each wave indicates the position of corresponding
electrode. Its location is also demonstrated in the figure that represents the scalp. The ERP
components induced by the standard and deviant tones are indicated in the box (those to the
first tones are not shown).
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Fig 2.
Comparisons of event-related potential waveforms across age. The onset of the first tone is
indicated at 0 ms. The onset of the second tone (at 370 ms) is represented by vertical lines. The
waves displayed were recorded from the same electrode site at each of the ages (Channel 9,
also see Fig. 1). The ages in months are shown in front of the waves. The signals were averaged
from all the five subjects.
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Fig 3.
Comparisons of P150 latencies to the standard stimuli in the frontal (A) and central (B) areas
and amplitudes in the frontal (C) and central (D) areas (five subjects, shown as mean ± SD).
The amplitude was calculated as differences between the N250 and P350 amplitudes.
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Fig 4.
Latencies (A) and amplitudes (absolute values, B) of mismatch negativity components (from
right mid-temporal areas, all subjects). All significant between-age differences are marked.
*P<0.05, **P<0.01 (for the latencies: between 6 and 24 months; for the amplitudes, between
6 months and other ages).
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Fig 5.
Amplitude scalp distributions of mismatch responses. Brain areas of higher amplitudes are
shown in red, whereas those in lower amplitudes are in blue. The data were calculated from
all subjects. (For interpretation of the reference to color in this legend, the reader is referred to
the web version of this article.)

Jing and Benasich Page 16

Brain Dev. Author manuscript; available in PMC 2007 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jing and Benasich Page 17

Table 1
Summary of major changes seen in ERP components

Latency Amplitude

P150 Gradually decrease across age. Shorter in the central
areas than in the frontal areas

Maximal at 10–11 months. Fronto-central maximal
distributions

N250 Gradually decrease across development. Shorter in
the centro-parietal areas than in the frontal areas
Shorter to the deviant tones than to the standard
tones

Maximal at 9 months. Vary among the brain areas. Greater to
the deviant tones than to the standard tones

P350 Relatively shorter at two periods (3–4 and 17–21
months)
Shorter to the deviant tones than to the standard
tones

Maximal at 9 months (to the deviant tones) and 16 months (to
the standard tones)

N450 Shorter in the centro-parietal areas than in the frontal
areas
Shorter to the deviant tones than to the standard
tones

Maximal at 9 months. Change as a function of brain area

Mismatch negativity Relatively shorter in the frontal and central areas More negative at 9–12 months than at other ages
Maximal scalp distributions gradually shift from the parietal
areas to the frontal areas across age

Late positivity Shorter in the frontal and central areas at each age Frontal maximal distributions
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