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Development of the human auditory brainstem is thought to be primarily complete by the age of �2 years, such that subsequent sensory
plasticity is confined primarily to the cortex. However, recent findings have revealed experience-dependent developmental plasticity in
the mammalian auditory brainstem in an animal model. It is not known whether the human system demonstrates similar changes and
whether experience with sounds composed of acoustic elements relevant to speech may alter brainstem response characteristics. We
recorded brainstem responses evoked by both click and speech syllables in children between the ages of 3 and 12 years. Here, we report a
neural response discrepancy in brainstem encoding of these two sounds, observed in 3- to 4-year-old children but not in school-age
children. Whereas all children exhibited identical neural activity to a click, 3- to 4-year-old children displayed delayed and less synchro-
nous onset and sustained neural response activity when elicited by speech compared with 5- to 12-year-olds. These results suggest that the
human auditory system exhibits developmental plasticity, in both frequency and time domains, for sounds that are composed of acoustic
elements relevant to speech. The findings are interpreted within the contexts of stimulus-related differences and experience-dependent
plasticity.

Key words: auditory processing; ABR; speech encoding; plasticity; brainstem; development

Introduction
The auditory brainstem is a series of spatially separate nuclei that
receive auditory input from the acoustic nerve and process this
signal as it enters the neocortex. An important structure within
this chain is the midbrain inferior colliculus (IC), because it acts
as the primary relay center between ascending projections from
the lower brainstem nuclei and ascending projections to the thal-
amus. Because of its unique makeup of converging ascending and
corticofugal projections (Irvine, 1992; Zhang and Suga, 2005),
animal studies have identified the IC as a site of both activity- and
experience-dependent developmental plasticity in both verte-
brate and, most recently, mammalian brains (Brainard and
Knudsen, 1993; Knudsen, 1998; Zheng and Knudsen, 1999; De-
Bello et al., 2001; Yu et al., 2007). However, similar studies on
developmental plasticity in the human auditory brainstem have
been limited primarily because of the obvious limitations in the
use of parallel technique and experimental design. To gain un-
derstanding of plasticity in the human system, here we use
speech-evoked electrophysiologic activity from the auditory
brainstem to investigate whether the human auditory brainstem
undergoes developmental changes that may be experience
dependent.

The auditory brainstem response (ABR) is a noninvasive mea-

sure of far-field representation of stimulus-locked, synchronous
electrical events. In response to an acoustic signal, a series of
potential fluctuations measured at the scalp provide information
about the functional integrity of brainstem nuclei along the as-
cending auditory pathway, making it a widely used clinical mea-
sure of auditory function (Despland and Galambos, 1980; Jacob-
son, 1985; Hood, 1998). Temporal precision is such that
differences on the order of fractions of milliseconds are diagnos-
tically significant. In response to click and tonal stimuli, a wave-
form will emerge with five major peaks of activity. Because the
ABR is an aggregate neural response, it is difficult to identify with
certainty the neural correlates of each of the five peaks. However,
it is widely accepted that the first peak is generated by the auditory
nerve and that the culmination of the synchronous activity result-
ing in the fifth peak is generated primarily within the midbrain IC
(Jacobson, 1985).

There are well documented changes that occur with develop-
ment over the I–V onset complex of the ABR (for review, see
Salamy, 1984). Specifically, during the first 2 years of life, peak
latencies become progressively earlier and peak amplitude in-
creases. In terms of structural brainstem development, these ABR
latency changes are thought to occur because of the rapid increase
in axonal myelin density in the cochlear nerve and brainstem
pathways (Moore and Linthicum, 2007). Interpeak timing differ-
ences (e.g., earlier peaks mature earlier) support a peripheral-to-
central developmental trajectory. By the age of 2 years, the click
and tone-evoked ABR waveform is fully mature and resembles
that of an adult. Consequently, it is generally thought that func-
tional development of the human auditory brainstem is complete
at this time and, by inference, that the brainstem response to
sound in general is mature by the age of 2 years.

More recently, the ABR has been used in humans to assess the
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central processes that underlie complex signal patterns, such as
those in speech and music. Although the waveform that emerges
in response to a speech signal is similar to the waveform elicited
by a click or a tone, it is more complex and actually mimics the
acoustic properties of a speech syllable with remarkable fidelity
(Kraus and Nicol, 2005; Johnson et al., 2007). A number of stud-
ies have demonstrated that click and speech stimuli impose dif-
ferent encoding demands on the brainstem. Specifically, a subset
of children with learning and literacy disorders show abnormal
neural encoding of speech in the presence of a normal click-
evoked brainstem response (Cunningham et al., 2001; King et al.,
2002; Wible et al., 2004, 2005; Banai et al., 2005; Johnson et al.,
2005, 2007; Russo et al., 2005; Song et al., 2006). Of particular
interest are the peak latency differences that occur within the first
10 ms of the response, the portion of the neural response thought
to be most congruent across stimuli and generated within the IC.
This evidence underscores an important neural encoding dis-
crepancy between click and speech stimuli, despite similar gener-
ation sites. Furthermore, another component of the speech-
evoked brainstem activity, the frequency-following response
(FFR), has been recorded to speech in adults (Galbraith et al.,
1995, 1997; Krishnan, 1999, 2002), but the developmental time
course is unknown. The FFR reflects encoding of the fundamen-
tal frequency and harmonic structure of complex stimuli and also
has midbrain origins (Galbraith, 1994).

Recent evidence from Yu et al. (2007) suggests developmental
experience-dependent plasticity in the IC of mice, raising the
possibility that similar mechanisms may exist in humans. One of
the key differences between a click and speech stimulus is the
environmental relevance of and exposure to the sounds. More-
over, it is known that higher-level cognitive activities such as
language and music experience shape subcortical sensory infra-
structure, notably the auditory brainstem response (Krishnan et
al., 2005; Xu et al., 2006; Musacchia et al., 2007; Wong et al.,
2007). To investigate the development of brainstem activity to
speech and its relationship to the well known click developmental
trajectory, click and speech-evoked ABRs were evaluated in chil-
dren between the ages of 3 and 12 years. Specifically, we asked
whether the neural response to a sound that is composed of
acoustic elements relevant to speech has a different maturational
time course than sounds known to produce a mature response
well before the age of 3 years.

Materials and Methods
Institutional review board approval for this study was obtained from
Northwestern University. Parental consent and the child’s assent were
obtained for all evaluation procedures, and children were paid for their
participation in the study.

Participants. A total of 104 subjects between the ages of 3–5 and 8 –12
years participated in this study. For the 3- to 5-year-old subjects, each
year was treated as a separate age group, and each subject was represented
in only one age group (i.e., no longitudinal data were collected). Subjects
were aged 3 (n � 22), 4 (n � 22), and 5 (n � 16) years. The 8- to
12-year-old children were grouped together (n � 44), because no age
differences have been found in this population (Russo et al., 2004). No
children had histories of hearing loss, chronic ear infections, neurological
disorders, or learning/attention problems. On the day of testing, subjects
exhibited normal bilateral hearing (pure tone thresholds �20 dB HL for
octaves between 500 and 4000 Hz and/or passed a screening pass/fail
OAE). Moreover, all children had click-evoked brainstem response
within normal limits [80 dB sound pressure level (SPL)]. Additional
exclusionary criteria included learning and/or attention problems
among immediate family members (parents and siblings). Subjects were
considered normal learning based on information provided by a parent
or guardian as gathered through a variety of reports.

Stimuli and recording. Brainstem responses were collected to both a
click stimulus and a speech sound (/da/) according to widely used pro-
cedures as described in detail by Hood (1998) and Jacobson (1985). A
Biologic Navigator Pro (Bio-logic, Mundelein, IL) was used to collect all
physiological data. The Navigator’s BioMAP (Biological Marker of Au-
ditory Processing) module was used to collect the /da/-evoked responses.
BioMAP uses a Klatt-synthesized (Klatt, 1980) 40 ms /da/ stimulus con-
sisting of five formants with an onset burst frication during the first 10 ms
at F3, F4, and F5, and a fundamental frequency range of 105–121 Hz. The
brainstem responses to speech and clicks were elicited by alternating
polarities.

The test stimuli were presented to the right ear through Etymotic ER-3
earphones (Etymotic Research, Elk Grove Village, IL) at an intensity of 80 dB
SPL. The left ear was unoccluded. To ensure subject cooperation and to
promote stillness, all subjects watched videotaped programs, such as movies
or cartoons, with the sound presented at a low level (�40 dB SPL). They were
instructed to attend to the video rather than to the stimulus.

Recordings were made with silver–silver chloride electrodes (imped-
ance �5 k�). Responses were differentially recorded from Cz-to-
ipsilateral earlobe, with forehead as ground. Three blocks of 2000
artifact-free responses were collected at a rate of 13.3/s (click) and 10.9/s
(/da/). For the click, a 10.66 ms recording window was used (including a
0.8 ms prestimulus period), and responses were on-line filtered from 100
to 1500 Hz. For the /da/, a 74.67 ms recording window (including a 15 ms
prestimulus period) was used. Responses were sampled at 6856 Hz and
bandpass filtered on-line from 100 to 2000 Hz. For both stimuli, sweeps
with activity exceeding �23.8 �V were rejected from the average. The
three blocks were averaged after each recording session to yield a final
waveform. Responses recorded in this study are thought to arise primar-
ily from the auditory brainstem because of the filter characteristics and
stimulation rates used. However, when recording such responses from
the scalp, it is impossible to delineate the exact neural origin, such that
cortical contributions cannot be ruled out.

Analysis. For the click-evoked response, peak latency and amplitude
for wave V were identified for each subject. As is typically used in clinical
evaluations, peak V was identified as the final data point on the waveform
before the negative slope that follows the wave (Hall, 1992). The brain-
stem response to the speech sound /da/ has been described in detail in
previous reports (Cunningham et al., 2001; King et al., 2002; Russo et al.,
2004, 2005; Wible et al., 2004, 2005; Banai et al., 2005; Johnson et al.,
2005, 2007) and is very reliable between and within subjects. Transient
response measures include peak latency and amplitude measures. For
each subject, peak latency and amplitude were determined for the brain-
stem onset (peaks V and A), offset (peak O), and the frequency-following
peaks (D, E, F). A peak was deemed reliable if it was present in �85% of
the total subject population. Peak C was deemed to be unreliable, because
18% of the entire subject population did not indicate a clear peak. There-
fore, statistics were not performed on peak C. The VA onset complex was

Figure 1. Representative click-evoked waveforms from a 3-year-old (red) and a 12-year-old
(black) subject. Bar graph represents mean � 1 SD for the young and old groups. There are no
significant differences in click-evoked peak V latency.

Johnson et al. • Developmental Brainstem Plasticity J. Neurosci., April 9, 2008 • 28(15):4000 – 4007 • 4001



further analyzed by computing slope and inter-
peak latency, which are measures of neural syn-
chrony for onset responders.

The sustained FFR to /da/ encodes the ongo-
ing harmonic information within the speech syl-
lable. This region was analyzed using two mea-
sures. First, the root-mean-square (RMS)
amplitude was calculated over the time range of
21.9 – 40.6 ms. This was used to quantify the
overall magnitude of the sustained activity, pro-
viding a measure of an individual’s neural pop-
ulation response. Second, fast Fourier transform
(FFT) analysis of the response was performed
over the same time period to evaluate the spec-
tral composition of the response. Average re-
sponse magnitudes were calculated for 100-Hz-
wide bins surrounding the frequency of the
stimulus F0 and the subsequent nine harmonics.

Descriptions of all analyses are provided
throughout Results and are not repeated here.

Results
The latency of peak V of the click-evoked
brainstem response was not significantly
different among the four age groups (3-, 4-,
5-, and 8- to 12-year-old children)
(ANOVA, F � 2.057, p � 0.111). This find-
ing supports previous literature stating that
peak V latency is mature and adult-like by
the age of 2 years (Salamy, 1984). However,
when the same analysis was performed on
the onset portion of the speech-evoked re-
sponse (peaks V and A), significant
between-group differences were found
(ANOVA, F � 6.928, p � 0.001; F � 8.585,
p � 0.001, respectively). Least significant
difference post hoc analyses showed no
significant peak V or A latency differ-
ences between the 3- and 4-year-old
groups or between 5-year-old and 8- to
12-year-old groups ( p � 0.05), but both
the 3- and 4-year-old groups had signifi-
cantly delayed latencies for waves V and
A compared with both the 5-year-old and
8- to 12-year-old groups (for corre-
sponding p values, see Table 1). These
findings suggest that brainstem neurons
not only react differently to the onset of sound depending on
whether it is a click or speech but also that 3- and 4-year-old
children are representing the onset of a speech sound differ-
ently than 5- to 12-year-old subjects. Because this strong bi-
modal distribution between ages emerged in the speech-
evoked response, age groups were collapsed to form two
groups for the remainder of the analyses (the 3- and 4-year-old
subjects were combined to create a “young” group, and the 5-
to 12-year-old subjects were combined to create an “old”
group). The latency of peak V for the click responses was still
not significant between the young and old groups. Figure 1
shows click-evoked waveforms from a representative 3-year-
old child and a representative 12-year-old child, as well as a bar
graph illustrating the young versus old click peak V mean
latencies.

Transient response measures
Figure 2A shows the grand average speech-evoked brainstem re-

sponse for the young and old group. The onset response is a
robust positive–negative peak complex occurring at �6.5 ms
(peaks V and A). The enlarged depiction of this complex and the
bar graphs shown in Figure 2B display the latency differences
between the young and old group for peak V (F � 20.151, p �
0.001) and peak A (F � 25.244, p � 0.001). Figure 2C displays the

Figure 2. A, Grand average waveform for the young group (3- to 4-year-old subjects) in red and the old group (5- to
12-year-old subjects) in black. B, Left, Enlarged VA region of the grand average waveforms. Right, The young group has signifi-
cantly delayed latencies to peaks V and A compared with the old group ( p � 0.001, error bars represent 1 SE). C, Individual
latencies as a function of age/group for all subjects (n � 104) for peaks V and A. Red boxes represent the young group (filled
symbols are the 3-year-olds), and black circles represent the old group (filled symbols are the 5-year-olds).

Table 1. Least significant difference p values for peak V and A latencies between all
age groups

Age (years) 4 5 8 –12

V latency 3 0.63 0.02 0.00
4 0.01 0.00
5 0.92

A latency 3 0.65 0.04 0.00
4 0.02 0.00
5 0.56

There was no significant difference between 3- and 4-year-olds or between 5- and 8- to 12-year-olds. Bold indicates
significance.
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individual peak V and A latencies for each subject. There is no
significant correlation between age (in months) and peak V la-
tency (young, r � 0.193; old, r � 0.127) or peak A latency (young,
r � 0.200; old, r � 0.008). This suggests that the onset latencies do
not get gradually earlier as a child approaches the age of 5 years.
Additional onset measures that are significant between groups
are VA interpeak latency (old group has shorter interpeak la-
tency, F � 6.770, p � 0.011) and the slope of the VA complex (old
group has a steeper slope, F � 6.594, p � 0.012).

The negative peaks D, E, and F of the waveform in Figure 2A
(between �22 and 40 ms) represent peaks that phase lock to the
fundamental frequency of the stimulus. There is little literature
on the development of the human FFR and none that we are
aware of on the development of the speech-evoked FFR. The
literature that does exist suggests that infants and adults show
similar FFR response properties when elicited by tone bursts
(Gardi et al., 1979; Levi et al., 1995). The results of this study
indicate that there are significant latency differences between the
young and old group with respect to the FFR peaks such that the
young group has delayed peak latencies for D, E, and F (F �
8.235, p � 0.005; F � 4.270, p � 0.041; F � 13.520, p � 0.001,
respectively) (Fig. 3). Additionally, the young group had signifi-
cantly reduced peak F amplitude compared with the old group
(F � 5.291, p � 0.023).

Last, the negative peak O at �48 ms represents the neural
response to the offset of the speech sound (Johnson et al.,
2007). Again, to our knowledge, there have been no published
reports describing the development of the auditory brainstem
response to the offset to any stimulus type. In this study, the
young group had a significantly delayed peak O latency com-
pared with the old group (F � 6.250, p � 0.014). It is impor-
tant to note, however, that although peak O was determined to
be a reliable peak based on the criteria set forth in Materials
and Methods (�85% reliable detection in the entire subject
population), only 82% of the young group displayed a reliable
peak O, whereas 95% of the old group did. Thus, we see evi-
dence for delayed development of the morphology of peak O
in the young group. To better understand whether latency
differences between the young and old group were being in-
herited from a previous level of processing, latency differences
were calculated at each peak (mean of old group minus mean
of young group). Latency differences between groups are as
follows: peak V, 0.19 ms; peak A, 0.28 ms; peak C, 0.17 ms;
peak D, 0.21 ms; peak E, 0.16 ms; peak F, 0.25 ms; and peak O,
0.19 ms. Table 2 shows the mean, SD, and percentage detect-
ability for all transient measures in the young and old groups.

Sustained response measurements
Significant group differences emerged in the overall RMS ampli-
tude, whereby the young group had smaller overall RMS values
compared with the old group (F � 4.060, p � 0.047). To gain a
more accurate understanding of these between-group magnitude
differences, we conducted an FFT analysis over the periodic por-
tion of the FFR (21.9 – 40.6 ms) for both groups (Fig. 4). This
measurement of the sustained portion of the FFR provides an
overall assessment of the magnitude of phase locking to the stim-
ulus fundamental frequency and its harmonics. Average magni-
tude was computed over 100 Hz bins for each subject to target the
response to each harmonic individually. The young group had
significantly reduced FFT magnitude for the bins surrounding F0,
H2, H3, H9, and H10 (F � 4.057, p � 0.047; F � 6.120, p � 0.015;
F � 5.747, p � 0.018; F � 18.200, p � 0.001; F � 19.367, p �
0.001, respectively). These findings are illustrated by the bar

graphs of Figure 4. All FFT magnitudes reported were above the
noise floor for each group.

Discussion
Ample literature exists to address neural encoding of speech
sounds from the eighth nerve (Delgutte, 1980; Sachs and Young,
1980; Miller and Sachs, 1983, 1984), cochlear nucleus (Caspary et
al., 1977; Palmer et al., 1986; Keilson et al., 1997; Rhode, 1998;
Recio and Rhode, 2000), and brainstem (Galbraith et al., 1995,
1997; Krishnan, 1999, 2002). What motivated the current work
was the question of when the encoding of speech develops in the
human auditory brainstem. In the present study, evoked poten-
tials were used to analyze the development of the auditory brain-
stem response to click and speech sounds in children between the
ages of 3 and 12 years. The neural response to a click stimulus
showed similar response timing across all age groups, in agree-
ment with previously established reports (Salamy, 1984; Gorga et
al., 1989; Ponton et al., 1992; Abdala and Folsom, 1995; Hurley et
al., 2005). In contrast, peak latency measurements throughout
the brainstem response to speech were significantly later for 3- to
4-year-old children compared with 5- to 12-year-olds. Of partic-
ular interest is that the onset portion of the speech-evoked re-
sponse is delayed in the young group, whereas this same portion
is equivalent between groups when evoked by a click. This dichot-
omy suggests that brainstem neurons react differently to encode
click versus speech sounds. To our knowledge, this is the first
study to show a developmental time course beyond 2 years for
encoding stimulus properties in the human brainstem. Further-
more, although studies have addressed how the brainstem FFR
responds to speech (Galbraith et al., 1995, 1997; Krishnan, 1999,
2002, 2005; Russo et al., 2004; Johnson et al., 2005), the develop-
ment of the FFR to speech, which is thought to operate via differ-
ent mechanisms/pathways than the onset response (Hoormann
et al., 1992; Kraus and Nicol, 2005; Song et al., 2006; Akhoun et
al., 2008), is unknown. Our data show that latency delays in the
young group do not become greater at transient peaks later in the
response, consistent with the possibility that latency delays in

Figure 3. Mean and SE for latencies of FFR peaks D, E, and F. The young group has signifi-
cantly delayed peak latencies compared with the old group.
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the FFR are being inherited from wave V.
The extent to which developmental differ-
ences in the frequency domain reflect
mechanisms that are independent from
those observed in the time domain remains
to be determined. Thus, although different
peaks of the brainstem response can reflect
distinct stimulus characteristics such as
timing, F0, and harmonics (Kraus and
Nicol, 2005), they may share similar devel-
opmental time courses. These data show
developmental differences in both onset
synchrony and sustained, phase-locked ac-
tivity. Together, the data support an age-
related developmental difference between
speech and nonspeech stimuli, in both
temporal and frequency domains, and sug-
gest experience-dependent plasticity in the
human auditory brainstem.

Click versus speech
Speech is a complex stimulus that, unlike
clicks, has environmental relevance and
elicits responses that lend themselves to the
extraction of information about encoding
of syllable onset, offset, and periodicity
(pitch). Speech stimuli have a longer rise
time and are acoustically more complex
compared with clicks. The click stimulus is
a short, nonperiodic sound containing a
broad range of frequencies, whereas conso-
nant–vowel speech syllables such as /da/
begin with relatively low-amplitude tran-
sient onset features followed by a sustained periodic signal, the
vowel, which is considerably louder with respect to the conso-
nant. The higher-amplitude, longer-duration vowel may mask
the brief consonant, which is critical for eliciting the onset por-
tion of the speech ABR. Backward masking effects have been
demonstrated previously in brainstem responses using tone/
noise maskers (Marler and Champlin, 2005), and backward
masking is known to have a slow developmental time course
(Wright and Zecker, 2004; Johnson et al., 2007). Consequently,
young children may be more susceptible to neural backward
masking effects compared with older children.

Although the acoustic differences discussed above may be
partially responsible for the findings in this study, it is impor-
tant to consider that humans have pervasive exposure to and
active engagement with speech, not clicks. Particularly rele-
vant is that brainstem encoding of sound has been shown to be
shaped by lifelong linguistic and musical experience (Krish-
nan et al., 2004, 2005; Musacchia et al., 2007; Wong et al.,
2007). That is, brainstem activity evoked by Mandarin tones
and music is enhanced in musicians and speakers of tonal
languages relative to non-musicians and non-native speakers.
Additionally, short-term training has been shown to lead to
changes in speech-evoked brainstem activity (Russo et al.,
2005; Song et al., 2008). Moreover, recent animal work has
shown that experience can lead to large-scale reorganization
of the IC tonotopic map (Yu et al., 2007) and that experience-
dependent pruning of synaptic inputs is important for the
maturation of the functional inhibition in brainstem nuclei
(Magnusson et al., 2005). If we assume that humans have little
exposure to clicks and that clicks have little relevance, regard-

less of age, the auditory system would not be expected to
change its response to such a stimulus. Conversely, with
speech, which is relevant in the real world, experience-
dependent pruning is necessary. Because younger children
have had less linguistic and phonemic exposure, it is perhaps
the case that synaptic pruning has not been fully refined such
that young children have delayed/less precise neural response
timing when encoding acoustic elements that are relevant to
speech. Although it is impossible to answer this question from
the data provided here, it is reasonable to speculate that the
developmental differences we found may arise not just from
acoustic differences but also perhaps from their extensive use
and relevance.

Mechanisms for plasticity
This study has identified a developmental time course of speech
encoding in the brainstem that suggests neural maturation at the
age of 5 years (the age at which most children begin school). At
school, the child begins to learn how to read and develops a
stronger sense of phonological awareness. Phonological aware-
ness is the ability to identify the different sounds that make words
and to associate these sounds with written words to begin read-
ing. It cannot be ruled out that brainstem maturation relevant to
encoding speech is a consequence of developing and/or accessing
phonological awareness skills. This language-oriented learning
may be accompanied by changes in the auditory cortex, similar to
those known to be induced by other acoustic experiences (Kil-
gard and Merzenich, 1998; Kraus and Banai, 2007).

How might cortical or top-down changes influence neural
maturation in the brainstem of 5-year-olds? The reverse hierar-
chy theory suggests that learning modifies the neural circuitry

Figure 4. Grand-averaged FFT for the young group (red) and old group (black). Thin lines represent the noise floors for each
group. The young group showed significantly diminished magnitudes for the fundamental frequency (F0 ) and harmonics 2, 3, 9,
and 10. Bar graphs represent mean and SE of significant regions for each group.
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governing performance on a given task starting at the highest
level associated with solving the task, gradually refining lower
areas when more fine-grained sensory information is required
(Ahissar and Hochstein, 2004). Phonological awareness and
reading are linked in a bidirectional manner such that phonolog-
ical awareness facilitates reading ability, and learning to read
strengthens phonological awareness skills (Foy and Mann, 2006).
One can speculate that the top-down influence of developing
phonological awareness skills and reading helps guide plasticity
in the auditory brainstem, along with ongoing maturation of the
cortex and corticofugal projections. For example, it has been
shown that there is a sensitive period for normal cortical matu-
ration between the ages of 3 and 4 years (Sharma et al., 2002).
Sharma and colleagues found that congenitally deaf children im-
planted with a cochlear implant during this sensitive period de-
veloped normal cortical responses to sound, whereas those im-
planted later show substantially altered timing of the cortical
response. Our data suggest that, at the level of the brainstem,
neural response timing and frequency representation do not de-
velop gradually but are reached somewhat abruptly at the age of 5
years, and this could perhaps be a result of refinement of corti-
cofugal projections with language experience during this cortical
sensitive period.

Additional support for experience-dependent plasticity in hu-
mans is derived from literature on statistical learning. Although
we cannot directly assess the contribution of statistical learning in
our data, the literature describes a manner with which the audi-
tory system reacts to frequently occurring sounds. At the level of
IC, neural populations rapidly adjust their firing patterns based
on the statistical distribution of the sounds encountered, and
these adjustments engender improved coding accuracy for
sounds occurring most commonly (Dean et al., 2005), even in an
on-line manner. Additionally, it has been amply demonstrated
that experience shapes the acquisition of many aspects of
language-specific sensitivity (Saffran et al., 1996; Jusczyk, 2002).
Saffran et al. (1996) demonstrated that infants learn to segment
words from fluent speech based on the statistical properties of
language input. These studies are consistent with the idea that the
human auditory brainstem is susceptible to high-probability,
experience-dependent learning/plasticity when encoding sounds
composed of acoustic elements relevant to speech until school
age.

Last, our findings may provide a biological basis, responsible
in part, for the development of phonologic development in chil-
dren. For example, it is known that children and adults perform
differently on perceptual speech identification tasks such as mak-
ing decisions about voice-onset time, vocalic length and dura-
tion, formant transitional periods, and segmental context (Elliott
et al., 1986, 1989; Nittrouer, 1996; Mayo and Turk, 2004, 2005).
Furthermore, it has been suggested that children’s perceptual

weighting strategies for speech-relevant acoustic properties
change as they gain experience with a native language (Nittrouer
and Crowther, 1998), and that the development of metaphone-
mic awareness may play some role in changes in cue weighting
(Mayo et al., 2003). Together, it is reasonable to speculate that
immature perception of speech in children may be related to a
delayed development of the neural network responsible for accu-
rate encoding of speech acoustics. The results of this study may
show neurophysiologic evidence underlying this perceptual
phenomenon.

Clinical applications
A growing body of literature has revealed speech-evoked
brainstem response differences between normal children and
some children with language-based learning problems. The
idea that the encoding of linguistic information can serve as a
biological marker for auditory function in children with learn-
ing and literacy disorders has led to the development of a
clinical test (BioMAP) to objectively assess disordered pro-
cessing of sound in school-age children (8 –12 years of age).
The present study implies that the age range for such testing
can include 5-year-olds. Brainstem responses provide one of
few clinical avenues for assessing auditory processing abilities
in children as young as 5 years of age, providing a mechanism
for early-intervention recommendations and monitoring of
educational progress.
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