Maturation of the Central Auditory Nervous
System in Children with Auditory Processing
Disorder

ABSTRACT

Neurodevelopmental delay has been proposed as the underlying cause of the majority of cases of auditory processing disorder (APD).
The current study employs the cortical auditory evoked potential
(CAEP) to assess if maturational differences of the central auditory
nervous system (CANS) can be identified between children who do and
do not meet the diagnostic criterion for APD. The P1-N1 complex of
the CAEP has previously been used for tracking development of the
CANS in children with hearing impairment. Twenty-seven children
(7 to 12 years old) who failed an APD behavioral test battery were agematched (within 3 months) to children who had passed the same
battery. CAEP responses to 500-Hz tone burst stimuli were recorded
and analyzed for latency and amplitude measures. The P1-N1 complex
of the CAEP, which has previously been used for tracking development
of the CANS in children with hearing impairment, showed significant
group differences. The children diagnosed with APD showed significantly increased latency (10 milliseconds) and significantly reduced
amplitude (10 mV) of the early components of the CAEP compared
with children with normal auditory processing. No significant differences were seen in the later P2 wave. The normal developmental course
is for a decrease in latency and increase in amplitude as a function of age.
The results of this study are, therefore, consistent with an immaturity of
the CANS as an underlying cause of APD in children.
KEYWORDS: Cortical auditory evoked potential, central auditory
nervous system development, auditory processing disorder
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C

hildren displaying behaviors synonymous with listening difficulties often will be
referred for assessment of, and may subsequently be diagnosed with, an auditory processing
disorder (APD). APD is an umbrella term that
reflects poor performance within a behavioral
test battery.1–3 Although no specific behavioral
profiles align with a diagnosis of APD,4,5
behaviors such as difficulty hearing speech in
background noise or concerns with attention,
literacy, or spoken language often are reported.4,5 Significant associations of cognitive
ability and a diagnosis of APD have been
demonstrated.1,6–12
The etiology that causes children to perform poorly on auditory processing (AP) tasks,
to such a degree that a diagnosis of APD occurs,
is unknown; however, one theory put forward is
of a maturational delay of the central nervous
system (CNS).13 The 2011 British Society of
Audiology position statement on APD describes the underlying cause responsible for
the majority of cases of APD as a neurodevelopmental disorder, with associated cognitive,
learning, and language deficits.14 Age effects
are common to AP tests with studies generating
normative data for AP tests showing improvement across age brackets, until adolescence is
reached.8,15–20 Normal developmental changes
over time allow for the presence of developmental delays and support the possibility of
APD as a neuromaturational or developmental
disorder.
The normal development of the central
auditory system, or thalamic-cortical maturation, follows a similar course to the maturation
of AP skills,21 with the superficial layers of the
auditory cortex not maturing until adolescence.21,22 Although evidence of myelination
is present throughout the cortical layers by
6 years of age, increased myelination of the
neural pathways continues into adolescence.23
This myelination allows for more rapid transmission within and between hemispheres and
between cortical structures. Dendritic branch-

ing structures also continue to mature in complexity until 12 years of age.23
The maturation of the auditory cortex is
demonstrated by changes to the cortical auditory evoked potential (CAEP) from birth into
adulthood, including changes to the latencies,
amplitude, and morphology of the CAEP over
time.22,24,25 The early components of the
CAEP waveform, P1 and N1, have multiple
cortical sources that encode the auditory stimulus. They are passive responses that can be
reliably elicited in children, unlike the later
components of the waveform, which are performance-related and influenced by factors such
as attention.24 The P2 and later components of
the CAEP are not thought to be generated by
the auditory cortex but by several sensory
modalities.22 Maturational changes to latency
and amplitude are documented for the P1 and
N1 components, showing decreased latency and
increased amplitude into adolescence,24,25
whereas no significant age-related changes
have been noted for the P2 marker.22
The P1 component of the CAEP has been
extensively used as a biomarker of maturity of
the CANS.24,26–31 The P1 component of the
CAEP is a robust obligatory positivity occurring at 50 to 150 milliseconds after stimulus
onset that is present in infancy,24,25 unlike the
later components that emerge during childhood. The P1 is generated by the auditory
thalamic and cortical regions of the CANS
and shows decreased latency and increased
amplitude into adolescence.24,25 This systematic decrease in latency has allowed the P1
potential to be used as a biomarker of central
auditory development. In particular, the P1
biomarker has been employed for hearing-impaired children using maturation of the central
auditory nervous system as an indicator of the
effectiveness of interventions (such as cochlear
implantation or hearing aid use).24,26–31
Few studies have examined CAEPs in
children clinically diagnosed with APD.
Sharma et al demonstrated a trend of increased
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latency and decreased P1 amplitude for a group
of children diagnosed with APD (n ¼ 55, age 9
to 12 years) and control group (n ¼ 22, age 7 to
12 years) to a speech phoneme presented in
quiet at a rate of 1.1/s.32 Only the amplitude
result was shown to be significantly different.
Purdy et al examined CAEP results in a group
of children (n ¼ 10) diagnosed with learning
disabilities and suspected of having an APD.33
An amplitude effect was demonstrated at N1,
with larger amplitudes shown in a control group
(n ¼ 10, age 7 to 11 years), which is consistent
with immaturity of the CAEP in the suspected
APD group; however, the latency effect found
was not. The children with learning disabilities
showed shorter latencies of the P1 component
compared with the control group, which is
inconsistent with immaturity but does show
that cortical differences are present in this
group. An oddball paradigm was employed in
this study: the child attended to the deviant
(20% of presentations) 2-kHz tone bursts presented at a rate of 1.1/s, with the standard
stimulus of a 1-kHz tone burst, to elicit the
CAEP. Previous studies that have explored
maturational changes to the CAEP have not
used an oddball paradigm, but elicited an
obligatory response, with no task associated.22,24,25 Although the children in the Purdy
et al study were suspected of having an APD, no
clinical diagnosis was made.33 Age-matched
controls were reported, but it is not stated
within how many months of age they were
matched.
Normally occurring maturational changes
are a complication when comparing CAEP
differences in children diagnosed with APD
with control groups. Group differences may be
masked unless age is equally balanced across the
group under investigation. Sample sizes also
need to be large enough to allow the effect to be
seen. No previous studies have aimed to examine maturational CAEP differences in children
clinically diagnosed with an APD, using agematched comparisons. Where differences exist
in CAEP findings between test and control
groups, samples sizes are small or children are
not age-matched. Subject characteristics also
need to be clearly defined, such as how the
diagnosis of APD was made; many studies have
shown that children suspected of having an

APD have normal AP skills when clinically
assessed.4,34 If evidence of a maturational delay
in children with APD becomes evident from
CAEP results, the test paradigm employed for
the CAEP must have been previously demonstrated to show maturational changes in typically developing children. Furthermore, these
normal maturational changes must be controlled for, and the cohort of children for
whom a diagnosis of APD is in place must be
well defined.

AIM
This study examines the maturation of the
CANS, as measured by the CAEP, in children
who have been clinically identified as having an
APD. Evidence of CAEP differences (specifically at the markers that have been demonstrated to undergo maturational changes), in
comparison to age-matched pairs, would support a definition of APD as a neurodevelopmental disorder.

METHODS
This study was conducted with the ethical
approval and oversight of the Royal Victorian
Eye and Ear Hospital Human Research Ethics
Committee.

Participants
Children were recruited from those referred to
the University of Melbourne Audiology clinic
for an AP assessment. Children were assessed
using a clinical test battery including tests of AP
and CAEPs. All children had normal peripheral hearing thresholds (15-dB hearing loss
[HL] or better, bilaterally, at each octave frequency in the 250-Hz to 8-kHz range) and
normal type A tympanograms. Assessment
occurred over two sessions. Repeatable auditory
brainstem responses also were recorded in all
children. All demonstrated interpeak latencies
within normal range (waves I to V conduction
time < 4.2 milliseconds for an 11.1-Hz click
presentation rate). This result was interpreted
as being consistent with normal conduction of
the VIII nerve and auditory brainstem responses. All children also showed nonverbal
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intelligence quotient scores above 85 (see
below).

Auditory Processing Assessments
Five AP tasks were used including the Dichotic
Digits Test-2, The Frequency Pattern
Test,19,35 Gaps in Noise,36 Masking Level
Differences,37 and the Listening in Spatialized
Noise—Sentences Test.38 This battery represents tasks that are commonly used in the
clinical setting,39 and it is in alignment with
the recommendations of the American Academy of Audiology.40 Test protocols were as
described in Tomlin et al.34 Twenty-seven
children (16 boys, 11 girls) age 7.2 to 11.9 years
of age (mean 9.03 years, standard deviation
[SD] 1.43) were diagnosed with APD when
performance was 2 SD below the mean on one
or more of the behavioral APD tests. This
group of children comprised the APDþ group.
Twenty-seven additional children (16 boys, 11
girls; 7.2 to 11.6 years of age, mean 8.99 years,
SD 1.34) who had passed the same AP test
battery were then identified from the same
cohort as age-matched pairs (within 3 months
of age). The group was the APD  .
Measures of nonverbal intelligence, sustained
attention, and auditory working memory also
were collected to explore group differences. Nonverbal intelligence was assessed using the normreferenced Test of Non Verbal Intelligence 4.41
Auditory memory was assessed using the Clinical
Evaluation of Language Fundamentals, Fourth
Edition forward and reverse digit tasks.42 The
Integrated Visual and Auditory Continuous Performance Test was used to assess sustained attention. These assessments are described in detail
elsewhere.34 Cognitive findings for the AP deficit
(APD þ ) and control (APD  ) groups are
described in Table 1.

Cortical Auditory Evoked Potential
Assessment
The CAEP testing was performed in a soundproof booth using the Biologic AEP (Natus
Medical Incorporated, San Carlos, CA) system
to deliver stimuli and record responses. Children were given a handheld tablet to play on
quietly for the duration of the assessment and

were asked to sit quietly. Obligatory CAEPs
were recorded to 500-Hz tone bursts presented
at 80-dB normalized hearing Level (nHL)
monaurally to left and right ears via ER3-A
insert (Etymotic Research, Elk Grove Village,
IL). The tone burst duration was 100 milliseconds (80-millisecond plateau with 10-millisecond rise and fall times), presented at 0.3/s. It
was predicted that at this slow rate the earlier
components of the waveform would be evident
across the age group.43 CAEPs were recorded
form vertex (Cz) midline electrodes, reference
electrodes on left and right mastoids and
ground electrode on high forehead. Responses
were recorded for 40 averages and two waveforms collected. The electroencephalogram was
filtered 100 Hz to 3,000 Hz. The components
of the waveform were identified visually by an
experienced clinician (blinded to subject categorization). The P1 and N1 components of the
CAEP waveform were present in all children
assessed. Peak-to-peak amplitude measures
were obtained for P1-N1 and N1-P2. An
example of an age matched pair of waveforms
is shown in Figure 1.

RESULTS
Latency and amplitude results are shown
in Table 2. No significant difference
(p > 0.6) between ears was found for all measures using paired t test comparisons. Results are
therefore expressed as the average of both ears.
Significant group differences in latency were
found using the paired t test (Fig. 2). The P1
latency was found to be significantly shorter
(mean difference of 8.39 milliseconds, SD
13.12) in the APD group (p ¼ 0.03,
T ¼ 3.32, 95% confidence interval ¼ 3.20,
13.58). The N1 latency was also significantly
shorter (mean difference of 9.63 milliseconds,
SD 17.26) in the APD group (p > 0.01,
T ¼ 2.90, 95% confidence interval ¼ 2.80,
16.46). No significant difference (p ¼ 0.89)
was found for P2 latency between the APD
and APDþ groups.
Significant group differences in amplitude
were also evident. A paired t test showed
significantly reduced amplitude (mean difference of 4.16 V, SD 6.70) for the APDþ group
in comparison with the APD group
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Cognitive Results of the APDþ and APD Groups
APDþ

APD

Paired t test results (95%
confidence interval)

p Value

Attention
(quotient score)

72.68 (22.35)

90.16 (22.20)

T ¼  2.78 (30.68, 4.27)

0.012

Working memory

7.98 (1.76)

9.83 (2.25)

T ¼  2.97 (3.13, 0.56)

0.007

(scaled score)
Nonverbal IQ

99.44 (8.73)

104.00 (8.89)

T ¼  1.97 (9.34, 0.22)

0.06

(quotient score)
Abbreviations: APD þ , group with auditory processing disorder; APD  , group without auditory processing
disorder.

Table 2

Latency and Amplitude Results for P1, N1, and P2 Measures
Latency (ms)

Amplitude (uV)

APDþ

APD

P1
N1

90.41 (9.43)
129.04 (11.43)

82.02 (8.32)
119.41 (14.28)

P2

174.62 (18.85)

173.86 (23.12)



APDþ

APD

P1-N1

9.36 (3.86)

12.75 (4.94)

N1-P2

12.10 7.07

12.29 (7.86)





NS

NS

Abbreviations: APD þ , group with auditory processing disorder; APD  , group without auditory processing disorder;
NS, not significant.
Note: Results are shown as mean (standard deviation).

p < 0.05.

(p ¼ 0.03, T ¼ 2.4, 95% confidence interval
¼ 7.87, 0.45). No significant difference
(p ¼ 0.89) was found for N1-P2 amplitude
between the two groups.

Significant differences also were found in
the cognitive scores of the APDþ and APD
groups, as shown in Table 1. These group
differences are consistent with reported associ-

Figure 1 Cortical auditory evoked potential of two age-matched children: one without (top) and one with
auditory processing disorder (APD) (bottom).
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Figure 2 Latency results of the groups with auditory processing disorder (APD þ ) and without APD
(APD  ), showing interquartile range. p < 0.05.

ation of cognition and APD. For further discussion of this association, see Tomlin et al.34

DISCUSSION
The aim of this study was to determine if
CAEP differences were evident in children
diagnosed with an APD and if these differences
were consistent with CANS immaturity. The
early P1-N1 components of the CAEP waveform were found to be significantly later in
latency (a mean difference of 10 milliseconds)
and smaller in amplitude (a mean difference of
5 V) in the group of children who met the
diagnostic criterion for the presence of an APD
in comparison to age-matched peers. These
waveform morphology differences are consistent with the well-documented maturational
changes to the waveform that occur into adolescence: latency decrease and amplitude increase of the earlier P1-N1 complex and no
significant latency or amplitude changes for the
later P2 component.22,24,25 These results are
consistent with a delayed maturation of the
CANS in children diagnosed with an APD.
Neural dysfunction causing conduction times to
be slowed in the auditory pathway cannot be
ruled out, but the later waves (although generated by multiple sensory sites) would also be
expected to show a delayed effect. A longitudinal study would demonstrate the rate of maturation occurring and provide stronger evidence
of a delayed maturation pattern.
Differences at the P1 marker in APD
versus control groups has been demonstrated

previously; however, this was a reduced amplitude of response only.32,33 A significant latency
increase in children diagnosed with APD, as is
seen in the current study, has not previously
been reported. Aside from stimulus differences,
a possible explanation as to why different
results are present between the current study
and Sharma et al is the comparisons made.32
Although Sharma et al compared group difference between the APD children and a control
group, age was not controlled for.32 Children
were not in age-matched pairs and the age
ranges differed between the two groups; the
control group ranged from 7 to 12 years, and
the test group ranged from 9 to 12 years. It is
possible that the latency effects seen in the
current study are now evident because normal
maturational changes are being tightly controlled for. Purdy et al also demonstrated an
amplitude effect consistent with immaturity
but not latency (in fact the opposite latency
effect was found).33 Purdy et al had a small
sample size and employed an oddball paradigm,
which may explain the different findings.33
Furthermore, the children were suspected of
APD but not clinically diagnosed as being an
APD group. The children in the present study
are closely age-matched and differentiated by a
clinical diagnosis of APD; their ability to
complete the AP test battery defined the group
in which they fell.
Strong associations are reported between a
child’s cognitive abilities (auditory working
memory and attention) and performance on
AP tasks,1,6–12 and this is again evident in the
current cohort, with the APDþ group showing
significantly poorer auditory working memory
and attention skills than the APD group. This
association of cognition and APD is consistent
with the CAEP differences. The maturation of
the CNS parallels normal development of cognitive skills. Cerebral maturation and cognitive
development are interdependent processes, and
stages of cognitive development have associated
stages of myelination and dendritic branching
throughout childhood and into adolescence.23
Electroencephalogram studies of CNS maturation demonstrate several growth periods, including one from 7 to 9 years of age associated
with strengthening of cortical synaptic connections.44,45 Models are of stepwise development
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of the CNS, rather than a gradual progression,
with evidence that growth spurts occur in early
infancy, again around 7 to 10 years of age,46 and
with a final spurt during adolescence. The rate
of development of cognitive skills has also been
demonstrated in both working memory and
sustained attention tasks with significant periods of development occurring between 7 and
10 years of age.47–49 So too many AP tasks show
significant developmental changes in the 7- to
10-year bracket mirroring that seen in the CNS
and cognitive models of development.8,15–20
Rather than the assumed causal link of cognitive ability driving a child’s performance on
behavioral AP tasks, an alternative explanation
is that performance on behavioral tasks (whether designed to assess cognitive skills or AP
ability) are a reflection the overall development
of the CANS, in line with the theory of APD as
a neurodevelopmental disorder. The line of
causality may of course run in the other direction with a peripheral dysfunction causing a
delay in cortical and cognitive maturation also.
Regardless, differences (that are consistent with
delays of maturation) are evident at the cortical
level in children who demonstrate difficulty
performing AP tasks.
It is relevant to note that APD reflects a
variety of potential dysfunctions in the auditory
system. The term auditory processing disorder
does not specify on which tasks in the battery
the child performed sufficiently poorly for a
diagnosis to occur. In this current cohort, the
majority of children were found to have a
deficit in either the Frequency Pattern Test
(FPT) or Dichotic Digits test (DDT) tasks, or
both. These two behavioral tasks in particular
require interhemispheric transfer of information.15,50 The maturation of the CANS includes a process of increasing myelination,
which allows for a more rapid transmission of
information between the hemispheres.23 It is
evident in this current study that as a group, the
children who fall above the diagnostic criterion
demonstrate CAEP waveforms consistent with
more advanced development than those who
fall below.
The clinical application of this CAEP
difference is yet to be developed. What is not
evident in the present study is whether the
observed latency differences are significant

enough that children with an APD would
fall outside of the normal range of latencies,
allowing for the CAEP to be employed as a
diagnostic tool. Studies that have tracked the
development of P1 latency following cochlear
implantation report a “normal” range of latencies of 50 milliseconds using speech
stimuli in the 6- to 10-year age range.30
The mean latency differences in this current
study are of 10 milliseconds, which may be
not be sufficiently different to allow for clinical differentiation. Large-scale normative
data are required to answer this question.
This study has employed a simple tone stimuli
in quiet, with long interstimulus interval;
different stimulus characteristics including
the use of speech stimuli and speech in noise
stimuli may be more (or less) sensitive to these
maturational changes.
Evidence, such as is seen in the current
study, that supports the theory of neurodevelopmental delay in children with APD also
supports the application of auditory training
programs as a management tool for the disorder. Auditory training programs target the
neural plasticity of the CANS. The CANS is
not mature until adolescence, and enriched
stimulation has been reported to increase maturational rates.51 Evidence of immaturities
provides a framework for training programs
to accelerate the normal maturational process.
Whether the P1 marker has the necessary
sensitivity to objectively monitor the success
of auditory training programs has yet to be seen.
This tracking of the P1 latency has been
employed in hearing impaired children to measure rehabilitation progress26–28; however, this
is following significant auditory deprivation and
for young children in whom more pronounced
maturational changes to the CAEP are documented compared with the 7- to 12-year age
group where a more subtle rate of development
is reported.30 CAEP changes have been reported post–auditory training in children with
APD, although these have been in the later
wave components, which are influenced by
cognitive ability and task-specific behaviors,
such as attention to stimulus, but not in P1
latency.32 Furthermore, whether CAEP
changes indicate significant real-life differences
in ability also needs to be determined.
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CONCLUSIONS
The results of the present study show that
cortical differences are present in children
who perform poorly on AP tasks. Significant
differences are seen of increased P1 and N1
latencies and reduced P1-N1amplitude in
children diagnosed with an APD. Latency
decrease and amplitude increase of the P1 and
N1 waves of the CAEPs are maturational
markers of the CAEP and the CANS. This
pattern of difference is consistent with immaturity of the CANS in the children who
meet the diagnostic criterion for APD and a
description of APD as a neurodevelopmental
disorder. The neuromaturational delay in
children with APD is consistent with the
documented association of cognitive and AP
abilities. This has implications for the future
development of test batteries and remediation
programs. Many causes of listening difficulties are likely to exist, but for this cohort of
children, who meet the clinical diagnostic
criterion for the presence of APD, cortical
differences consistent with immaturity of the
CANS are evident. For these children, an
objective measure defining the cause of the
listening deficit would allow for the application of targeted, appropriate rehabilitation.
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