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Abstract

Objective: To study the relationship between cortical auditory evoked poten-
tial (CAEP) thresholds and behavioral thresholds in pediatric populations
with sensorineural hearing loss (SNHL). Methods: Fifteen children (mean age
6.8 years) with bilateral SNHL underwent behavioral pure-tone audiometry
and CAEP testing at 0.5, 1, 2, and 4 kHz. CAEP thresholds were determined
using tone bursts, and correlations between CAEP and pure-tone thresholds
were analyzed using Pearson correlation and t-tests. Results: A strong positive
correlation was observed between P1 thresholds and behavioral thresholds
across all test frequencies: 0.5 kHz (r = 0.765, p < 0.001), 1 kHz (r = 0.891, p <
0.001), 2 kHz (r = 0.871, p < 0.001), and 4 kHz (r = 0.922, p < 0.001). Correc-
tion values between P1 and behavioral thresholds were established: 0.5 kHz
(11 dB HL), 1 kHz (9 dB HL), 2 kHz (12 dB HL), and 4 kHz (13 dB HL). Mean
P1 latencies ranged from 145.19 ms to 149.06 ms, and N1 latencies ranged
from 212.34 ms to 232.26 ms across frequencies. Conclusion: The strong cor-
relation between P1 and behavioral thresholds demonstrates the reliability of
CAERP testing for estimating auditory thresholds in children. These findings
support the use of CAEP testing as a reliable objective tool for threshold esti-
mation, particularly in cases where behavioral responses cannot be reliably
obtained. When adjusted with frequency-specific correction values, CAEP
testing provides a reliable method for assessing hearing thresholds in pediatric
populations.
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1. Introduction

Over 1.5 billion people worldwide experience hearing impairment, accounting for
approximately 20% of the global population [1]. Unaddressed hearing loss signif-
icantly impacts quality of life, causing challenges in communication, delayed
speech, language, and cognitive development. These deficits often lead to poorer
psychosocial well-being, limited educational achievement, vocational challenges,
and an increased risk of unemployment [1]. Early diagnosis and intervention are
crucial, particularly for children, as timely management can enable developmental
milestones comparable to peers with normal hearing [2].

In China, newborn hearing screening coverage increased from 29.9% in 2008
to 86.5% in 2016 [3]. However, interprovincial disparities persist, and children in
regions without comprehensive screening programs may undergo hearing assess-
ments only later in life. Pure-tone audiometry, a behavioral testing for determin-
ing hearing thresholds, is considered the gold standard for identifying the type,
degree, and configuration of hearing loss [4]. It guides audiologists and healthcare
professionals in diagnosis and treatment planning. The reliability of hearing
threshold measurements in behavioral testing is highly dependent on the child’s
cognitive, linguistic, and motor development. Children with additional disabilities
often struggle to reliably participate in behavioral testing, thus emphasizing the
necessity for objective testing methods.

Electrophysiological tests, including Auditory Brainstem Response (ABR), Au-
ditory Steady-State Response (ASSR), and Cortical Auditory Evoked Potential
(CAEP), are capable of estimating hearing thresholds. However, the utilization of
CAEP for threshold estimation has been limited, primarily due to the dominance
of ABR and ASSR as the prevailing diagnostic techniques in the field. CAEPs rep-
resent obligatory neural responses, reflecting the cumulative activity of the audi-
tory cortex. These potentials are elicited by the onset, change, or offset of a sound,
and occur regardless of whether the individual is actively attending to the auditory
input [5]. The three distinct components of the mature supra-threshold CAEP,
labeled as P1, N1, and P2, reflect sequential stages of auditory cortical processing
[6]. Following the stimulus onset, the P1 component, a positive peak, typically oc-
curs around 50 - 70 milliseconds (ms). After the P1 component, the N1 component,
a negative trough, is observed at 100 - 130 ms. After the N1 component, the P2
component, a positive peak, appears at 200 - 250 ms [6]. These components reflect
the auditory pathway functionality and cortical processing of sound stimuli.

The morphology of CAEP is influenced by several factors, including age,
arousal state, attention, and the specific characteristics and parameters of the audi-
tory stimuli presented. The P1 component can be reliably elicited in infants from

birth, whereas the N1 component becomes reliably evoked only by approximately
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seven years of age [7]. The mature waveform morphology is primarily character-
ized by N1, which is subsequently followed by P2 [8]. The N1-P2 response reaches
full maturity in predicting auditory sensitivity only during late adolescence [8]. In
pediatric populations, P1 emerges as the robust and predominant component of
the CAEP, further serving to indicate the maturation of central auditory processes
[9]. As age increases, the auditory system matures in children, the N1 and P2 com-
ponents progressively emerge from the dominant P1 component [7]. Therefore,
the P1 component is commonly employed in estimating hearing thresholds in
children.

Previous studies have demonstrated the utility of CAEP testing in clinical set-
tings for estimating hearing thresholds. Research in adults with normal hearing
and bilateral sensorineural hearing loss (SNHL) has shown a strong correlation
between thresholds obtained from the N1-P2 response of CAEP testing and pure-
tone audiometry at four frequencies (0.5 k, 1k, 2k, and 4 kHz), which are integral
for calculating the pure-tone average [10]-[12]. Similarly, research in neonates
and infants has highlighted the potential of the P1 component of CAEP to provide
insights into auditory pathway development and to serve as an accurate predictor
of hearing thresholds. Cone and Whitaker (2013) demonstrated the feasibility and
precision of CAEP threshold estimation in infants with normal hearing aged 4 -
12 months [13]. Oliveira et al (2019) further validated the accuracy of CAEP test-
ing in accurately estimating hearing thresholds at the aforementioned frequencies
in normal hearing neonates up to 28 days old [14]. He et al (2013) further ex-
panded the application of CAEP testing to children with Auditory Neuropathy
Spectrum Disorder (ANSD), demonstrating its potential for estimating hearing
thresholds in five children aged 6 to 10 years with the disorder [15]. Cardon and
Sharma (2021) further reinforced these findings, demonstrating that CAEP test-
ing reliably estimates hearing thresholds across diverse auditory conditions, in-
cluding normal hearing, SNHL, and ANSD, in both adults and children [16].

This study focuses on CAEP rather than other objective tests like ABR and
ASSR for several reasons. Unlike ABR, which assesses neural responses in the
brainstem, CAEP provides insights into higher-order auditory processing up to
the cortical level [17]. This makes CAEP particularly valuable for evaluating the
entire auditory pathway and its functional integrity. Moreover, ABR and ASSR
have limitations in pediatric populations, as they require the subject to be asleep
or still for prolonged periods [16]. This poses significant challenges, especially for
older children who are more likely to be awake and active compared to infants.
General anesthesia, often used to facilitate ABR and ASSR testing, carries risks
and may be unsuitable for children with certain health conditions. In contrast,
CAEP testing can be performed while children are awake and alert, making it a
more feasible option for populations that may not benefit from other electrophys-
iological tests.

Studies have shown that CAEPs can reliably estimate hearing thresholds in infants,

younger children, and adults, with good correlation to behavioral audiograms.
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Despite the extensive validation of CAEP testing in threshold estimation, its ap-
plication in older children with SNHL has not been widely explored. The present
study aims to address this gap by investigating the correlation between CAEP
thresholds and behavioral thresholds in children aged 4 to 12 years with SNHL
across 0.5, 1, 2, and 4 kHz. This study focuses on the clinical utility of CAEP in
this age group and its potential to expand diagnostic options for populations
where behavioral or other electrophysiological methods may be challenging to im-
plement. The findings could facilitate broader adoption of CAEP testing in clinical
practice, providing a reliable alternative for assessing hearing thresholds in pedi-

atric populations with SNHL.

2. Methods
2.1. Subjects

Fifteen children (9 males and 6 females), comprising 28 ears, were recruited for
this study. The mean age was 6.8 + 2.4 years (range 4 - 11 years). Inclusion criteria
for the study were as follows: 1) Children with a confirmed diagnosis of bilateral
SNHL; 2) The ability to reliably perform pure-tone audiometry, defined as con-
sistent responses to stimuli during testing. Exclusion criteria included: 1) The
presence of conductive or mixed hearing loss, as determined by air-bone gap
thresholds exceeding 10 dB HL at any frequency; 2) Abnormal tympanometry re-
sults indicative of middle ear pathology such as Type B or C tympanograms; 3)
Any diagnosed cognitive or developmental disorders that may potentially inter-
fere the outcomes of behavioral testing. The pure-tone average for the tested ears
was categorized as follows: 2 ears with 26 - 40 dB HL, 8 ears with 41 - 60 dB HL,
12 ears with 61 - 80 dB HL, and 6 ears with >81 dB HL.

2.2. Behavioral Testing

Air conduction thresholds were obtained using the GSI Audiostar Pro audiometer
and sound stimuli were delivered through ER-3A insert earphones. Pure-tone au-
diometry was conducted in a soundproof room with background noise levels be-
low 35 dB A. The test frequencies were 0.5, 1, 2, and 4 kHz, and air conduction
thresholds for both ears at each frequency were obtained following the Hughson
and Westlake procedure. Children responded to the sound stimuli either by rais-

ing their hands or via conditioned play audiometry.

2.3 Measurement of Cortical Auditory Evoked Potentials

CAEP testing was conducted in a soundproof chamber with background noise
levels below 35 dBA. Unaided air conduction CAEPs were recorded using the
Neuro-Audio system. Before placing the disposable electrodes, the skin was
cleaned with cotton wool to remove oil or debris. Electrodes were positioned for
recording: the active electrode was placed on the vertex, the two reference elec-
trodes were placed on the mastoid processes, and the ground electrode was placed

on the low forehead. The electrode impedance was maintained below 3 kQ). Sound
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was delivered using ER-3C insert earphones. The test stimuli were tone bursts,
delivered at a stimulation rate of 1 per second, with a window time of 500 ms. The
artifact rejection with amplitude criterion at + 100 pV. The average number of
sweeps was 50 to 100, and the bandpass filter was set at 0.3 to 30 Hz. The test
frequencies were 0.5, 1, 2, and 4 kHz. All children were instructed to sit comfort-
ably, accompanied by a parent during the testing process. They were required to
remain awake and quiet, with silent videos played to maintain their alertness. To
prevent fatigue, a 5-minute break was taken after measuring the P1 threshold for
every two frequencies. CAEP thresholds were interpreted and identified by expe-
rienced audiologists. When a distinct P1 peak was observed, the sound intensity
was decreased by 10 dB. It was then increased by 10 dB, if the P1 was not elicited.
The threshold was then determined through stepwise adjustments of 5 dB incre-
ments and decrements. Each intensity level is tested twice until the threshold was

approached.

2.4. Statistical Analysis

The obtained data was statistically analyzed using SPSS 27.0 software. A Pearson
correlation test was employed to analyze the relationship between the P1 thresh-
olds and behavioral thresholds across the test frequencies. The difference between
the P1 threshold and the corresponding behavioral threshold at each frequency

was calculated using paired sample t-test. The significance level was set at p < 0.05.

3. Results
3.1.Relationship between P1 Thresholds and Behavioral Thresholds

Figure 1 shows the CAEP response waveforms at 1 kHz recorded from a subject.
Pearson correlation analysis revealed a strong positive correlation between the P1
thresholds and the behavioral thresholds across the four test frequencies: 0.5 kHz
(r = 0.765, p < 0.001), 1 kHz (r = 0.891, p < 0.001), 2 kHz (r = 0.871, p < 0.001),
and 4 kHz (r = 0.922, p < 0.001). Scatter plots illustrating these relationships are
presented in Figure 2.

3.2. Differences between P1 Thresholds and Behavioral Thresholds

Statistically significant differences were observed between the P1 thresholds and
the behavioral thresholds at frequencies of 0.5, 1, 2, and 4 kHz, with all results
indicating P < 0.001, as summarized in Table 1. The mean latency of P1 and N1

at threshold across the four test frequencies is shown in Table 2.

4. Discussion

Although extensive research has explored the use of CAEP testing for threshold
estimation in infants, young children, and adults, its application in older children
with SNHL remains under explored. This study investigated the relationship be-
tween CAEP P1 thresholds and behavioral thresholds in children aged 4 to 12 years

with SNHL, focusing on the thresholds at four specific frequencies for pure-tone
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Figure 1. CAEP waveforms at 1 kHz recorded from a subject. The P1 and N1 components are clearly visible at higher intensities, with
a progressive reduction in amplitude and increased latency as stimulus intensity decreases. The thresholds for both ears are 70 dB HL.
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Figure 2. Scatter plots between P1 threshold and behavioral threshold across four frequencies.
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Table 1. The difference between P1 thresholds and behavioral thresholds across four frequencies (n = 28).

95% Confidence Interval

Frequency P1 threshold Behavioral threshold .
Difference t value p value
(kHz) (dB HL) (dB HL) Lower limit ~ Upper limit
0.5 68.93 +16.80 57.50 £ 17.08 11.43 +11.62 6.92 15.93 5.206 <0.001
1 78.75 £ 14.51 69.29 + 12.96 9.46 + 6.57 6.92 12.01 7.618 <0.001
2 83.75 +£19.42 71.96 + 17.55 11.79 £ 9.55 8.08 15.49 6.533 <0.001
4 81.79 +20.42 68.93 +16.63 12.86 + 8.21 9.67 16.04 8.283 <0.001

Table 2. The average latencies of P1 and N1 thresholds across four frequencies (n = 28).

Latency (ms)

Frequency (kHz)

P1 N1
0.5 148.07 £ 33.26 232.26 + 41.46
1 148.31 + 30.50 229.23 +35.92
2 145.19 + 28.89 212.34 + 34.96
4 149.06 + 31.92 214.31 + 34.43

average calculations. The findings revealed a strong, statistically significant posi-
tive correlation between CAEP P1 thresholds and behavioral thresholds across the
tested frequencies of 0.5, 1, 2, and 4 kHz. Furthermore, the study compared P1
thresholds with behavioral thresholds and established correction values at these
frequencies: 0.5 kHz (11 dB HL), 1 kHz (9 dB HL), 2 kHz (12 dB HL), and 4 kHz
(13 dB HL).

The results of this study are consistent with previous research, highlighting the
reliability of CAEP thresholds in estimating hearing thresholds in older children.
The findings demonstrate a strong relationship between CAEP thresholds and be-
havioral thresholds across frequencies of 0.5, 1, 2, and 4 kHz, aligning with find-
ings from prior studies [10]-[12]. Additionally, the P1 component, which has been
identified as a reliable predictor of hearing thresholds in infants and young chil-
dren, has been shown to be equally effective in estimating hearing thresholds in
older children [13]-[16].

To clinically apply CAEP testing for threshold estimation, it is important to
investigate and address the discrepancy between CAEP and behavioral thresholds.
Correcting these differences is crucial to ensure the accuracy and reliability of
CAEP as a tool for estimating hearing thresholds. In this study, the thresholds
derived from CAEP testing across the tested frequencies were generally higher
than those obtained through behavioral testing, findings that align with previous
studies [10] [12] [16]. After subtracting the correction values, P1 thresholds can
reliably estimate hearing thresholds. These correction values should be clearly
stated in clinical reports [6].

The correction values identified in this study (11, 9, 12, and 13 dB HL for the

tested frequencies) are consistent with previous findings. Wong et al (2008)
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reported a mean difference of approximately 15 dB HL when comparing CAEP
thresholds elicited by tone bursts to pure-tone thresholds [12]. Similarly, Cardon
and Sharma (2021) found that CAEP thresholds using a 1 kHz pure-tone and the
speech stimulus /ba/ were within 10 dB HL of pure-tone thresholds in normal-
hearing adults and children [16]. Zhang ef a/l (2023) noted that the discrepancy
between CAEP and pure-tone thresholds is greater in adults with normal hearing
compared to those with SNHL, highlighting the need for distinct correction values
tailored to individuals with normal hearing and those with SNHL [10].

Both tone-burst and speech stimuli are effective in eliciting CAEPs. Research

comparing tone bursts and speech stimuli in CAEP testing further supports that
both tone bursts and speech stimuli are appropriate for recording CAEPs in chil-
dren [18]. As compared to tone-burst stimuli, larger P1 amplitudes were found
for CAEP evoked by speech stimuli and speech stimuli containing multiple fre-
quencies are more natural [18]. However, tone bursts offer a distinct advantage
by facilitating frequency-specific evaluation of auditory sensitivity, thereby en-
hancing the clinical applicability of CAEP testing in threshold estimation. These
findings emphasize the reliability of tone bursts as stimuli for estimating hearing
thresholds in older children with SNHL.
In pediatric populations, the P1 component is the prominent and consistently ob-
served component of CAEP [19]. Originating from synaptic activity in the pri-
mary auditory cortex, thalamo-cortical projections, and intracortical recurrent ac-
tivity, the P1 component provides critical insights into early auditory cortical pro-
cessing [19]. In contrast to adults, who primarily utilize the N1-P2 complex for
threshold measurements, children rely on the P1 component due to developmen-
tal differences. In infants and young children, the N1 component overlaps the P1
component, making it harder to distinguish. As individuals age, the N1 compo-
nent becomes more distinct, demonstrating longer latencies [20]. This develop-
mental progression underscores the unique trajectory of auditory system matura-
tion in children and highlights the importance of utilizing age appropriate bi-
omarkers for precise evaluation of hearing thresholds and monitoring maturation
processes.

P1 latency is highly age-dependent, thus serving as a valuable biomarker for
assessing central auditory development in children. Infants and young children
typically exhibit P1 peak latency ranging from 100 to 300 ms [19]. As the auditory
system matures, P1 latency and amplitude gradually decrease, reaching approxi-
mately 60 ms by late adolescence [19]. This reduction in latency reflects cortical
maturation, including enhanced synaptic connectivity, improved myelination,
and shortened refractory periods [20]. The findings of this study revealed pro-
longed P1 and N1 latencies compared to those of normal-hearing children. Gen-
erally, P1 latency in normal hearing children ranges between 85 - 95 ms and grad-
ually decreases with age, ultimately reaching adult levels of approximately 40 - 60
ms [20] [21]. Following the P1 peak, the N1 component emerges as a negative

trough, with latencies of 100 - 150 ms observed in children aged 5 - 6 years [21].
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As development progresses, the N1 component becomes more prominent, stabi-
lizing around 100 ms in adults. The reduction in P1 latency with age is thought to
reflect the maturation of auditory pathways, marked by more efficient synaptic
transmission and improved neural connectivity.

CAEDP is considered a more reliable method for hearing threshold estimation
compared to ABR and ASSR. Unlike ABR, which captures neural activity at the
early stages of the auditory pathway within the brainstem, CAEP measures neural
responses at the cortical level. This cortical assessment enables CAEP to provide
valuable insights into auditory processing at advanced stages of the auditory path-
way, including the evaluation of speech perception [22]. Additionally, studies have
highlighted the advantages of CAEP over ASSR, particularly in estimating behav-
ioral hearing thresholds. These advantages are most evident at lower frequencies
and in cases of severe hearing loss, where the CAEP waveform, particularly the
N1-P2 component, demonstrates higher reliability [23].

The findings of this study have significant implications for clinical pediatric
hearing assessment in audiology. Obtaining behavioral thresholds can be chal-
lenging in children who are incapable of providing reliable responses, such as
those with multiple disabilities. In such cases, the application of objective measures,
such as CAEP testing, is essential in estimating hearing thresholds and guiding
early intervention and rehabilitation planning. This study validates the clinical
utility of CAEP testing in estimating hearing thresholds in older children. To fur-
ther validate these findings, future studies should include larger sample sizes of
pediatric population with SNHL, and further divided into different age groups, in
order to establish reference values for different age ranges. Establishing age-spe-
cific reference values will enhance the clinical applicability of CAEP testing and

provide a framework for its integration into audiological evaluations.

5. Conclusion

This study demonstrated a strong correlation between CAEP testing using tone
bursts as stimuli and behavioral audiometry at the four frequencies used to calcu-
late the pure-tone average in children aged 4 - 12. The P1 component of the CAEP
serves as a biomarker that is readily recordable and non-invasive, eliminating the
need for anesthesia. As a result, CAEP testing can serve as a reliable objective
method for estimating hearing thresholds in older children for whom accurate
behavioral thresholds are difficult to obtain. Notably, for children who do not
benefit from ABR or ASSR testing, CAEP threshold estimation offers a viable alter-
native. This is particularly advantageous in pediatric populations that are challeng-
ing to assess, such as children with multiple disabilities. By enabling the estimation
of hearing thresholds, CAEP testing facilitates earlier diagnostic and rehabilitative

interventions, ultimately improving the outcomes of auditory management.
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