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Abstract: A significant portion of hearing-impaired children have additional disabilities, but data
about the maturation of their auditory cortex are scarce. In these children, behavioral tests are
often unreliable, and objective tests are needed for diagnostics and follow-up. This study aimed to
explore auditory cortical maturation and language development, and the usability of an objective
electroencephalogram-based biomarker in children with multiple disabilities. In 65 hearing aid
and cochlear implant users (36 females; 36 with multiple disabilities; 44.3 ± 18.5 months of age,
mean ± SD), auditory processing was examined using the P1 cortical auditory evoked response
biomarker, and language development with the Preschool Language Scales 5th edition (PLS-5).
During the study, all of the children received intensive extra language therapy for six months. No
significant differences were found between the groups in P1 latency development, the proportion of
abnormal P1 latencies, or the number of children whose P1 latencies changed from abnormal to normal
during the study. The PLS-5 total language scores, auditory comprehension scores, or expressive
communication scores did not differ between groups either. The P1 latencies showed meaningful
negative correlations with the language scores. The results suggest that auditory cortex development
is similar in hearing-impaired children with/without additional disabilities, and the P1 biomarker is
a feasible tool to evaluate central auditory maturation in children with multiple disabilities.

Keywords: hearing loss; disability; language; electroencephalogram; EEG; cortical; auditory; evoked
potential; CAEP; P1 biomarker

1. Introduction

Children with hearing loss frequently have additional disabilities, either because of
genetic mutations and/or environmental factors. The overall incidence of congenital severe
hearing loss is about 1 in 1000 births [1], and about half of all congenital hearing loss
cases have genetic bases; of these, about 20% are syndromic [2]. More than 650 hereditary
syndromic hearing loss entities are known [3,4], most of them having either autosomal
recessive (e.g., Usher, Pendred, and Jervell and Lange–Nielsen syndromes) or autosomal
dominant inheritance (e.g., Waardenburg, CHARGE, Treacher Collins, and brachio-oto-
renal syndromes). In addition, X-linked inheritance (e.g., Alport syndrome) and rarely
mitochondrial inheritance (e.g., MELAS syndrome) can occur. In addition to genetic
syndromes, a variety of acquired conditions, such as infections (e.g., cytomegalovirus,
rubella, toxoplasmosis, meningitis), prematurity, infant hypoxia, hyperbilirubinemia, and
neonatal intensive care, may lead to both hearing loss and additional disabilities of varying
severity. Hearing-impaired children can also have comorbidities which have no association
with the hearing loss. Altogether, approximately 20–40% of deaf or hard of hearing children
have an additional disability [5–8].
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The evaluation of hearing—both without and with hearing devices—can be challeng-
ing in children, and especially in children with multiple disabilities. Newborn hearing
screening is based on easily measurable otoacoustic emissions and automatic ABR, and
these methods can also be used in older children if they sleep peacefully or cooperate well.
However, the diagnosis of hearing loss requires more detailed evaluation. In newborns
and young infants (recommended under 8 weeks of age [9], at most roughly 6 months
of age), the degree of hearing loss can usually be objectively assessed with the auditory
brainstem response (ABR) measurement during natural sleep. Frequency-specific estimates
of hearing loss can be obtained, e.g., using tone pip/burst or narrow-band chirp ABR, or
by combining click ABR with auditory steady-state response (ASSR) measurements [9–11].
Typically, additional disabilities cause no major problems in this evaluation if the child
sleeps long enough for all of the measurements to be completed. Different brain diseases
may affect the ABR morphology, but in most cases these small changes do not interfere with
the assessment of hearing thresholds [12,13]. However, hearing loss can have a late onset
or be progressive, resulting in the hearing evaluation being delayed. A reliable diagnosis of
hearing loss can be obtained by pure tone audiogram roughly around the time the child
is 5 years old [14]. In toddlers and non-cooperating older children, the diagnosis must be
based on objective measures. In these children, the diagnostic threshold ABR normally
requires sedation, because they do not sleep or wake up easily, disrupting the reliability of
ABR measurement. Occasionally, sedation is also required in newborns and young infants
if the data otherwise contain too much motion artifact. Unfortunately, anesthetic risks are
often higher in children with multiple disabilities, and sedation may be contraindicated
even for diagnostic purposes. The need for hearing evaluation does not end in the diagnosis
of hearing loss, but the efficacy of hearing rehabilitation must be monitored regularly. Some-
times, even improvements in hearing may be seen during follow-up [15]. Typically, the
follow-up of hearing-impaired children is largely based on different behavioral tests, such
as visual reinforcement audiometry, speech perception, and tests for assessing language
development, but these tests may be impossible to implement in children with multiple
disabilities, or the results may be unreliable. Adequate assessment is crucial for early
identification in all children who do not benefit sufficiently from conventional hearing aids,
and for whom cochlear implantation is indicated.

In years past, children with severe to profound hearing loss and additional disabilities
were often considered poor candidates for cochlear implants (CIs) [16]. As a result, these
children have been excluded from many previous studies [17–21], and data are scarce on the
maturation of the auditory system in children with hearing loss and additional disabilities.
However, the indications for cochlear implantation have expanded, and the understanding
of the importance of hearing in the presence of other (e.g., sensory or motor) handicaps
has increased. Current CIs also contain a method that directly measures cochlear nerve
stimulation thresholds, which can help in guiding the programming of CIs in children
whose behavioral responses are unreliable. Currently, the majority of deaf children with
additional disabilities receive CIs in many countries. However, children with multiple
disabilities have shown variable clinical outcomes after CI use [22]. In some children,
speech perception and language development are comparable to hearing-impaired children
without other disabilities [5,23]. whereas some children with multiple disabilities benefit
from CIs, but do so at a slower pace and to a lesser degree [5,23–25]. Taken together, an
easy, objective, and non-invasive test is needed to identify of children whose hearing (with
or without intervention) is not adequate for normal auditory maturation, and who should
be considered candidates for CIs. Furthermore, monitoring the progress of hearing aid
and/or CI treatment and accompanying auditory maturation is often difficult in children
with multiple disabilities, and objective tests are warranted for reliable follow-up.

Cortical auditory evoked potentials (CAEP) are generated in the auditory cortex in
response to acoustic stimuli, and can be recorded by an electroencephalogram (EEG) on the
scalp. CAEPs consist of a series of positive and negative deflections, which undergo steady
changes during development [26–30]. The latency of the P1 wave can be used as a biomarker
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to infer the maturity of the central auditory pathways and auditory cortex [17,18]. Since in
normal hearing children P1 latencies decrease with age, the auditory cortical maturation of
hearing-impaired children can be assessed by comparing individual P1 latencies to age-
normative data [18]. In a study of 245 congenitally deaf children, P1 latencies normalized
within 3–6 months after CI activation if the child was under 3.5 years of age at the time of
implantation. However, children who had 7 or more years of auditory deprivation before
implantation never developed normal P1 latencies [19].

Sharma et al. explored the clinical relevance of the EEG-based P1 biomarker in three
case studies of hearing-impaired children with multiple disabilities—all of whom had unre-
liable behavioral test results. In a 23-month-old child with CHARGE syndrome (coloboma
of the eye, heart defects, atresia of the choanae, restriction of growth and development, and
ear abnormalities and deafness), the P1 latencies were normal after 18 months of hearing
aid use, whereas in a child with Pallister–Killian syndrome (an abnormal extra chromosome
12p causing hypotonia, intellectual disability, unusual skin pigmentation, and distinctive
facial features), the latencies were delayed due to insufficient hearing aid amplification. A
31-month-old child with ANSD (auditory neuropathy spectrum disorder) showed normal
P1 latencies in the ear with a CI, and no congruent P1 waves in the non-implanted ear. The
authors concluded that the combination of hearing loss and additional disabilities poses
unique challenges for deciding upon appropriate intervention for these children, and the
P1 biomarker can be useful in assessing central auditory maturation. However, because of
the very few subjects, no correlations between the P1 latencies and language development
were examined. Currently, language development is the best available behavioral tool
to evaluate appropriate central auditory maturation. Also, questionnaires for parents
and educators provide valuable information about auditory skills. In addition to medical
decision making, it is important for parents of these children to receive informed advice
regarding development of the central auditory system and language acquisition to make
decisions regarding early intervention and management using devices such as hearing aids
or CIs [5,18–21,31].

The main goal of this study was to explore if auditory cortical development and
language acquisition are more delayed in hearing-impaired children with additional dis-
abilities than in children who have only hearing loss. The second goal was to investigate
whether P1 testing is clinically feasible in hearing-impaired children with a variety of mul-
tiple disabilities. To these ends, we compared the P1 biomarker latencies and performance
on tests of language development in children with multiple disabilities and hearing loss to
those with only hearing loss.

2. Materials and Methods

This study employed a cohort study design. The data were collected as part of a
larger prospective NIH/NIDCD study (grant number: 1U01DC013529) examining aural
rehabilitation (in person vs. telehealth) in hearing-impaired children. As a result of the
secondary use of a part of the data of the prospective NIH/NIDCD study, the design of
this study is considered retrospective.

2.1. Participants

A total of 65 hearing-impaired, English-speaking children between the ages of 13 months
and 78 months (44.3 ± 18.5, mean ± SD) were included in this study. Informed consent was
obtained from all guardians of the participants prior to data collection. All of the participants
presented with mild to profound hearing loss, and were treated with either hearing aids or
CIs. Children with unilateral hearing loss and purely conductive hearing loss were excluded
from this study. One child in the control group had an inconsistent secondary conductive
component due to middle ear involvement. Hearing loss diagnoses were carried out according
to standard age-appropriate clinical practice following the American Academy of Audiology
guidelines [32]. A total of 36 children had multiple disabilities (Supplementary Materials),
and 29 control children had only hearing loss (i.e., no additional disabilities). The multiple
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disabilities group covered a wide spectrum of different additional disabilities frequently found
in hearing-impaired children in everyday clinical practice. The additional disabilities varied
from congenital (genetic disorders) to acquired conditions (e.g., cytomegalovirus), and some of
them had the same etiological background as their hearing loss, while for others the relations
between the hearing loss and the additional impairment(s) were unclear. All of the children
had received some speech and language therapy prior to the study, and during the study
they received intensive listening and spoken language therapy services for 6 months, either in
person or via telehealth. There were 45 children (23 children with isolated hearing loss and
22 children with multiple disabilities) who completed the whole test battery that included
EEG and language measures, both during the first visit and at the follow-up visit. A power
analysis with the power (1 − β) set at 0.80 and the α equal to 0.05 (two-tailed) indicated that
a sample size of 39 children would be sufficient to detect a small effect size (d = 0.2). All
65 children participated in at least one language assessment, and 52 children participated in
at least one CAEP measurement.

Table 1 summarizes the background information of all of the subjects (36 children
with multiple disabilities and 29 children with isolated hearing loss), as well as the sub-
jects with complete datasets (22 children with multiple disabilities and 23 children with
isolated hearing loss). The groups showed no significant differences with reference to age
(t(63) = 1.46, p = 0.15), gender (z(1) < 0.001, p = 1.00), proportion of hearing aid-only users,
or proportion of CI users, including unilateral CI users with and without a hearing aid
as well as bilateral CI users (z(1) = 0.17, p = 0.68). Additionally, there were no differences
between the groups with regard to the age at which CI users obtained their first implant
(t(39) = −0.92, p = 0.36). No differences existed between the groups on the mode of speech
therapy delivery (z(1) < 0.001, p = 1.00) or in the length of therapy (t(41.22) = 1.03, p = 0.31).
The results were consistent across the groups with complete datasets.

Table 1. Summary of the participants.

All Children 1 Complete Dataset
Multiple

Disabilities
Isolated Hearing

Loss
Multiple

Disabilities
Isolated Hearing

Loss

Number of the patients 36 26 22 23

Demographics Age (mos; mean ± SD) 41.3 ± 17.6 48 ± 20.0 46.1 ± 16.8 49.9 ± 19.6
Gender (% of females) 56.4 53.8 50 47.8
ASL (% of ASL Users) 16.7 30.8 22.7 34.8

Hearing rehabilitation Hearing aid (%) 33.3 46.2 45.5 47.8
Cochlear implant (%) 2 66.7 53.8 54.5 52.2
Age of Amplification (mos; mean ± SD) 3 15.1 ± 17.1 9.35 ± 13.21 19.18 ± 18.75 10.30 ± 13.78
Age of implantation (mos; mean ± SD) 4 24.3 ± 17.5 18.4 ± 13.3 32.2 ± 20.0 19.4 ± 14.2
Duration of Hearing Rehabilitation 26.28 ± 19.1 38.69 ± 21.07 19.18 ± 20.32 10.30 ± 21.41

Speech therapy In person 52.8 50.0 54.5 52.2
Telehealth 38.9 42.3 40.9 39.1
Length (mos; mean ± SD) 6.9 ± 1.4 7.6 ± 2.5 6.9 ± 1.4 7.6 ± 2.6

1 includes children with incomplete dataset, 2 bilateral, unilateral, and bimodal users, 3 age of first hearing aid or
cochlear implant, 4 age of first cochlear implant.

2.2. Biomarker of Auditory Development

The P1 CAEP biomarker was recorded to assess auditory development. The data
were collected at two time points. The baseline appointment occurred around the time
of enrollment in the larger NIH/NIDCD study, and follow-up appointments occurred
roughly 6–7 months after the baseline appointment. The CAEPs were recorded in response
to the synthesized speech syllable /ba/. The duration of the stimulus was 90 ms. This
same stimulus has been used in many of our previous studies [17,18,30]. The stimulus
was delivered at 65 dB HL via two loudspeakers located at a 45◦ azimuth. Testing for the
subjects occurred in an electromagnetically shielded sound booth where the child was
seated on a parent’s lap in a comfortable chair. The child viewed a movie of their choice
that was played with no sound on a TV monitor in front of them. The test session, including
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electrode application and CAEP recordings, lasted approximately an hour. For all testing,
the subjects’ hearing aids or CIs were set at their normal settings.

The brain responses were measured with 5–8 electrodes, depending on if the child
had a hearing aid or CI. Eight electrodes along the isopotential contours were utilized for
children with CIs to minimize the CI artifact, as described using a previously published
method [33]. The active electrode was located at Cz, and a ground electrode at Fpz.
The cortical responses were recorded and analyzed using the Scan acquisition software
(Compumedics Neuroscan). The raw data were sampled at 1000 Hz and filtered from 0.1
to 1000 Hz. The epochs contaminated by eye movements or other external artifacts (over
±100 µV) were rejected. At least 300 epochs were averaged online for each participant using
a 100 ms pre-stimulus and a 600 ms post-stimulus time window. To ensure replicability
of the responses, at least two runs were completed, and a grand average of two replicable
responses was created to determine the P1 latencies. The P1 latencies were visually selected
by trained audiologists. Children without a replicable P1 response were not included in
analyses examining P1 latencies; however, these children were included in analyses when
using the categorical abnormal P1 outcome. The change in P1 latency was obtained by
subtracting the baseline latency from the follow-up latency. The change in P1 rate was
computed by first normalizing raw P1 latencies by subtracting the upper, 95% confidence
limit of the age-matched normative latencies from the raw P1 latency [18]. The change in
normalized P1 latencies was then divided by the change in age from baseline to follow-up.

2.3. Language Assessment

The Preschool Language Scales 5th edition (PLS-5) is a comprehensive tool kit for play-
based assessment of language development in children under 7 years of age. It can be used
in person or via telehealth. The PLS-5 measures include scores for auditory comprehension
(AC), expressive communication (EC), and a total language score, which is derived from
the AC and EC scores. All of the raw scores are converted to age equivalent scores in
months [34,35].

The PLS-5 was completed at baseline and at follow-up by speech language pathologists
or teachers of the deaf/hard of hearing as part of a larger study. The baseline and follow-
up measurements of language development and CAEPs occurred around the same time.
Difference scores were created by subtracting the baseline age equivalent scores from the
follow-up age equivalent scores. The changes in rate scores were computed by dividing
the change in age equivalent scores by the change in age from baseline to follow-up.

2.4. Statistical Analysis

The statistical analysis was conducted with R (version 4.2.1) [36] and Rstudio, an
integrated development environment for R [37]. The potentially confounding effects of
missing data were first examined by determining the differences between participants with
complete and incomplete datasets. Participants with incomplete datasets were significantly
younger (p = 0.01). Therefore, multilevel model (MLM) analyses, completed with the
lme4 package [38], were applied only to participants with complete datasets, while t-test
comparisons utilized all participant data.

The applicability of statistical models was evaluated by examining the model residuals
via quantile–quantile plots and histograms. Logistic MLM residuals revealed a heavy tailed
distribution for models employing difference scores, and a bimodal distribution for models
employing changes in P1 rates (change in age-adjusted scores/change in age). However,
because the MLM is robust to violations of normality, a logistic MLM with a random
intercept and a group binary dependent variable was applied to the complete datasets [39].
The changes in P1 cortical auditory latencies, expressive communication, and auditory
comprehension were investigated, whereas the total language scores were excluded from
the MLM, as the total scores are derivatives of the expressive communication and auditory
comprehension outcomes. Prior to analysis, the cortical auditory measures were z-scored.
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A logistic MLM with a random intercept and a group binary dependent variable was also
employed to examine the difference in change rate of the independent variables.

The Shapiro–Wilk test was completed to assess assumptions of normality. Due to a
lack of normality across all variables, transformations were performed such that analyses
were conducted with the inverse of the P1 latencies, the square root of the PLS-5 age
equivalent scores at baseline, and the log of the PLS-5 age equivalent scores at follow-up.
However, the P1 baseline latencies in the disability group as well as the P1 latencies at
baseline collapsed across the groups, and continued to demonstrate evidence of a non-
normal distribution. A non-normal distribution was also indicated for the transformed
PLS-5 expressive communication score.

For the t-test comparisons, both parametric (t-tests) and non-parametric (Mann–
Whitney tests) were performed. Non-parametric tests were used to ensure that the non-
normally distributed data did not interfere with the results. Since the results were not
different between the parametric and non-parametric tests, only the parametric test re-
sults are reported in this study, because parametric tests are commonly used in medical
research [40–42] and are easier to interpret. Two-tailed independent sample t-tests were
used to assess group differences between those with multiple disabilities and individuals
with isolated hearing loss in the cortical auditory and language measures. t-tests were
completed for baseline measures, follow-up measures, and the change in outcomes between
these two time points. Unpaired t-test with unequal variances were used when appropri-
ate, based upon a test of the variance. Two proportion z-tests were used to examine the
proportion of children with abnormal P1 latencies in comparison to age-matched normative
values for each group.

Linear regressions were examined between P1 latencies and all PLS-5 scores at baseline
and follow-up for all children, regardless of group. Linear regressions were also performed
based on categorization as an abnormal P1 latency and normal P1 latency. However,
because only 11 children had normal P1 latencies at baseline, and only 9 children had
abnormal P1 latency at follow-up, linear regressions for these statistically underpowered
sub-groups were not calculated.

The p-values were adjusted to account for multiple comparisons using the Benjamini–
Hochberg false discovery rate procedure to reduce the risk of type I errors [43]. Both
the unadjusted and adjusted p-values are reported because in this study, the correlation
coefficients are highly correlated with each other, and multiple comparison corrections are
primarily aimed at independent, non-correlated simultaneous statistical tests.

3. Results
3.1. Individual Latencies of P1 Cortical Auditory Evoked Responses

Figure 1 illustrates individual P1 latencies of 44 out of 45 children with complete
datasets, plotted against chronological age. Three children with isolated hearing loss and
five children with multiple disabilities had abnormal CAEP patterns at baseline, and no
clearly identifiable P1 responses [18]. One child out of forty-five had no clear P1 response
at baseline or at follow-up. At baseline, P1 latencies of 12 children with isolated hearing
loss and of 12 children with multiple disabilities were abnormally late when compared to
age-matched normative values (95% confidence interval), as outlined by the gray lines [18].
With the exception of one child, the P1 latency decreased between the baseline and the
follow-up measurements (downward sloping lines). In one child with isolated hearing loss,
the P1 latency showed a negligible 2 ms increase during follow-up.
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Figure 1. Individual CAEP P1 latency trajectories in children with complete datasets. Straight arrow
lines show the improvement of the individual latencies from baseline (20 children with isolated
hearing loss and 17 children with multiple disabilities) to follow-up (22 children with isolated hearing
loss and 22 children with multiple disabilities): solid lines depict children with isolated hearing loss,
and dashed colored lines depict children with multiple disabilities. Different disabilities are shown
with different colors. Confidence intervals for age-matched normative values are indicated by the
light gray areas. CMV = cytomegalovirus.

3.2. Group Differences in P1 Latencies

Regarding the proportions of abnormal baseline P1 latencies, no significant differences
existed between the groups (65% for children with isolated hearing loss vs. 77% for children
with multiple disabilities; z(1) = 0.32, p = 0.57, adjusted p = 0.66). In addition, the proportion
of children who had abnormal P1 latencies at baseline and normal P1 latencies at follow-up
visits were similar in the group of multiple disabilities (23%) and in the children who had
only hearing loss (17%) (z(1) = 0.006, p = 0.94, adjusted p = 0.99).

Figure 2 shows the mean (± SEM) normalized P1 latencies of all children with iden-
tifiable P1 response at baseline (n = 37) and follow-up (n = 45). Positive values indicate
abnormally long latencies, when compared with age-matched normative values, and neg-
ative values indicate the P1 latencies are within the upper 95% confidence limit of the
normative values. For both groups, the mean of the age-normalized P1 latencies were
abnormally long at baseline (mean ± SEM; 16.36 ± 6.57 for children who had only hearing
loss and 18.39 ± 9.62 for children with multiple disabilities), and normal at follow-up
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(−23.55 ± 4.43 and −10.27 ± 7.02, respectively). In children who participated in both
baseline and follow-up P1 measurements, the P1 latencies significantly changed from
baseline to follow-up in each group (t(19) = 5.93, p < 0.001, adjusted p < 0.001 for children
who had only hearing loss and t(16) = 3.67, p = 0.002, adjusted p = 0.02 for children with
multiple disabilities, paired t-test). However, no significant differences in the P1 latencies
at baseline (t(37) = −0.27, p = 0.79, adjusted p = 0.86) or follow-up (t(43) = 1.31, p = 0.20,
adjusted p = 0.27) existed between the group of children with isolated hearing loss and
the group of children with multiple disabilities. The change in P1 latencies from baseline
to follow-up also demonstrated no significant differences (t(36) = 1.70, p = 0.10, adjusted
p = 0.27) between the groups, being 46.80 ± 5.64 ms (mean ± SEM) for children with
isolated hearing loss and 36.67 ± 4.69 ms for the children with multiple disabilities. The
MLM analyses, limited to the children with the full datasets, yielded consistent results
(95% [0.15, 1.19], p = 0.10, adjusted p = 0.26) after controlling for age at baseline, the change
in age from baseline to follow-up, language outcomes, and allowing for a random intercept.
Furthermore, examining the rate of change defined as the difference score divided by the
change in age also demonstrated a lack of significant differences between the multiple
disabilities group and the children with isolated hearing loss for cortical auditory measures
(95% CI [0.24, 1.28], p = 0.17, adjusted p = 0.31).
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Figure 2. Average age-normalized CAEP P1 latencies at baseline and follow-up (mean ± SEM,
in ms). Negative values indicate the raw P1 latencies within normal limits in comparison to age-
matched normal hearing peers, and positive values indicate abnormally long P1 latencies. At baseline,
21 children with isolated hearing loss and 18 children with multiple disabilities had identifiable P1
responses; at follow-up, the numbers were 22 and 23, respectively.

3.3. Group Differences in Language Outcomes

Figure 3 illustrates the individual PLS-5 total language scores, PLS-5 AC scores, and
PLS-5 EC scores at baseline and after follow-up for those children who participated in
both language assessments. During the follow-up, the age-equivalent total PLS-5 language
scores improved for all of the children except for one child with isolated hearing loss



Children 2023, 10, 1813 9 of 17

(5 months decrease) and one child with hearing loss and a heart defect (1 month decrease).
The same model, as described above with the P1 latencies, was applied to these children
with complete datasets (n = 45). Similar to the findings of the P1 latencies, no significant
differences existed between the multiple disabilities group and the group of isolated hearing
loss in the change in PLS-5 EC scores (95% CI [0.88, 1.06], p = 0.48, adjusted p = 0.59), or
change in PLS-5 AC scores (95% CI [0.93, 1.19], p = 0.46, adjusted p = 0.59); the odds
of obtaining the average scores on these language measures were approximately equal
between groups. The rate of change defined as the difference score divided by the change
in age also revealed a lack of significant differences between the multiple disabilities group
and the isolating hearing loss group for language measures (EC: 95% CI [0.37, 1.31], p = 0.27,
adjusted p = 0.39; AC: 95% CI [0.59, 2.63], p = 0.56, adjusted p = 0.65).
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Figure 3. Individual PLS-5 score trajectories in children with complete datasets. Arrow lines demon-
strate the improvements in individual age equivalent scores from baseline to follow-up (23 children
with isolated hearing loss and 22 children with multiple disabilities): solid lines depict children with
isolated hearing loss, and dashed colored lines depict children with multiple disabilities. Different
disabilities are shown with different colors. The linear gray lines show the normal development
trajectories. CMV = cytomegalovirus.
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Figure 4 shows the PLS-5 language scores of all of the children (n = 65). No significant dif-
ferences between the groups existed in the PLS-5 total language score at baseline (t(63) = 1.51,
p = 0.14, adjusted p = 0.27) or follow-up (t(59) = 1.80, p = 0.08, adjusted p = 0.25). For the
PLS-5 AC score, there were also no significant differences at baseline (t(63) = 1.73, p = 0.09,
adjusted p = 0.25) or at follow-up (t(59) = 1.49, p = 0.14, adjusted p = 0.27), nor for the PLS-5 EC
score at baseline (t(63) = 1.62, p = 0.11, adjusted p = 0.25) or follow-up (t(54.47) = 1.66, p = 0.10,
adjusted p = 0.25). In children who participated in both the baseline and follow-up language
assessments, the three baseline and follow-up language scores (total, auditory comprehen-
sion, and expressive comprehension) differed in a statistically significant way in both groups
(for each of the three language scores separately: p and adjusted p < 0.001 for children who
had only hearing loss, and p and adjusted p < 0.001 for children with multiple disabilities,
paired t-test).
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Figure 4. Age-equivalent language outcomes (mean ± SEM, in ms). Greater values indicate a higher
age equivalent language age in months. There were 29 children with isolated hearing loss who
completed PLS-5 language testing, while 36 children with multiple disabilities completed PLS-5
language testing. At follow-up, 28 children with isolated hearing loss completed language testing,
and 33 children with multiple disabilities completed language testing.

Furthermore, in examining the change in PLS-5 total language scores from baseline
to follow-up divided by the change in age from baseline to follow-up (the rate), there
were no significant differences between the groups (t(59) = 1.09, p = 0.28, adjusted
p = 0.41). Also, no significant differences were noted in the change in PLS-5 AC score
from baseline to follow-up (t(59) = 0.89, p = 0.38, adjusted p = 0.50), and the change
in PLS-5 EC score from baseline to follow-up (t(59) = 1.20, p = 0.23, adjusted p = 0.37).
Specifically, the changes in language scores were larger than the follow-up period of
about six months: for children with isolated hearing loss, the average change in the PLS-5
total language score was 10.68 ± 1.26 months (mean ± SEM), while the average change
in score for children with multiple disabilities was 8.22 ± 0.91 months. The average
change in the PLS-5 AC scores for isolated hearing loss control was 9.76 ± 1.28 months,
while the average change for children with multiple disabilities was 7.86 ± 0.99 months.
In examining the PLS-5 EC score, the average change for the children with isolated
hearing loss was 10.16 ± 1.43 months, while the average change for children with
multiple disabilities was 8.92 ± 1.26 months (refer to Figure 4).
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3.4. Regressions between P1 Latency and PLS-5

Table 2 displays 18 correlation coefficients calculated between the P1 latencies and
different language outcome scores at baseline and at follow-up. The correlations were
calculated for all children with complete datasets and identifiable P1 latencies, and sep-
arately for individuals with abnormal and normal P1 latencies. The rationale behind
this division was that normal and abnormal may behave in very different ways, e.g., the
distribution of abnormal P1 latencies can be much wider. Since the preceding analyses
found no differences, either in the trajectories of the P1 latencies or in the proportions
of the abnormal P1 latencies between the groups, the correlations were not calculated
separately for the isolated hearing loss group and multiple disabilities group. Children
with normal P1 latencies at baseline (n = 11) and children with abnormal P1 latencies at
follow-up (n = 9) were excluded from the analyses because, as expected, these groups
were too small for statistical analyses. Hearing loss is known to cause abnormally long P1
latencies; on the other hand, adequate hearing rehabilitation shortens and normalizes the
P1 latencies. Also, the correlations between the P1 latencies at follow-up and the PLS-5
scores at baseline (top right in the Table 2) were excluded from the analyses because, based
on the earlier studies, our hypothesis was that normal P1 responses are a prerequisite for
normal language development, and not vice versa.

Table 2. Pearson correlation coefficients between P1 latencies and language outcomes.

P1 Latency

Baseline Follow-Up

All Children Abnormal P1 Normal P1 All Children Abnormal P1 Normal P1

Baseline
PLS-5 Total −0.25 −0.34 SUP

N/APLS-5 AC −0.24 −0.33 SUP
Language PLS-5 EC −0.28 −0.34 SUP

score
Follow-up

PLS-5 Total −0.33 * −0.43 * SUP −0.43 *** SUP −0.64 ***
PLS-5 AC −0.25 −0.41 ~ SUP −0.38 * SUP −0.62 ***
PLS-5 EC −0.29 −0.37 SUP −0.39 ** SUP −0.61 ***

Uncorrected p-values: *** p < 0.005, ** p < 0.01, * p < 0.05, ~ p < 0.07. N/A = not applicable, SUP = statistically
unpowered sub-group.

For all 18 linear regressions, the calculated correlation coefficients were negative. The
pure mathematical probability that 18 random numbers would all be negative by chance
is extremely low, 1/(218) = 0.0000038 = 0.00038%. When examining the single correlations
separately from each other, without multiple comparison corrections, eight of them had
p-values that were lower than 0.05 (illustrated with asterisks). After multiple comparison
correction, three correlations continued to demonstrate statistical significance (shown with
bold numbers); that is, individuals with normal P1 latencies at follow-up exhibited significant
moderate negative correlations with the PLS-5 auditory comprehension scores (r(31) = −0.62,
p < 0.001, adjusted p = 0.001), expressive communication scores (r(31) = −0.61, p < 0.001,
adjusted p = 0.001), and total language scores (r(31) = −0.64, p < 0.001, adjusted p < 0.001) at
follow-up, meaning that the shorter and thus, the more normal the latencies were, the better
the language outcomes were. In addition, the correlation between the P1 latencies at follow-up
(all children) and the language scores at follow-up showed a significant negative correlation or
trend towards a negative correlation (auditory comprehension scores: r(42) = −0.38, p = 0.01,
adjusted p = 0.06; expressive communication scores: r(42) = −0.39, p = 0.009, adjusted p = 0.05;
total language scores: r(42) = −0.43, p = 0.004, adjusted p = 0.02).

4. Discussion

The main findings of this study are that P1 testing is feasible in hearing-impaired
children with additional disabilities, and their auditory cortical maturation (as measured by
P1 biomarker latencies) and language development (as measured by PLS-5 scores) do not
differ from those of children who have only hearing loss—if they receive similar hearing
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rehabilitation and speech and language therapy. Furthermore, in most of the children,
regardless of whether they had other disabilities or not, their P1 latencies decreased,
and their language scores improved during the six-month intensive rehabilitation period.
The proportions of children who showed a change from abnormal to normal P1 latency
classifications during follow-up were also equivalent in both groups. Finally, P1 latencies
were negatively correlated with language development at follow-up, meaning that longer
P1 latencies were associated with worse language outcomes, and shorter P1 latencies were
associated with better language development.

The shortening of the latencies of the cortical P1 responses is a normal age-related
phenomenon, which reflects the maturation of cortical auditory processing [44,45]. Con-
sequently, P1 latency can be used to assess auditory cortical maturation [18]. Cortical
maturation is dependent on both environmental factors [46] and external inputs during
childhood, and auditory deprivation, i.e., the lack of normal sound input, delays the normal
age-related shortening of the P1 latencies [18]. Fortunately, hearing restoration can speed
up the maturation or even normalize auditory cortical processing. In a previous study
of 23 congenitally deaf children fitted with CIs, the P1 latencies shortened rapidly after
implantation [47]. Furthermore, in a case study [48], an 11-month-old child showed a P1
latency decrease from abnormal to normal following bilateral hearing aid use. During
follow-up, the child continued to display normal P1 responses and good clinical follow-up.
However, in another child using bilateral hearing aids, the P1 latencies were abnormally
long, which corresponded with poor clinical outcomes. Based on the P1 and other audio-
logic findings, this child received a CI at 25 months, and the P1 latency normalized within
3 months of CI use [48]. Despite these favorable results regarding the usefulness of P1
latency as an objective biomarker, no previous comprehensive reports exist about the use of
P1 biomarkers in children who have disabilities in addition to hearing loss. Only one case
study, by Sharma et al. [17], described the usefulness of the P1 biomarker in three children
with multiple disabilities (described in the Introduction).

The improvement and normalization of P1 latencies during this study indicates that
adequate hearing rehabilitation combined with intensive speech and language therapy
provided to the children resulted in improved cortical auditory processing. On the other
hand, abnormally long P1 latencies at baseline suggest that maturation was delayed, despite
the former rehabilitation. Based on these data, however, it is not possible to separately
evaluate the impact of six months of extra language therapy and the impact of 6 months’
longer use of hearing aids and cochlear implants. However, it should be noted that
the children had used their hearing aids or CIs for significant durations prior to testing
(see Table 1), which suggests that the impact of extra therapy more likely provided the
additional benefit. In any case, the current and the previous studies suggest that persistently
abnormally long P1 latencies are a sign of inadequate auditory input, and in children who
show delayed latencies, increasing hearing aid amplification, extra language therapy, or CI
candidacy may be considered. Overall, the P1 biomarker seems to be a practical objective
tool that can be added to the standard audiological test battery to better evaluate hearing
and benefit the rehabilitation of children with multiple disabilities.

Similarly to the P1 biomarker, the results of this study demonstrated no differences
in the PLS-5 total language scores, PLS-5 auditory comprehension scores, or PLS-5 ex-
pressive communication scores between the children who had only hearing loss and the
children who had hearing loss and additional disabilities. A previous study in pediatric
(2.3–14.6 years old) CI users with multiple disabilities found that the children with Usher
syndrome auditory and language skills (measured using the meaningful auditory inte-
gration scale, MAIS, and the meaningful use of speech scale, MUSS) that were similar
to those of children who had no additional disabilities; meanwhile, children with global
developmental delay, attention-deficit hyperactivity disorder, or autism spectrum disorder
experienced worse auditory skills [23]. Similar results have been found in 5-year-old chil-
dren with hearing loss and additional disabilities: the language outcomes were better in
children with higher cognitive ability [5]. Furthermore, in a study [25] of 49 children with
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CIs and additional disabilities (developmental delay, speech and language communication
needs, autism spectrum disorders, visual impairments, physical needs, or learning diffi-
culties) compared to 221 CI using children without additional disabilities, no significant
difference in speech intelligibility existed between the groups at baseline. However, chil-
dren with additional disabilities continued to show lower auditory and speech outcomes
as well as less change from additional listening therapy in comparison to children who
had only hearing loss. Also, in 40 cochlear-implanted children with additional disabilities
(45% of them having global developmental delay after Rubella infection), language devel-
opment improved clearly within one year, but less than in 40 children without additional
disabilities [24]. Our good language developmental outcomes (i.e., no difference for chil-
dren without additional disabilities) may have resulted from the intensive extra language
therapy for a period of six months, and/or the fact that our study did not include children
with any severe neurological or psychiatric disabilities. The present study, while anecdotal,
appears to show that children with multiple disabilities made approximately 8–9 months
of progress in language outcomes with an average of 6.9 months of additional therapy.

Altogether, the present and previous studies about language development suggest that
in a broad spectrum of hearing-impaired children, additional disabilities do not cause extra
delays in language skills if the hearing rehabilitation and language therapy are sufficiently
intensive, and if there are no severe neurological and psychiatric disabilities present. How-
ever, certain types of additional disabilities, e.g., Down syndrome [49], most likely affect the
expected outcomes of language development, whereas in other disabilities such as autism
spectrum disorder, the language outcomes may show considerable individual variability,
from very good to quite low results [50]. Therefore, future research should examine in
more detail language development and the benefits of additional language therapy, as well
as dosing effects of hearing rehabilitation in children with different types of additional
disabilities. Furthermore, half of the children in this study received their additional therapy
via telehealth. A recent review found that family satisfaction with telehealth was high for
children with multiple disabilities [51], and thus future research should continue to explore
the use of telehealth in this population.

In our regression analyses, all of the calculated 18 correlations resulted in a negative
correlation coefficient value. While only three of these correlations (normal P1 latencies at
follow-up with the PLS-5 total language scores, PLS-5 auditory comprehension scores, and
PLS-5 expressive communication scores) remained significant after correcting p-values for
multiple comparisons, we observed a clear trend of P1 latency decreases being associated
with language increases. Such a negative correlation between cortical development and
language development is meaningful, in that decreasing P1 latency reflects an auditory
system that is more mature and more efficient in auditory processing, and thus is related to
greater language development.

Overall, these results indicate that P1 latencies are associated with language develop-
ment in hearing-impaired children, regardless of whether they have other disabilities or
not. Although we did not find statistically significant correlations between the baseline
P1 latencies and later language development, abnormally long P1 latencies most probably
imply poor language development. This is consistent with previous studies of P1 latency
development and language development in children with CIs [52–55]. Also, the negative
deflection following the P1 response has been suggested to be sensitive to future language
outcomes [56–58]. For children with multiple disabilities in whom reliable behavioral
responses may be difficult to obtain, an objective biomarker that predicts language acquisi-
tion could be very useful in directing clinical therapies and education, and in counseling
parents on the expectations from hearing rehabilitation [48,52]. Future research may wish
to examine if the P1 biomarker may relate to language outcomes differently in some spe-
cific disorders, by studying children with and without hearing loss. Additionally, future
research could explore in more detail which aspects of language are mostly reflected by the
P1 biomarker.
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Limitations of the Study

Some limitations of this study include the small sample size and the retrospective
design. In addition to incomplete datasets of some children, we did not have access to
all medical records such as audiograms and detailed diagnostic criteria used for various
disabilities. However, the diagnoses were made using standard clinical practice, and our
aim was not to study specific syndromes or disabilities, but to study a broad spectrum of
hearing-impaired children. Our heterogenic sample is a good representation of the real-life
patient population in pediatric audiology units. The etiology of the hearing loss varied
from congenital to acquired, and for many children, the relationship between the hearing
loss and additional disabilities was unclear. Thus, this study provides relevant information
on a clinically important everyday topic. However, because our study sample did not
include children with the most difficult neurological or psychiatric symptoms, the results
of P1 latencies and language development cannot be extended to those cases. However,
our results suggest that P1 testing may be possible for severely disabled children, and
it is worth trying. Although a large number of hearing-impaired children have various
additional disabilities and, for example, the number of different syndromes is large, data
about auditory cortical maturation in these children are extremely scarce. The present study
provides a comprehensive overview about cortical and language development in children
with multiple disabilities. Future detailed prospective studies of different syndromes and
clinical entities, such as severe autism spectrum disorder or severe-to-profound intellectual
disability, are warranted.

5. Conclusions

In a wide spectrum of hearing-impaired children with additional disabilities, auditory
cortical maturation (as measured by P1 latencies) and language development (as measured
by PLS-5 scores) are similar to children who have only hearing loss, as long as strong
hearing rehabilitation is provided. Furthermore, P1 latencies show meaningful correlations
with language development. The P1 biomarker is a useful objective tool for physicians,
audiologists, and other clinicians to evaluate the development of the auditory cortex and the
sufficiency of hearing rehabilitation in children with multiple disabilities, whose disabilities
may prevent reliable behavioral responses. The EEG-based P1 biomarker is easy to measure,
demonstrates good replicability, is rather inexpensive, and is suitable both in hearing aid
and CI users. Information about auditory cortical maturation, and thus about the benefits
of current hearing rehabilitation, can help in clinical decision-making, such as switching
from hearing aids to CIs.
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