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a b s t r a c t

Objectives: Deaf subjects with hearing aids or cochlear implants generally find it challenging to under-
stand speech in noisy environments where a great deal of listening effort and cognitive load are invested.
In prelingually deaf children, such difficulties may have detrimental consequences on the learning
process and, later in life, on academic performance. Despite the importance of such a topic, currently,
there is no validated test for the assessment of cognitive load during audiological tasks. Recently, alpha
and theta EEG rhythm variations in the parietal and frontal areas, respectively, have been used as in-
dicators of cognitive load in adult subjects.
The aim of the present study was to investigate, by means of EEG, the cognitive load of pediatric subjects
affected by asymmetric sensorineural hearing loss as they were engaged in a speech-in-noise identifi-
cation task.
Methods: Seven children (4F and 3M, age range ¼ 8e16 years) affected by asymmetric sensorineural
hearing loss (i.e. profound degree on one side, mild-to-severe degree on the other side) and using a
hearing aid only in their better ear, were included in the study. All of them underwent EEG recording
during a speech-in-noise identification task: the experimental conditions were quiet, binaural noise,
noise to the better hearing ear and noise to the poorer hearing ear. The subjects' Speech Recognition
Thresholds (SRT) were also measured in each test condition. The primary outcome measures were:
frontal EEG Power Spectral Density (PSD) in the theta band and parietal EEG PSD in the alpha band, as
assessed before stimulus (word) onset.
Results: No statistically significant differences were noted among frontal theta power levels in the four
test conditions. However, parietal alpha power levels were significantly higher in the “binaural noise”
and in the “noise to worse hearing ear” conditions than in the “quiet” and “noise to better hearing ear”
conditions (p < 0.001). SRT scores were consistent with task difficulty, but did not correlate with alpha
and theta power level variations.
Conclusion: This is the first time that EEG has been applied to children with sensorineural hearing loss
with the purpose of studying the cognitive load during effortful listening. Significantly higher parietal
alpha power levels in two of three noisy conditions, compared to the quiet condition, are consistent with
increased cognitive load. Specifically, considering the time window of the analysis (pre-stimulus), pa-
rietal alpha power levels may be a measure of cognitive functions such as sustained attention and se-
lective inhibition. In this respect, the significantly lower parietal alpha power levels in the most
challenging listening condition (i.e. noise to the better ear) may be attributed to loss of attention and to
the subsequent fatigue and “withdrawal” from the task at hand.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

People who are hard of hearing and use hearing aids (HA) or
cochlear implants (CI) often complain about being tired from
straining to hear, especially in the presence of noisy environments
or multiple talkers. Self-reports of listening effort and fatigue are
very common even among “star” patients who score particularly
well in speech recognition tests, both in quiet and in noise, yet at
the cost of deploying a great deal of cognitive resources [1]. A
frequent consequence of such difficulties is early exhaustion,
discouragement and ultimately withdrawal from social life, where
the ability to listen in challenging conditions is often required.

In children and adolescents with sensorineural hearing loss, the
effect of prolonged effortful listening is likely to be even more
detrimental, impairing the acquisition of linguistic abilities and
being an obstacle to achieving satisfactory academic performance
[2].

Given these premises, it is clear that reliable measures of the
listening effort experienced by hearing-impaired subjects would
enable to investigate an issue of crucial importance, whose
assessment is currently beyond the possibility of conventional
audiometric tests. If available for clinical use, such measures could
have important implications [3]: first, they would help clinicians in
decision-making concerning the most appropriate treatment of
hearing loss (e.g. HA vs. CI); secondly, they would allow a more
comprehensive assessment of functional outcomes, especially in
cases where treatment is aimed at restoring binaural hearing, such
as asymmetrical hearing loss or single-sided deafness [4].

Despite the growing importance of this topic, the assessment of
effortful listening still represents a challenge for a number of rea-
sons. In the first instance, there is currently no shared general
definition of this concept; secondly, and subsequently, there is no
agreement as to which outcome measures should be applied;
thirdly, very little is known about age-related variations of the
proposed outcome measures and, more specifically, about how
they should be applied to pediatric subjects.

In a recent consensus paper, listening effort was generally
defined as “deliberate allocation of mental resources to overcome
obstacles in goal pursuit when carrying out a listening task” [5], and
in the frame of an established limited-capacity resource model [6].
In this model, a subject's cognitive resources are limited; while
listening, a subject deliberately allocates a part of such resources to
the task, depending on the inherent demands: when demands in-
crease, due to environmental factors (acoustically unfavorable
environment), subject-related factors (e.g. hearing impairment or
poor knowledge of a language) or talker-related factors (poorly
intelligible accent or timbre), the amount of cognitive load invested
in the task will also increase. Therefore in this paper, we will
include the listening effort in the more general concept of cognitive
load.

So far, attempts at assessing cognitive load in audiological set-
tings have been conducted on adult subjects, by means of self-
reports, behavioral methods and physiological measures. Physio-
logical measures seem very promising in that they are objective,
where they are used to quantify effort in terms of a set of physio-
logical responses to demanding conditions and allow a real-time
assessment. Besides autonomic nervous system activity indexes
such as pupil dilation [7] and heart rate variability [8], electroen-
cephalographic (EEG) activity has also been studied in relationwith
mental effort, in which case alpha (8e12 Hz) power in the parietal
cortex and theta (1e4 Hz) power in the frontal cortex have been
found to be influenced by cognitive performances [9] and, more
specifically, to increase during effortful listening tasks [10e12]. EEG
alpha and theta rhythms have been investigated as a tool to esti-
mate the cognitive load in hearing impaired participants in
preliminary studies on adult subjects, while using different CI
processors and features [13,14].

In designing the present study, we attempted to answer the
following question:

Is it possible to apply Electroencephalography (EEG) to obtain an
objective measure of cognitive load during effortful listening in pedi-
atric subjects with sensorineural hearing loss?

For the assessment of the impact of hearing loss upon cognitive
load, we chose fully cooperative children and adolescents who had
asymmetric sensorineural hearing loss (i.e. profound degree in the
poorer ear and ranging from a mild to a severe degree on the better
contralateral ear) and were unilateral HA users only in their better
hearing ear, in a within-subject design.

Aim of this investigation is, thus, to explore, in a pediatric
sample, how pre-stimulus alpha and theta EEG activity levels are
modified in the different listening conditions.

Specifically, we hypothesized that parietal alpha and frontal
theta EEG activity should vary consistently with the degree of
cognitive load required by listening, leading to both parietal alpha
and frontal theta power being higher in the most difficult listening
conditions.

2. Material and methods

The procedures described in the present study were reviewed
and approved by the institutional Ethic Committee (Protocol: 705/
FS) andwere in accordancewith the Helsinki declaration. Parents of
the subjects provided a written informed consent for their child's
participation to the investigation.

2.1. Population

In order to identify subjects that could suit our paradigm, the
following inclusion criteria were set: age �8 years and <18 years,
both genders, normal reading abilities and normal verbal IQ,
presence of an asymmetric hearing loss, defined as profound de-
gree on one side (average threshold for pure tone frequencies
250e4000 Hz� 90 dB HL) and a mild to severe degree on the other
side (i.e. average threshold for pure tone frequencies 250e4000 Hz
better than contralateral ear by at least 10 dB HL), disyllabic word
recognition score in quiet �70%. The lower age limit of 8 years was
set to ensure that participants had full achievement of reading
abilities, and also because EEG activity is not considered mature in
younger children [9,15]. At the moment of the study, all of the
subjects had been using for at least one year a digital HA at its best
fitting only in their better hearing ear, because they did not
perceive any measurable benefit from amplification in the poorer
ear. This particular configuration for hearing loss and use of
amplification permitted a within-subject study design in which
each patient acted as their own control for the comparative mea-
sures employed.

Seven subjects meeting the requirements (4F, 3M, age range
8e16 years) were included in the study. Their main demographic
and clinical characteristics, together with their audiometric pure
tone average (PTA) andword recognition score in quiet, are detailed
in Table 1.

2.2. Outcome measures and stimuli conditions

The primary outcome measures were theta and alpha power
levels (Power Spectral Density, PSD) of EEG, estimated for the
frontal and parietal cortex, respectively, based on existing literature
[9e12].

Subjects performed a forced-choice word identification task, in
which stimuli consisted of Italian disyllabic words from
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Table 1
Demographic and clinical characteristics of the study patients.

Patient Gender Age
(years)

Etiology of hearing loss 0.25e4 kHz PTA in
better ear

0.25e4 kHz PTA in
poorer ear

Word recognition score (%) in
quiet

C.D. M 14 Late-onset, progressive hearing loss following congenital
CMV infection

85 (left) 110 (right) 100

H.M.E. F 11 Prematurity: born at 24 weeks, 4 months of NICUa 78 (right) 105 (left) 70
G.L. M 16 Prematurity: born at 28 weeks, 2 months of NICUa 81 (left) 118 (right) 100
S.V.A. F 11 Progressive hearing loss of unknown etiology 73 (right) 111 (left) 80
C.I. F 10 VACTERLb association 82 (right) 104 (left) 80
S.G. F 13 unknown 60 (right) 110 (left) 90
C.L. M 8 unknown 75 (right) 103 (left) 100

a Neonatal Intensive Care Unit.
b Acronym standing for: Vertebral defects, Anal atresia, Cardiac defects, Tracheo-esophageal fistula, Renal anomalies and Limb abnormalities.
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“Audiometria Vocale GNResound” [16], delivered free-field at an
intensity of 65 dB HL by a loudspeaker set 1 m in front of the pa-
tient. Continuous 4-talker babble background noise was used as the
competing signal in order to provide informational masking, i.e.
masking containing semantic information highly interfering with
the linguistic processing of the target. Test conditions were Quiet
and three background noise configurations that have already been
used in reported studies investigating the benefits of binaural
hearing [17e19], where the competing noise was delivered: (1)
binaurally, i.e. by two loudspeakers angled at�45� andþ45�; (2) at
an angle of þ90� from the signal; (3) at an angle of �90� from the
signal. During EEG recordings, the noise was kept constant at 55 dB
HL (SNR ¼ þ10).

Given the peculiar audiological configuration of the study cohort
(asymmetric hearing loss), the experimental conditions were
labeled as: Q (Quiet); NB, when the noise was delivered binaurally,
thus reaching both ears with equal loudness and timing; NWORSE

EAR, when the noise was delivered to the worse ear side; NBETTER

EAR, when the noise was delivered to the better ear side.
For EEG recordings, a digital outpatient monitoring system

(Bemicro EBNeuro, Italy) was used. Subjects were seated on a
comfortable chair in a soundproof room. For the measurements, a
19-channel electrode cap was used. Signals were measured with a
256-Hz sampling frequency and collected simultaneously during
the experiment. A 50-Hz notch filter was applied to remove elec-
trical interference from the power line. A ground and a reference
electrode were placed on the subject's forehead and electrode
impedances were maintained below 10 (kU). The EEG recording
was filtered with a band-pass filter (2e30 Hz). The Independent
Component Analysis and an artifact removal algorithm were
applied to reject trials presenting eye-blink components or head
movements, respectively.

For each word stimulus, the subjects were asked to listen and to
read the target word presented among the four possible options
provided; one second after the stimulus offset, the words appeared
on an initially blank laptop screen set in front of the subjects. Each
response optionwas placed in a different colored box on the screen.
For response, the subject was instructed to select the correct word
by pressing the corresponding color button on a color-coded
keyboard customized for the investigation. Each target word had
an equal probability (25%) of being in one of the four possible
colored boxes and positions.

Each experimental listening condition included 20 trials of 20
word stimuli, each lasting for maximum 8 s, varying in length
depending on the child's response time. In each trial, the one-
second time segment immediately preceding the word stimulus
onset was selected for EEG analysis.

For each segmental interval the Power Spectrum Density (PSD)
was calculated, observing the EEG PSD values in theta band
(4e8 Hz) over the central frontal area (F7,F8,F3,F4,Fz) and in alpha
band (8e12 Hz) over the central parietal area (P7,P8,P3,P4,Pz). For
estimation of the cortical activity all the 19 recording channels were
used, according to the 10e20 international system, in order to solve
the linear inverse problem.

Cortical activity from EEG scalp recordings was reconstructed
using a realistic headmodel (Colin Template provided by theMcGill
University) corresponding to 6239 voxels at a 5 � 5 � 5 mm spatial
resolution uniformly distributed on the cortical gray matter. The
difference in source localization of cortical oscillations between
groups in each frequency band was assessed by means of voxel-by-
voxel independent sample F-ratio-tests, based on eLORETA log-
transformed current density power. In the resulting statistical
three-dimensional images, a statistical nonparametric permutation
test was used to identify cortical voxels showing significant dif-
ferences. This test, described byNichols and Holmes [20], employs a
randomization strategy to determine the critical probability
threshold values for the actually observed t values, with correction
for multiple comparisons across all voxels and all frequencies. In
the present study, a total of 5000 permutations were used to
determine significance for each randomization test. The use of
statistical nonparametric maps applied to LORETA images has been
validated in several studies [21e23].

For each subject, a Speech Recognition Threshold (SRT) score
was also obtained, defined as the Signal-to-Noise Ratio (SNR) level
at which a subject responds 50% correct. For its assessment, a
disyllabic word recognition task in babble noise was used, with the
above described material [16], adopting the established psycho-
acoustic up-and-down procedure [24,25], in which the signal is
kept constant at 65 dB HL and the SNR is lowered by 2 dB HL if the
subject repeats the word correctly, or is increased by 2 dB HL for
each incorrect response. The one-down one-up procedure allows
an estimate of the 50% correct point on the psychometric function,
SRT being calculated as the arithmetic mean of the SNRs of the last
10 reversals out of a total of 12 reversals. The noise configurations
(NB, NWORSE EAR, NBETTER EAR) were exactly the same as used for the
EEG recordings stated above. So as to minimize order effects, noise
conditions were presented randomly in both EEG and SRT
measurements.

2.3. Statistical analysis

Repeated measures one-way Analysis of Variance (ANOVA)
statistics was used to compare results across the different noise
conditions for the tasks (Statistica 8, Dell). Post hoc comparisons
were performed using the Duncan test, while simple and partial
correlation analysis was conducted by means of Pearson's “r” cor-
relation coefficient. P values < 0.05 were accepted as statistically
significant.

3. Results

As expected, SRT scores with babble noise were higher in the
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most difficult noise configuration, i. e. NBETTER EAR (16.4 ± 5.4 dB HL),
and lower in the relatively easier conditions, i.e. NB (9.9 ± 7.3 dB HL)
and NWORSE EAR (8 ± 5.7 dB HL). Individual SRT scores in the
different conditions are detailed in Table 2.

As described in the Methods, both alpha and theta Power
Spectral Density levels were analyzed in the pre-stimulus phase of
EEG recordings.

Analysis of results in the theta frequency band of the EEG (mean
power for each word in the four conditions ¼ 20 * 4 ¼ 80 obser-
vations), yielded no significant effect of “condition” on power (F (3,
57) ¼ 2.33, p < 0.083), with a tendency to greater power levels in
the three noise configurations and to lower power levels in the
“Quiet” condition, as showed in Fig. 1. Individual data for theta
activity are provided in Table 3.

When EEG activity in the alpha bandwas considered, there was
a significant effect of “condition” on power values (F (3, 57)¼ 34.22,
p < 0.0001). In this case (Fig. 2), post-hoc Duncan test detected a
significant difference between the conditions: NB vs Q: p ¼ 0.0001;
NB vs NBETTER EAR: p < 0.0001; Q vs NWORSE EAR: p < 0.0001; NWORSE

EAR vs NBETTER EAR: p < 0.0001. Overall, uppermost alpha power
levels were observed in the conditions NB and NWORSE EAR, whereas
lowermost levels were observed in the conditions Q and NBETTER EAR
(see Table 4 for individual data).

A correlation analysis run between EEG PSD values and SRT
scores in the alpha and theta frequency bands did not yield sta-
tistical significance (Pearson's r ¼ 0.02, p ¼ 0.6, and Pearson's
r ¼ 0.16, p ¼ 0.5, respectively). However, there was a significant
positive correlation between alpha and theta PSD levels (Pearson's
r ¼ 0.77, p < 0.001), which remained unchanged after running a
partial correlation analysis in which SRT was considered as the
control covariate.

Statistical cortical maps were reconstructed only for alpha ac-
tivity, because this was the only outcome variable which was found
to differ significantly across experimental conditions. Fig. 3 illus-
trates the diffuseness and the lateralization of alpha response in
each noise configuration, compared to the baseline quiet condition.
4. Discussion

This is the first time that EEG has been applied in children to
investigate frontal theta and parietal alpha power levels of EEG in
relation to cognitive load during an audiological task. In particular,
the study focused on the pre-stimulus phase, i.e. the time interval
when noise is on and the subject is waiting for the word to be
delivered. The main findings of this research indicate that: 1)
frontal theta power did not reveal a significant increase in adverse
listening conditions compared to the listening-in-quiet condition;
2) parietal alpha power increased significantly in only some of the
more adverse listening conditions compared to the listening-in-
quiet condition.

Going back to the study hypothesis, we found that only alpha
Table 2
Individual SRT levels for each stimulus configuration.

Patient SRTB* SRT*
N BETTER EAR

SRT*
N WORSE EAR

C.D. 8.8 17.2 4,8
H.M.E. 23 25 16
G.L. 4 16.8 3.6
S.V.A. 9.8 12 3.8
C.I. 0 20 13.2
S.G. 13.8 8 2
C.L. 9.7 16 12.6

* Speech Recognition Threshold in dB HL.
powermet expectations that it would be higher in themost difficult
listening conditions, whereas theta power showed no significant
variations.

An increase in theta power is unanimously considered as an
electrophysiological marker of engagement in a task [26]. Over the
years, it has been studied in relationship to cognitive load, excita-
tion and interest, high attentional demands, task difficulty, cogni-
tive and mental efforts [27e29]. The finding of non-significant
changes for theta power throughout the various listening config-
urations assessed in this research may seem contradictory to that
reported in the existing literature. A possible interpretation would
be to assume that the task was not exciting enough for the subjects,
and a higher degree of mental effort would have been necessary to
elicit significant variations in theta band. Another explanation
concerningwhy theta power levels did not increase could be that in
the present study the pre-stimulus interval (i.e. the interval before
word onset) was analyzed. In this “pre-word” phase, subjects were
only hearing the competing babble noise, anticipating of the test
signal but not actively engaged in decoding a test sound signal. In a
recent experiment on normal-hearing subjects conducted with an
auditory oddball task, Wisniewski et al. [30] found no significant
theta variations either before word onset or during “passive”
exposure to stimuli, namely as subjects were engaged in another
activity. Thus, the pre-stimulus phase of our study may be equiv-
alent to the passive exposure described in Wisniewski's work,
where subjects were asked not to pay attention to background
noise, but to focus on the incoming word stimuli.

However, the significant within-subject correlation found be-
tween frontal theta and parietal alpha power levels suggests that
theta activity could be a potential indicator of cognitive resource
deployment in effortful audiological tasks, providing a higher de-
gree of effort is required or a different epoch (e.g. during or post-
stimulus) is analyzed.

The main finding of the present study was the significant in-
crease of parietal alpha power in two of the three most challenging
listening conditions, i.e. binaural noise and noise delivered to the
worse hearing ear. This verified the study hypothesis concerning
alpha power only partially, since the expected rise in the acousti-
cally most adverse condition, where noise was delivered to the
better ear, was not observed.

Such results need to be interpreted in the light of the large
amount of literature investigating the general relevance of alpha
activity and its possible generators, bearing in mind that only a few
studies have focused specifically on the impact of various listening
tasks.

The earliest research investigating the behavior of parietal alpha
power in the pre-stimulus phase was conducted using visual
stimuli. Parieto-occipital alpha power was shown to increase as
tested subjects are required to direct attention to a relevant stim-
ulus while neglecting other task-irrelevant stimuli, such as portions
of space containing distractor information [31], colors, or motions
[32]. Other studies have even demonstrated that selective increases
of alpha activity occur retinotopically over areas of the parieto-
occipital cortex where distracting visual stimuli are likely to be
processed [33,34]. Also works using a double modality of stimulus
presentation (e.g. visual vs auditory) have confirmed that alpha
power increases as tested subjects try to suppress one modality in
favor of another one [35e37].

When purely auditory tasks were used, alpha power in the pa-
rietal and occipital cortex was once again found to increase as
subjects were preparing for expected auditory stimuli [38,39]. A
lateralization of alpha band activity was also observed, whereby
alpha power increases over the parietal cortex contralateral to the
to-be-ignored stimulus [38].

Our results with the “binaural noise” (NB) and “noise to the
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Fig. 1. Analysis of frontal theta frequency band in the four test conditions. NB ¼ Noise delivered binaurally; NBETTER EAR ¼ noise delivered to the better hearing ear; NWORSE

EAR ¼ noise delivered to the worse hearing ear; Q ¼ quiet. Means ± 95% confidence intervals are reported for each condition. PSD: power spectral density (mV2/Hz). Vertical bars
denote 0.95 confidence intervals.

Table 3
Mean PSD levels of frontal theta activity in each stimulus condition.

Patient Q* NB
* N BETTER EAR

* N WORSE EAR
*

C.D. 2,15 2,36 2,89 1,52
H.M.E. 0,43 1,01 0,46 0,98
G.L. 0,17 0,24 0,15 0,16
S.V.A. 0,29 0,35 0,31 0,34
C.I. 0,23 0,34 0,24 0,33
S.G. 1,27 0,93 0,84 1,89
C.L. 0,90 1,69 1,13 1,06

* PSD values are given as mV2/Hz.

Fig. 2. Analysis of parietal alpha frequency band in the four test conditions: NB ¼ noise delivered binaurally; N BETTER EAR ¼ noise delivered to the better hearing ear; N WORSE

EAR ¼ noise delivered to the worse hearing ear; Q ¼ quiet. Means ± 95% confidence intervals are reported for each condition. PSD: power spectral density (mV2/Hz). Vertical bars
denote 0.95 confidence intervals.

Table 4
Mean PSD levels of parietal alpha activity in each stimulus condition.

Patient Q* NB
* N BETTER EAR

* N WORSE EAR
*

C.D. 0,82 4,76 0,62 5,66
H.M.E. 0,41 0,64 0,57 0,38
G.L. 0,31 0,61 0,29 0,29
S.V.A. 0,44 0,53 0,55 0,45
C.I. 0,53 0,55 0,52 0,52
S.G. 1,28 0,80 1,39 0,89
C.L. 0,93 0,86 0,70 0,74

* PSD values are given as mV2/Hz.
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Fig. 3. Cortical maps of alpha activity in the different noise conditions: a) noise delivered binaurally vs Quiet; b) noise delivered to the worse hearing ear vs Quiet; c) noise delivered
to the better hearing ear vs Quiet. For each panel, the color bar codifies “t” values of the cortical regions showing a statistically significant increase (red) or decrease (blue) of alpha
activity in the noise condition compared to the quiet condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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worse ear” (NWORSE EAR) listening conditions seem to fit the model,
suggesting that increases in the parietal alpha power can be an
indicator of attentional suppression even in a pediatric sample. In
the present study, words were the relevant auditory stimulus and
babble noise was irrelevant to the task and thus a to-be-ignored
stimulus or distractor.

Overall, this is consistent with recent theories attributing task-
related increases of alpha activity to the activation of a supramodal
functional inhibition system [40e44], i.e. a “top-down” gating
systemwhere inhibitory neural pathways eliminate task-irrelevant
stimuli and constrain potentially erroneous behaviors.

To the best of our knowledge, this is the first time that a drop in
alpha power has been observed in the most challenging listening
condition tested (noise was delivered to the better hearing ear). As
stated above, under this circumstance our study hypothesis was not
fulfilled, whereby alpha power fell to the level of that observed in
the quiet test condition. Possibly, this is the reason why no corre-
lation could be found between alpha power levels and SRT scores:
whereas average SRT scores decreased with increasing difficulty of
the task (i.e. from Quiet to NBETTER EAR), alpha power levels
increased fromQuiet to NWORSE EAR, but then decreased again in the
NBETTER EAR condition.

This “alpha drop phenomenon” may be explained by subjects
mentally withdrawing from the task, when it became exceedingly
difficult [11]. In their “Framework for Understanding Effortful
Listening” model, Pichora Fuller et al. [5] postulate that listening
effort increases as task demands increase as long as the subject is
motivated toward the task itself, up to a point where task demands
exceed the subject's cognitive resources. When this occurs, the
subject loses motivation and stops deploying these resources in the
task. Specifically, it is likely that the “noise to better ear condition”
was too difficult for the subjects selected in the study, whose SRT in
that condition was on average 15 dB, that is to say well above
the þ10 SNR level at which the EEG recordings took place. In this
case, it is plausible that the patients stopped directing their
attention selectively toward the presented words and completely
lost their overall “engagement” in the task. A support to this
interpretation comes from the work by Wizniewski [39], in which
alpha power levels were compared in normal-hearing adults dur-
ing an active listening and a passive exposure experiment: during
the passive experiment, alpha power levels dropped to rest values.
Thus, it is plausible that in our subjects loss of interest in a too
difficult task may have equaled the “passive exposure” condition in
Wizniewski's study [39].

Overall, our results suggest that EEG alpha activity derived from
the parietal cortex can be used in pediatric subjects with sensori-
neural hearing loss as an objective measure of cognitive load during
effortful listening. In particular, since the pre-stimulus phase was
analyzed, sustained attention and selective inhibition seem to be
the likeliest behavioral correlates of the observed alpha variations.
If confirmed on larger samples, the alpha power drop character-
izing the most adverse listening condition suggests that cognitive
withdrawal from a task can also be measured objectively.

Even if consistent with recent works in the literature, the results
of our study should be interpreted with caution and be supported
by further investigations in larger cohort datasets.

Firstly, our data refer to a pediatric population in whom the
brain is notoriously immature and, as a consequence, normative
data is age dependent. Most of the literature, on the contrary, re-
ports on adult or elderly subjects. For example, it is known that
alpha frequency itself increases in a non-linear way [45], whereas
global alpha and theta power increase and decrease, respectively,
from childhood to puberty [15].

Secondly, the lack of normative data from normal-hearing
subjects makes it impossible, at this point, to use absolute alpha
and theta power levels to quantify cognitive load.

However, if confirmed by further research on diverse and larger
samples, these findings could be used to refine indications for
hearing aid or cochlear implant treatment of sensorineural hearing
loss, and for a more in-depth assessment of the audiological out-
comes of listening devices.
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