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Abstract. The cerebral effort employed during the execution of a task, or even just listening to an audio
or watching a video appears as a fundamental insight beyond the personal reported perception and
behavioral performance expressed by individuals, both often showing a scarce sensibility. In this
context, the mental workload index (frontal EEG increase in the theta band and parietal EEG decrease
in the alpha band) estimates the effort spent in the attendance of everyday or also highly demanding
activities. In this framework, due to the impact on the quality of life of the users, particularly worthy
appears the evaluation of clinical devices, such as cochlear implants. This needing result as extremely
immediate since, despite technological development, noisy environments still constitute a challenge for
the word recognition in hearing impaired individuals. In the present study the comparison of different
cochlear implant processors has been performed, evaluating the workload levels induced by the use of
each of them. Results show how the more recent cochlear implant processor produced the lower
cerebral workload level during a word in noise recognition task. Furthermore, evidences highlight how
the noise filter reduction function support the word discrimination in noisy environments, as suggested
by reduced workload levels.
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1. Introduction

Facing adverse listening conditions, such as noisy environments, normal hearing population
engages the selective processing of a particular sound and the simultaneous filtering out of irrelevant
information, as described by the ° selective gain ’ mechanism [Kerlin et al., 2010]. In contrast, for
individuals with hearing loss, listening (aided or unaided) in noisy conditions is often reported to be
considerably taxing [Kramer et al., 2006; Asp et al., 2015; Caldwell and Nittrouer 2013; Wendt et al.,
2016]. As also supported by autonomic nervous system variation data, hearing impaired subjects
experience increased effort and/or stress during speech recognition in noise in comparison to normal
hearing (NH) listeners. The investigation of listening effort and fatigue has used a variety of
methodologies including self-report, behavioural, and physiological measures [McGarrigle et al 2014],
but a standard definition of listening effort has yet to be agreed upon, although it is frequently defined
as ‘ the attention and cognitive resources required to understand speech ’ [Hicks and Tharpe, 2002;
Anderson Gosselin and Gagné, 2011; Fraser et al., 2011; Picou et al., 2011]. Among the above
mentioned techniques, the electroencephalographic approach is receiving growing interest and it is the
methodology selected in the present study.

The cerebral effort, defined as the electroencephalographic (EEG) frontal theta activity in the PFC
has already been reported in several studies, where higher values of effort were connected to higher
level of task difficulty [Klimesch, 1999]. By now this kind of evaluation have found various and
extremely disparate fields of application, such as in neuroaesthetics, in response to auditory literature
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stimuli [Cartocci et al. 2016a in press]; in avionic [Arico et al., 2014; Borghini et al., 2015], in human—
computer interaction [Gevins and Smith 2003] and in public service announcements advertising
perception [Cartocci et al 2016b]. Moreover, the estimation of the EEG frontal theta increase as a
measure of effort, has been recently applied also to more clinical environment, testing the reaction to
different listening conditions. In particular, evidences reported how frontal midline theta (4 to 7 Hz)
power was
found to increase as signal to noise ratio (SNR) decreased in
a sentence-recognition task [Wisniewski et al., 2015]. A very recent study, using an auditory-oddball
paradigm, showed how the increased theta power likely reflects increased utilization of cognitive-
control processes relying on frontal cortical networks [Wisniewski et al., 2017]. Furthermore, the
mental workload (IWL) defined as the ratio between the EEG power spectral density (PSD) in the theta
frequency band (which usually increases with the increase of task demand) over the prefrontal and
frontal cortical areas [e.g. Klimesch 1999] and the EEG PSD in alpha band (which usually decreases
with the increase of task demand) over the parietal cortical areas [e.g. Maglione et al., 2014; Borghini et
al., 2014]. The IWL has been employed in hearing impaired children during a word in noise recognition
task, and results showed that it was modulated by the peculiar challenge of different noise conditions
[Cartocci et al., 2015]. The same index was estimated also in cochlear implanted (CI) adults in
correspondence of the use of different sound processors and filtering conditions [Maglione et al 2016].

Starting from these premises, aim of the present study was to investigate: i) the capability of the
IWL to reveal eventual listening effort differences among older and newer cochlear implant sound
processors in a word in noise recognition task and ii) to test if the use of a noise filtering could really
improve the IWL induced levels during the same task.

2. Material and Methods

The participant was a 43 years old male unilateral CI user, postlingually deaf (probably genetic
etiology), implanted at 35 years old in his right side and not aided in his left ear. He was asked to
perform a word in noise (babble noise) recognition. The selected words were disyllabic and taken from
a clinical standardized set (Audiometria Vocale. Cutugno, Prosser, Turrini). The experimental
conditions were: i) no noise, with the subject hearing words stimuli in quiet; ii) background noise with
filter reduction use; iii) background noise without filter reduction use. All the auditory experimental
conditions were tested using 3 different kind of processors: Freedom, CP810 and CP910 by Cochlear
srl. The signal to noise ratio (SNR) was +5 in all the experimental conditions and the intensity for the
stimuli delivery was 65dB. The quiet condition was used only to verify the participant’s starting level of
words comprehension so, reaching the 95% it will not be discussed anymore in the article.

2.1. Cochlear implant features

The processors included in the testing were all produced by the same company (Cochlear Italia,
Bologna, Italy), so to maintain the same quality standard in order of evaluating different processor
versions developed along less than 10 years:

1. Freedom (2005): it uses one omni-directional microphone and a dual post directional
microphone. Both microphone systems help the recipient achieve enhanced directionality in front of
them. Two of the Freedom’s optional functions have been tested in the present work: i) “Beam” allows
to focus on the sounds coming from the direction in which the subject is looking, using a dynamic
directionality (e.g. when talking with someone in a crowd); ii)) “ADRO” is the normal default
directionality response.

2. CP810 (2009): presenting speech processing programs with optional functions, among which
ADRO (as Freedom) and “Zoom”, both tested in the present study. Zoom provides fixed directionality
in front of the subject. CP810 uses two omni-directional microphones; the output from the second
microphone is electronically delayed and subtracted from the first microphone output to provide
directionality.

3. CP910 (2013): it presents an improved dual-system microphone in comparison to the CP810,
and a completely automatic processing of the sounds. Also CP910 ADRO function has been tested,
along as the “Background Noise Reduction” (SNR-NR). The SNR-NR works by statistically analyzing
the incoming signal (irrespective of direction) and estimating the instantaneous SNR of the sound. It
assesses the listening environment and detects the background noise level in each frequency channel. It
then estimates the SNR in each channel for each analysis frame. The channels with poor SNRs
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indicative of background noise are attenuated, whereas channels with positive SNRs, typically
dominated by speech, are retained [Mauger et al., 2012].

Since it has been shown that hearing-aid-like noise reduction strategies can improve performances
on a secondary task, even when no improvement in speech intelligibility is seen [Sarampalis et al.,
2009], a hearing device feature, such as noise reduction, although maybe not relevant when assessed by
an intelligibility test, may instead be beneficial leading to a reduction in listening effort. Due to the
suggested influence of the background noise on the listening effort of CI recipients, two filters features
conditions were tested:

*  No noise filter reduction use, that is the use of ADRO alone

*  Noise filter reduction use, in other words the use of Beam, Zoom and SNR-NR for the
Freedom, CP810 and CP910 respectively.

2.2. Setting of the study

During all the experimental conditions noise and words stimuli were delivered form 1 front and 1
back loudspeakers, positioned 0° and +180° in relation to the subject. In correspondence of the trials
including the background noise it was emitted continuously. Each experimental condition comprised 20
trials (20 words), each trial lasted up to 8 seconds, varying in length depending on the subject’s
response time. During the task the subject listened to a word and then was instructed to verbally say
only the just heard word.

2.3. EEG acquisition and analysis

Subject was sitting on a comfortable chair in a shielded room. A digital ambulatory monitoring
system (Bemicro EBNeuro, Italy) was used for the EEG recording. For the acquisition a 19 channels
cap was used. Electrodes were wet and placed according to the international 10-20 system (Fpl,Fp2,
F7,F8,F3,F4,Fz,T3,T4,C3,C4,Cz,P7,P8,P3,P4,Pz,01,02). Signals were acquired with a sampling
frequency of 256 Hz end collected simultaneously during the experiment. A 50 Hz notch filter was
applied to remove the power interference. A ground and a reference electrode were placed on the
forehead and the impedances were maintained below 10 kQ. The EEG recording was filtered with a
band pass filter (2-30 Hz) and then the Independent Component Analysis (ICA) was used to manually
remove artifacts and blink component from the traces by an experienced researcher. Successively EEG
recordings were segmented into epochs of 1 second each, shifted of 0.25 seconds. The Power Spectrum
Density (PSD) was calculated for each epoch and channels, observing the EEG PSD values in theta (4-8
Hz) and alpha (8-12 Hz) bands. The index of workload (IWL, Formula 1) was defined as the ratio
between the averaged EEG PSD in theta band over the central frontal area (Fz) and the average value of
EEG PSD in alpha band over the central parietal area (Pz) [Klimesch, 1999].

IWL = PSD(0F) / PSD(aP) (1)

The ITWL values were analyzed by the Analysis of Variance (ANOVA) in order to compare the
different: kinds of processor (Freedom, CP810 and CP910) and the different noise filter conditions of
the devices (No noise filter reduction and Noise filter reduction) during the task.

3. Results

3.1. Behavioral word recognition performances

Behavioral results were based on the number of words correctly identified within each trial by the
subject. Even without reporting a statistical significance (ANOVA F(5,95)=1.34 p=0.25) a higher
percentage of correct responses was obtained in the Noise filter reduction application in comparison to
the No noise filter reduction condition. In particular, the best score was obtained for both the Noise
filter reduction and the No noise filter reduction during the CP910 sound processor use.

3.2. EEG results

The comparison between the IWL values obtained during the testing of the three different kinds of
sound processor (Freedom, CP810 and CP910) showed a statistical significant difference
(F(2,172)=3.56 p=0.03), with the lower value reported in the CP910 trial and the higher value in the
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Freedom trial (Fig.1). The post-hoc analysis performed on this effect highlighted statistically significant
higher IWL values for the Freedom in comparison to the CP910 processor (p=0.01).

Comparison among cochlear implant
sound processors
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Figure 1. In the figure are represented the IWL levels estimated for the three cochlear implant sound processors
investigated (Freedom, CP810 and CP910). ANOVA analysis showed a statistical significant
difference among the processors (p=0.03) and a statistically significant increase of the IWL reported
for the Freedom use in comparison to the CP910 use (p=0.01).

Furthermore, considering the filters features (Fig.2), the trials in which the Noise filter reduction
function was adopted reported statistically significantly lower IWL values in comparison to the trials
with No noise filter reduction use (F(1,87) = 4.09 p = 0.05).

Comparison among conditions using
or not the Noise Filter Reduction
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Figure 2. In the figure are represented the IWL levels estimated for the conditions using or not the cochlear
implant Noise Filter Reduction function. ANOVA analysis showed a statistical significant difference
among the conditions (p=0.05).

4. Discussion

The sound processors included in the present study have been already compared in literature on the
basis of traditional clinical outcomes: such as speech perception tests. Data showed a significant
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improvement when using Nucleus 6 (CP910) in comparison to Nucleus 5 (CP810) in adults [Mauger et
al., 2014] and children, but circumscribed at the speech in noise perception test [Plasmans, et al., 2016].
Nevertheless, since the evidence that listening effort may change between cochlear implant (CI)
processing conditions for which speech intelligibility remains constant [Pals et al 2013], the
neurometric approach to the listening effort in CI users appears as a useful instrument to get
neurophysiological and sensitive insights. It has been approached by EEG studies using event related
potentials (ERP), reporting a correlation between N2/N4 latencies and rated listening effort [Finke, et
al., 2016]. Furthermore, beyond the rating of the effort level, a previous study on hearing impaired
children showed an increase of IWL values in correspondence of the most demanding noise condition
for the participants [Cartocci et al., 2015]. Differently from this study, the present results focus on the
device-related listening effort matter instead of environment-related listening effort. With regards to the
IWL values obtained by the experimental subject while adopting each of the different sound processors,
during the use of the CP910 were estimated the lower IWL levels. The present results are in accord to a
very recent study investigating the IWL induced by an auditory forced choice word recognition task in
adult unilateral cochlear implant users [Maglione et al. 2016]. In accord to the present work, where the
use of the noise filtering reduction produced the lower IWL values, those authors found evidence of a
statistical significance of the interaction between kinds of processors and noise filter reduction use, with
a trend of lower IWL values in correspondence of the use of the CP910 processors. Some authors
hypothesize that Noise Reduction (NR) features in hearing devices reduce listening effort and frees up
cognitive resources for other tasks [Sarampalis et al., 2009]. Hafter and Schlauch [1992] proposed that
NR algorithms in the processor do not improve speech reception thresholds (SRTs) because performing
a function similar to that of the listeners’ auditory and cognitive systems. However the same authors
suggested that the NR, substituting these physiological functions, may lighten listeners’ cognitive load.
Therefore, NR might not affect the SRT but may release attentional resources to be used for other,
simultaneous tasks. This reduction in cognitive load could be important in natural settings, where
multitasking is the norm and cognitive demands are greater. The concept of identifying devices
allowing to save cognitive resources appears extremely worthy for facing everyday challenging
situations such as noisy environments for cochlear implanted subjects. This observation acquires clear
evidence just thinking for example at the requirements for the sustained attention that children have to
generate during their learning processes in the early scholar period of their life. Preschoolers and
school-aged children with CI present 2 to 5 times greater risk of clinically significant deficits in
comparison to NH children, for instance in the areas of comprehension and conceptual learning and
attention [Kronenberger, et al., 2014].

Finally, despite the obvious limitation of the single case nature of the present study, data suggest
the applicability and sensitivity of mental workload estimation for the evaluation of the most proper
biomedical device and features under different environmental conditions in patients. This could help
facing the issue that, although behavioural performances (e.g. speech intelligibility task and the NASA
TLX) [Pals et al.,, 2013] and self-report measures remain an important factor in deciding clinical
significance, several inconsistencies among apparently related studies [McGarrigle et al., 2014] support
the employment of neurometric measures to deepen the understanding of the listening effort processes.
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