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Abstract

A wealth of research shows that aging adversely affects the morphology and physiology of the peripheral and central audi-
tory system, resulting in a decline in auditory function. Moreover, age-related cognitive deficits in attention, working mem-
ory, and speed of information processing have been reported, augmenting the challenges involved in auditory rehabilitation 
of older adults.

With the growing number of older adults receiving cochlear implants (CIs) there is general consensus that substantial bene-
fits can be gained. Nonetheless, variability in speech perception performance is high, and the relative contribution and inter-
actions among peripheral, central auditory, and cognitive factors have not been fully delineated.

A possible objective means for assessing the benefits derived from CIs in older adults involves electrophysiological measures. 
In particular, auditory event-related potentials (AERPs), which allow evaluation of the time-course of cortical information 
processing from early perceptual to later cognitive, post-perceptual stages, could prove advantageous.

In the current report our experience with AERPs elicited by perceptual and higher order cognitive tasks in normal hearing 
listeners and in CI recipients is reported, and their implications for the evaluation of older adults with CIs is discussed. By 
varying task complexity and degree of cognitive load, AERPs can expose processing difficulties of older adults with a CI and 
gauge the contribution of bottom-up versus top-down processing. The suggested comprehensive, hierarchical AERP evalu-
ation may contribute to the better understanding of the neural manifestations of age-related auditory/cognitive decline and 
its interaction with CIs. It may also lead to the development of CI strategies and rehabilitation procedures tailored specifical-
ly to this unique group.

Background

A wealth of literature shows that aging adversely affects 
auditory system morphology and physiology [1]. Age-
related changes result in decline in auditory function 
that include: decreased hearing sensitivity, especially in 
the high frequencies; decreased temporal and frequen-
cy resolution; decline in speech perception in non-opti-
mal listening conditions; and reduced binaural process-
ing [e.g. 2,3].

Deterioration of auditory function is accompanied by cog-
nitive decline manifested by impairments in working mem-
ory, attention, and a reduced ability to inhibit processing 
of irrelevant information; there is also a general ‘slowing 
down’ of information processing [for review see 4].

Auditory rehabilitation of the older hearing-impaired adult 
is therefore a challenge. Nonetheless, with the growing 
number of older adults receiving cochlear implants (CIs), 
there is general consensus that substantial benefits can be 
gained. It is also agreed, however, that there is high var-
iability in speech perception performance both in quiet 
and in noise, and the relative contribution and interac-
tions among peripheral, central auditory, and cognitive 

factors are not fully understood. Behavioral speech per-
ception studies show controversial results, with some sug-
gesting similar performance of young and older adults [e.g. 
5], and others indicating significantly poorer performance 
in older adults [e.g. 6]. It should be taken into account, 
however, that clinically-used speech perception tests are 
limited as they do not reflect cognitive aspects of speech 
understanding which affect the amount of attention, ef-
fort, and memory resources expended during communica-
tion. Moreover, they provide the ‘end product’ or ‘outcome’ 
of auditory processing but do not follow the sequence of 
events that lead to that outcome.

An objective means for assessing the benefits derived from 
CIs in older adults are electrophysiological measures. In 
particular, auditory event-related potentials (AERPs), 
which allow evaluation of the time-course of cortical in-
formation processing from early perceptual to later cogni-
tive, post-perceptual stages, may prove advantageous [7]. 
The purpose of the current short review is to elucidate the 
potential use of AERPs for evaluating auditory/cognitive 
processing in older adults with CIs. By varying task com-
plexity and degree of cognitive load, AERPs may expose 
processing difficulties of older adults with CIs and gauge 
the contribution of bottom-up vs. top-down processing.
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Methods

In a series of studies we showed that valuable information 
regarding auditory processing can be gained by means of 
AERPs from healthy and clinical populations [8–11], and 
from CI recipients in particular [12–15]. In these stud-
ies we recorded the brain electrical activity from multiple 
electrodes by means of a Brain Performance Measurement 
(BPM) System (Orgil™) while subjects performed audito-
ry tasks of increasing difficulty (for technical details see 
Henkin et al. [14]). The timing and strength of auditory 
processing was manifested by AERP’s latencies and am-
plitudes, respectively, and the relationship with behav-
ioral measures (e.g. performance accuracy and reaction 
time) was assessed. 

Results and Discussion

In a study designed to evaluate acoustic phonetic dis-
crimination in post-lingual adult CI recipients, oddball 
tasks that included pairs of stimuli that differed by one 
phonetic feature were constructed [14]. We asked how 
increasing acoustic phonetic difficulty – from an easy 
‘vowel place’ task (/ki/ vs. /ku/) to a difficult ‘place of 
articulation’ task (/ka/ vs. /ta/) – affects the P3 poten-
tial. Results in CI recipients indicated that, compared to 
NH controls, there was prolonged processing time and 
reduced synchrony, as reflected by longer P3 latency 
and reduced amplitudes. Furthermore, P3 was sensitive 
to acoustic phonetic difficulty in a hierarchical manner 
and differences between CI and NH subjects were more 
pronounced in the more difficult ‘vowel height’ task and 
place of articulation task.

Increasing task complexity in a group of normal hearing 
listeners, by using an acoustic phonetic identification task 
in noise, confirmed the advantage of AERPs for compar-
ing bottom-up, perceptual processes vs. top-down cogni-
tive processes [11]. In this study, subjects were required 
to identify the syllables /da/ and /ga/ presented in quiet 
and in signal-to-noise ratios (SNRs) ranging from +15 to 
–6 dB. Results indicated that N1 latency increased as SNR 
decreased from the most favorable SNR listening condition 
of +15 dB. In contrast, P3 latency was not altered in the 
favorable SNRs, and was prolonged only at SNRs equal to 
or less than 0 dB. The changes in N1, which is known to 
reflect the initial processing of the physical characteristics 
of the stimulus, reflect difficulty in bottom-up processing. 
Top-down processing left the higher order cognitive P3 un-
changed in the favorable SNR; however, with increasing 
uncertainty, top-down processing could not compensate 
and indeed performance dramatically decreased.

Another means for increasing task complexity is by enhanc-
ing linguistic demand. For example, AERPs that were record-
ed during a semantic categorization task in which subjects 
were required to respond to stimuli from a targeted semantic 
category (names) and to ignore a non-target category (body 
parts) differentiated between healthy children and those with 
idiopathic generalized epilepsy who are prone to cognitive 
deficits [8,9]. In contrast, AERPs to tonal and easy acoustic 
phonetic discrimination tasks were comparable.

A task that is especially suitable for testing age-related de-
cline in inhibitory processes and its effect on auditory/cog-
nitive efficiency is the ‘Stroop task’. In an auditory version 
of the task that we recently constructed [10], listeners were 
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Figure 1.  A schematic illustration of the recording of auditory event-related potentials to tasks of increasing complexity.
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required to classify word meaning or speaker’s gender while 
ignoring the irrelevant (congruent or incongruent) speaker’s 
gender or word meaning, respectively. A significant auditory 
Stroop effect was evident and manifested in prolonged reac-
tion time and reduced performance accuracy to incongruent 
vs. congruent stimuli, as expected. Interestingly, the timing of 
neural events (latencies of N1, P2, N2, and N4) to congruent 
and incongruent stimuli did not differ, suggesting that au-
ditory conflict processing was post-perceptual and located 
at response selection and execution stages. Nonetheless, re-
duced N1 amplitude to incongruent stimuli indicated a con-
flict processing signature at the initial stages of processing. 

Taken together, the described hierarchical set of audi-
tory tasks –characterized by increasing auditory/cogni-
tive demand from simple acoustic phonetic discrimina-
tion to high-load cognitive Stroop tasks (summarized in 
 Figure 1) – may prove advantageous for the evaluation 
of older adults with CIs. Such data may contribute to the 
better understanding of the neural manifestations of age-
related auditory/cognitive decline and its interaction with 
CIs. Furthermore, it may lead to the development of CI de-
vice strategies and rehabilitation procedures tailored spe-
cifically to this unique group of patients. 
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