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Abstract

Recent findings suggest that both peripheral and central auditory system dysfunction occur in the
prodromal stages of Alzheimer Disease (AD), and therefore may represent early indicators of the
disease. In addition, loss of auditory function itself leads to communication difficulties, social
isolation and poor quality of life for both patients with AD and their caregivers. Developing a
greater understanding of auditory dysfunction in early AD may shed light on the mechanisms

of disease progression and carry diagnostic and therapeutic importance. Herein, we review the
literature on hearing abilities in AD and its prodromal stages investigated through methods such
as pure-tone audiometry, dichotic listening tasks, and evoked response potentials. We propose
that screening for peripheral and central auditory dysfunction in at-risk populations is a low-cost
and effective means to identify early AD pathology and provides an entry point for therapeutic
interventions that enhance the quality of life of AD patients.
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1. Introduction

Alzheimer’s Disease (AD) is a neurodegenerative disease of increasing prevalence and
primarily affects the elderly population. It is characterized by loss of cognitive function
across multiple domains including early loss of episodic memory, loss of executive control,
language and behavioral dysregulation (McKhann et al., 2011). Current estimates identify
4.7 million individuals diagnosed with AD in the United States and that number is expected
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to increase to 13.8 million by the year 2050 (Hebert et al., 2013). Thus, interest in potential
treatment and prevention of the disease has gained significant attention.

The defining neuropathological features seen in AD include deposition of amyloid plaques
(Glenner and Wong, 1984; Masters et al., 1985), abnormal phosphorylation of microtubule-
associated proteins referred to as neurofibrillary tangles (Grundke-Igbal et al., 1986), and
atrophy of the medial temporal lobe structures (Scheltens et al., 1992). The auditory
midbrain and forebrain are also targets of AD pathology. Early autopsy-based studies
revealed amyloid plaques and neurofibrillary tangles in the central nucleus of the inferior
colliculus, the ventral division of the medial geniculate body, and primary and secondary
auditory cortical areas. More peripheral auditory processing regions such as the cochlea
and cochlear nucleus, showed little AD pathology (Sinha et al., 1993; Sinha et al., 1996),
suggesting that patients with AD-related pathology may show selective deficits in higher
auditory cognitive function.

Mild cognitive impairment (MCI) is considered to be an intermediate stage between normal
cognitive function (for age) and AD. Patients with MCI may present with both memory

and non-memory cognitive complaints that do not significantly affect normal functional
activities (Roberts and Knopman, 2013). Furthermore, MCI is often separated into multiple
subgroups including amnestic, non-amnestic, single-domain, and multiple-domain (Morris
and Cummings, 2005). Amnestic MCI patients are important to AD research because

they have a high conversion rate to AD compared to age-matched controls, show a
neuropathology similar to that seen in AD, and they represent a potential earlier therapeutic
intervention point (Morris and Cummings, 2005; Petersen et al., 2001; Petersen et al., 1999).

Current diagnostic approaches for MCI and AD rely on neuropsychological testing
demonstrating early episodic memory dysfunction and the absence of a competing diagnosis
based on serologic and imaging workup (McKhann et al., 1984). A series of other
biomarkers have been proposed to assist in the diagnosis of AD and prediction of
progression from MCI to AD such as cerebrospinal fluid (CSF) amyloid beta and tau
(Sunderland et al., 2003), multivariate CSF and serum markers (Llano et al., 2017; Llano et
al., 2012), and magnetic resonance imaging (MRI) and positron-emission tomography (PET)
imaging markers (Herholz et al., 2002; Klunk et al., 2004; Schuff et al., 2009). The cost

and invasiveness (in the case of CSF) of these biomarkers limits their use in routine clinical
practice. Given the predilection of AD to affect temporal lobe structures which house the
auditory cortex and related subfields, auditory neurophysiological measurements coupled
with audiological assessments may provide a unique opportunity to detect and track the
severity of this neurodegenerative disease.

Both past and recent evidence suggest that pathological changes in the human auditory
system can be objectively measured and potentially assist in differentiating between normal
ageing-related cognitive decline, MCI, and AD (Hardy et al., 2016; Taljaard et al., 2016;
Vecchio and Maatta, 2011). For example, non-invasive and low-cost paradigms such as pure
tone audiometry (PTA), speech-in-noise tests, dichotic listening tasks, and auditory event-
related potentials have elucidated neural correlates to many of the pathological findings seen
in MCI and AD (reviewed below). An additional consideration is evaluation of auditory
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comprehension in MCI and AD (MacDonald et al., 2001; Markova et al., 2017; Welland et
al., 2002), alteration in which produces a significant social burden for AD patients and their
caregivers. Herein, the literature supporting the use of audiological assessments and auditory
evoked potentials in the diagnosis of AD and its prodromal stages are reviewed.

2. Audiological assessments

2.1. Peripheral hearing in MCl and AD

PTA is designed to measure hearing thresholds in subjects based upon their response to

pure tone stimuli and is generally considered to be a measurement of peripheral hearing
function (Walker et al., 2013). The primary use of PTA is to establish perceptual hearing
thresholds, typically across frequencies ranging from 125 Hz to 8 kHz, and is used clinically
to diagnose the type and degree of hearing impairment. Although PTA is typically assumed
to reflect changes in peripheral auditory function, it should be noted that in many conditions
including ageing-related hearing loss and acoustic trauma that involves cochlear neuropathy,
normal PTA results may be obtained. Subjects with co-chlear neuropathy and normal PTA
often complain of difficulties with speech comprehension and are referred to as having
“hidden hearing loss” (Liberman and Kujawa, 2017; Pienkowski, 2017). On the contrary,
data from animal studies and human case reports have documented changes in PTA after
central lesions (Heffner and Heffner, 1986; Musiek et al., 1994). Although these data
suggest that elevations in perceptual thresholds using PTA are not 100% sensitive and/or
specific to cochlear damage, PTA is currently the most widely used tool to test for peripheral
hearing loss and is relatively simple to use in cognitively-impaired listeners. As such,
throughout this review PTA will be considered to be a biomarker of cochlear function.

Presbycusis, or ageing-related hearing loss, is a common finding among cognitively normal
older adults as well as AD patients and is primarily thought to be caused by ageing-related
dysfunction at the level of the cochlea (Gates and Mills, 2005), although central mechanisms
also play a key role (Humes et al., 2012; Jerger et al., 1995; Mudar and Husain, 2016).

The classical taxonomy of cochlear pathologies and their PTA correlates was developed

by Schuknecht (1964). This work originally outlined four possible types of presbycusis
based on audiograms of geriatric patients and microscopic pathological analysis of the
temporal bone: a “sensory” type characterized by loss of the outer hair cells, a “neural” type
defined by loss of spiral ganglion cells, a “metabolic” type related to strial atrophy, and a
“conductive” type relating to basilar membrane stifiness or spiral ligament atrophy. More
recent data suggest that many patients do not fit neatly into any one of these four types of
presbycusis and are defined as either “mixed” or “indeterminate” (Huang and Tang, 2010).

It should be noted that preshbycusis and AD share many common risk factors such as obesity,
diabetes, and hypertension (Agrawal et al., 2009; Fransen et al., 2008; Gates et al., 1993;
Kivipelto et al., 2002; Kivipelto et al., 2005; Luchsinger et al., 2005) suggesting that micro-
vascular and/or metabolic compromise may contribute to these disorders and may, in part, be
responsible for their temporal coincidence. In fact, multiple studies suggest that association
between presbycusis and cognitive decline is an expression of common pathophysiological
mechanisms that occur in the ageing brain (Anstey et al., 2001; Golub et al., 2017;
Lindenberger and Baltes, 1994; Quaranta et al., 2014; Taljaard et al., 2016). For example,
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Lindenberger and Baltes (1994) found that more than 90% of the ageing-related change in
cognition was related to sensory variables. In a study involving 894 participants between 70
and 98 years of age, Anstey et al. (2001) found that 78.46% of the ageing-related variance
in cognition was shared by the sensory function. Since the correlation between cognitive
function and visual and hearing acuity was similar in magnitude, these simultaneous deficits
in sensory and cognitive functions were thought to reflect a generalized widespread ageing-
related neural degeneration.

Furthermore, numerous studies have found an association between presbycusis and cognitive
decline. For example, Lin et al. (2011b) provided evidence of the correlation between
hearing and cognitive loss in the Baltimore Longitudinal Study of Aging. A total of 639
volunteers were followed from 1958 to 2008 and had PTA and cognitive testing done
biennially. It was found that patients with mild hearing loss had a hazard ratio of 1.89 for
incident dementia, while patients with moderate hearing loss had a hazard ratio of 3.00,
and the hazard ratio for patients with severe hearing loss (n = 6) was 4.94. Additionally,

Lin et al. (2011a) also reported that greater hearing loss was negatively associated with
scores on the Mini Mental State Exam. Notably, a sub-study of the Baltimore Longitudinal
Study performed by Lin et al. (2014) reported brain volume changes in hearing impaired
individuals measured by MRI and showed that subjects with hearing impairment had a
marked increase in the rate of volume loss in whole brain and regional volumes in the

right temporal lobe compared to subjects with normal hearing. These results were robust

to adjustment for multiple confounds and were consistent with voxel-based analyses, which
also implicated greater volume loss on the right than left temporal regions. In addition,
patients with hearing impairment showed greater rates of whole brain volume decline. The
authors posited that altered central auditory processing associated with peripheral hearing
impairment may lead to loss of volume in the temporal lobe and contribute to the observed
deficits in semantic memory and other cognitive functions characteristic of AD.

A recent meta-analysis by Taljaard et al. (2016) investigated the relationship between
peripheral hearing loss and cognitive function and examined the effect of treating hearing
loss in hearing aid or cochlear implant users. The authors reported on 33 studies that
included 602 participants with hearing impairment that was left untreated, 672 participants
who received treatment for their hearing impairment, 176 control subjects, and 4260
individuals who demonstrated varying levels of hearing impairment both with and without
treatment. This meta-analysis also confirmed that cognition is significantly poorer in
individuals with hearing impairment and is worse in individuals who have not received
treatment for their hearing loss. More specifically, they found that participants with superior
hearing ability showed superior performance across multiple cognitive domains. However,
the effect sizes were small for all domains and the authors posited that these studies may

be confounded by task effects since cognitive tasks that involve hearing are more difficult
for people who are hearing impaired to complete, drawing upon greater cognitive resources,
compared to controls.

In the context of AD, most studies that have prospectively examined hearing changes in
AD subjects have reported no significant differences in peripheral hearing between MCI,
AD, and age-matched control subjects (Gates et al., 2008; Idrizbegovic et al., 2011; Rahman
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etal., 2011; Strouse et al., 1995). An exception is the large (over 2000 subjects) study by
Heywood et al. (2017), which showed an association between hearing loss (measured with
the whispered voice test) and AD that was independent of ageing (Heywood et al., 2017).
However, the whispered voice test may be more dependent on cognitive factors than PTA
(Groen, 1973). It is important to note that the studies not showing an association between
AD and peripheral hearing loss were focused on identifying central auditory dysfunction,
not peripheral deficits. and they also had much smaller sample sizes, ranging from 10 to 150
participants. Taken together, these data suggest though common ageing-related changes may
produce peripheral hearing loss and subclinical cognitive changes, the impact of peripheral
hearing loss on the development of clinically-significant AD is relatively small.

2.2. Overview: dichotic listening tasks in MCl and AD

Dichotic listening tasks are commonly employed in audiological assessments to examine
central auditory function. There are a few variations of these tests such as dichotic
presentation of consonant-vowels (CV) syllables, synthetic sentence identification with
ipsilateral competing message (SSI-ICM) synthetic sentence identification with contralateral
competing message (SSI-CCM), dichotic sentence identification (DSI), and dichotic digits
identification (DDI; also referred to as dichotic digits test [DDT]). In all forms of these
paradigms, a different, competing message is presented to each ear and the listener is asked
to focus on specific messages within the clutter. The main differences between these four
assessments lie in the specific stimulus being presented. Consonant-vowel syllables combine
different consonants, such as/p/,/t/, or/b/with the vowel/a/, SSI and DSI use sentences, and
DDI/ DDT uses digits alone. Studies have shown that impairment in dichotic listening

tasks may suggest temporal and frontal lobe dysfunction (Hugdahl et al., 2003; Jancke and
Shah, 2002). Recent work has also shown that performance on dichatic listening tasks is
strongly correlated to more general cognitive impairment on the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) in aged subjects at risk for dementia,
though correlations with more traditional AD biomarkers (CSF amyloid, tau, and volumetric
measures) were weak (Tuwaig et al., 2017).

Multiple studies have suggested that central auditory dysfunction may be an early indicator
of AD pathology and have used dichotic listening tasks to identify impairment. Mohr

et al. (1990) were one of the first groups to document central auditory impairment in

AD. They investigated 22 patients with AD using a dichotic listening paradigm where

word pairs were presented to each ear that were either of no relation to one another or
matched either semantically (e.g., cloud/sun) or phonemically (e.g., cold/car). In addition,
the number of word pairs presented in each test varied from one-pair, two-pairs, or three-
pairs. Subjects initially were required to recall any of the words presented (free-recall)
followed by an alternately varied left ear recall or right ear recall condition. They found

that the participants’ performance accuracy on all of the tasks combined was lower in AD
patients compared to the control group. Furthermore, while control subjects demonstrated
the well-known left ear preference under left ear recall and enhanced right ear advantage
under right ear recall compared to free recall, the AD patients were less able to shift order of
recall specified by the perimenters, suggesting an inability to shift attention. However, words
that were matched either semantically or phonemically imposed fewer task demands in both
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groups and showed smaller right ear advantages. Interestingly, there was an absence of an
interaction between group effects suggesting that loss of auditory processing in AD is not
global.

Strouse et al. (1995) tested both peripheral and central auditory function in 10 patients with
mild to moderate AD and 10 control subjects. The authors used immittance audiometry,
pure-tone and speech audiometry, and otoacoustic emissions to test peripheral auditory
function and SSI-ICM, DDT, DSI, pitch patterns, and duration patterns for central auditory
function. They found that the AD group did not differ from controls based upon peripheral
auditory thresholds, except that AD patients had a lower average hearing sensitivity for

low frequency tones presented in the left ear. However, AD patients performed significantly
worse on DDT, DSI, and SSI-ICM than control subjects.

Gates et al. (2008) designed a study consisting of 17 patients with AD, 64 with mild
memory impairment without dementia, and 232 age-matched controls and created a protocol
consisting of PTA, tympanometry, word recognition testing, SSI, DSI, and DDT. Both

the AD group and the memory impaired without dementia group scored significantly

worse on the pure tone threshold testing in either ear compared to controls. Therefore,
adjustments for pure-tone thresholds were implemented to evaluate group scores on central
auditory processing tests which found that combined performance on DSI, SSI, and DDT
was a good predictor of level of memory impairment for both groups. The experimenters
measured performance at two different testing thresholds, < 80% composite score and

< 50% composite score. Using the < 80% threshold, composite scores showed a 97.5%
sensitivity and 28.9% specificity for discrimination between control subjects and those with
either mild memory impairment or AD. Decreasing to the < 50% threshold showed an
80.2% sensitivity and 78.4% specificity. Most notably, data from the study showed control
groups performing the best, AD patients the worst, and memory impaired without dementia
patients showed intermediate performance illustrating a strong relationship between early
memory loss and tests of central auditory function. Furthermore, the SSI test showed the
largest difference in means between the two target groups which suggests that this protocol
may be the most sensitive to change when memory impairment without dementia has
progressed to a diagnosis of AD. The results for DSI and SSI-ICM were replicated by
Edwards et al. (2017) in MCI patients.

Gates et al. (2011) followed patients from their original study three years later and tested
them again using SSI, DSI, and DDT. All 17 of the patients previously diagnosed with AD
and 22 cognitively normal participants who dropped out of the study were excluded from
the follow-up study. At the 3-year follow up, all three of the listening paradigms showed
the incident dementia group performing significantly worse than the nondemented group.
Of these paradigms, DSI in free report mode strongly predicted the risk of diagnosis of

AD from memory impaired without dementia and control subjects (adjusted hazard ratios =
9.9 and 6.8 for the severe and moderate central auditory dysfunction groups, respectively).
Although DDT and SSI both showed impairments in the dementia group, neither were
significant predictors of AD diagnosis.
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2.3. Other listening tests

Idrizbegovic et al. (2011) investigated auditory impairment in MCI and AD using PTA,
DDT, speech in quiet (SPIQ), and speech in noise (SPIN) testing and compared these patient
populations to controls and individuals with subjective memory complaints (SMC). SPIN
testing is similar to dichotic testing in that listeners are asked to focus on an auditory
stimulus with a competing stimulus, but differs in that the two are not necessarily presented
to different ears. The investigators found no differences in performance between the three
groups based on pure tone threshold, SP1Q, and SPIN testing (Idrizbegovic et al., 2011).
DDT ex- showed significance between groups with AD scoring in the worst category and
MCI in the intermediate range. In addition, a significant right ear advantage was observed in
the AD and MCI groups, but not the SMC group. When right ear advantages were compared
among groups, the differences showed statistical significance between the AD group and
both MCI and SMC groups; however, the right ear advantage was not significant between
the MCI and SMC groups. Patients in the AD group performed worse on dichotic tests of the
left ear, thus enhancing the right ear advantage. These data were similar to results found by
Strouse et al. (1995).

The same patients were followed 1.5 years later and tested again using the same paradigms,
and only the AD group showed a decline of DDT performance in the free report paradigm
of the left ear. There were no significant changes in the directed report performance in either
the left or right ear. Furthermore, the MCI and SMC groups showed a slight improvement

in their DDT scores suggesting a training effect. Most notably, Idrizbegovic et al. (2013)
identified that during this period the 4 patients that developed AD showed scores on DDT
that were very similar to the scores found in the original AD group, suggesting that DDT
may carry prognostic significance.

Rahman et al. (2011) tested central auditory processing in MCI patients using DDT in
addition to administering PTA, immittance, selective auditory attention test (SAAT), pitch
pattern sequence (PPS) and Goldman-Fristoe-Woodcock (GFW) testing. A total of 150
patients with MCI and 150 age-matched controls participated in the study. They found that
MCI and control subjects did not differ in their performance on basic audiological tests.
However, the MCI patients scored significantly lower than control groups on SAAT, DDT
left ear, PPS, and GFW testing. When scores from DDT, PPS, and recognition memory
were combined they showed a sensitivity and specificity for diagnosis of MCI of 81.2%
and 93.2% respectively. Finally, Rahman et al. (2011) posited that the increased right ear
advantage seen in MCI patients may be attributable to deficits of auditory information
transfer between the left and right hemisphere through the corpus callosum. As described
previously, normal elderly patients show a right ear advantage in the DDT, but this
advantage is more significant in MCI patients (Aimoni et al., 2014; Lee et al., 2016; Rahman
etal., 2011).

2.4. Summary: audiological assessment

Overall, the data from audiological assessments of MCI and AD subjects suggest that AD
pathology is associated with primarily central, rather than peripheral, auditory dysfunction.
This conclusion is based on the relative preservation of pure tone thresholds in patients with
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MCI and AD. However, early changes are seen in measures of central auditory function,
such as the findings from various forms of dichotic listening tasks. Diagnostically, the
dichotic listening protocol that yielded the best sensitivity and specificity for MCI was used
by Rahman et al. (2011) which combined scores from DDT, PPS, and recognition memory
with a sensitivity of 81.2% and 93.2% respectively. An additional and intriguing set of
findings is that patients with AD and MCI exhibit an enhanced right ear advantage compared
to age-matched controls who also show right ear advantage, but of smaller magnitude.

The enhanced right ear advantage seen in AD and MCI patients could be due to a higher
degree of dysfunction in the right temporal lobe or corpus callosum as evidenced by studies
performed on patients with lesions in the splenium of the corpus callosum (Pollmann et

al., 2002) and patients with hearing loss who demonstrated an accelerated rate of volume
decline in the right temporal lobe (Lin et al., 2014). More research is needed to confirm

a pathophysiological model that ties together cortical functional loss with the observed
deficits.

3. Electrophysiological measurements

Electroencephalography (EEG) is a relatively inexpensive, non-invasive electrophysiological
technique that yields temporally sensitive measures of neural function. EEG activity time-
locked to the presentation of auditory stimuli, referred to the auditory evoked potential, has
been used to study peripheral and central auditory system in MCI and AD. The auditory
brainstem response (ABR) is defined as a series of voltage peaks recorded within the first
10 milliseconds following auditory stimulus, such as a click or vowel sound, and has been
shown to measure transmission of auditory sensory information from the auditory nerve

to the inferior colliculus (See Fig. 1; (Rowe, 1981)). Although age-related changes in the
ABR have been documented in the literature (Konrad-Martin et al., 2012), historically

MCI and AD patients have not shown pathological changes in the ABR (Grimes et al.,
1987; Rowe, 1981). However, recent evidence has emerged suggesting pathological changes
in short-latency ( < 10 milliseconds), presumably brainstem-generated, auditory evoked
potentials which will be discussed below (Bidelman et al., 2017).

The majority of the research outlining pathological changes observed in the auditory system
of patients with MCI and AD have examined cortical activity commonly referred to as
event-related potentials (ERPS). ERPs reflect the summation of post-synaptic potentials

that are timed-locked to certain events of interest and are capable of detecting subtle
neurophysiological alterations that often precede structural brain changes. ERPs are often
divided into two broad categories: early, “sensory” waveforms that depend largely on the
stimulus characteristics and peak within the first 100-150 milliseconds and later, “cognitive
waveforms that reflect cognitive processing (Sur and Sinha, 2009). The primary ERPs
investigated within the scope of MCI and AD are the mismatch negativity (MMN), P50 (P1),
N100 (N1), N200 (N2), P300 (P3), N400, and P600 waveforms (Fig. 1).

7

3.1. Mismatch negativity (MMN)

MMN is an auditory event-related potential reflecting stimulus discrimination. To elicit
this response, the classic “oddball” paradigm is used where infrequent deviant sounds are
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randomly embedded in a sequence of standard sounds (Pekkonen, 2000). The process is
thought to be an index of pre-attentive sensory memory or nondeclarative implicit memory
because attention is not required to observe its response (Key et al., 2005). There is evidence
in the literature that the MMN is not attenuated or delayed in AD when using tasks with
short inter-stimulus intervals (Kazmerski et al., 1997; for review see; Pekkonen, 2000).
Furthermore, Pekkonen (2000) posited that degenerative changes in AD are often seen in the
mesial temporal lobe and are relatively spared in the primary auditory cortex which is one
source of the MMN and a possible explanation for its preservation in AD.

3.2. P50 (P1)

The P50 waveform, often described as the most positive peak between 40 and 75
milliseconds after the conditioning stimulus, is responsible for “sensory gating” which is
crucial to an individual’s ability to selectively attend to salient stimuli (Sur and Sinha, 2009).
Brain structures associated with this waveform include the thalamus and thalamic reticular
nucleus as well as the temporal cortex (Key et al., 2005; Korzyukov et al., 2007; Krause et
al., 2003). Multiple studies have shown increased raw amplitude of P50 waveforms in both
MCI (Golob et al., 2007; Golob et al., 2002; Irimajiri et al., 2005) and AD (Cancelli et al.,
2006; Golob and Starr, 2000)suggesting dysfunctional sensory gating in these conditions.

Cancelli et al. (2006) investigated whether an auditory sensory gating deficit may be present
in AD and if the acetylcholinesterase inhibitor, donepezil, would improve this potential
deficit. These researchers evaluated 18 probable AD patients and 15 age-matched controls
using a conditioning-testing paradigm where two identical auditory stimuli (clicks) were
presented 500 milliseconds apart. Healthy subjects normally show suppression of the second
(test) P50 wave compared to the first (conditioning) wave, and the ratio of these two (P50t/c)
is used as an index of sensory gating. This paradigm was first performed in drug naive
patients and then again both one month after donepezil therapy and three months after
therapy. As expected, the study found that AD patients showed both an increased P50t/c
ratio anand a larger P50 amplitude compared to controls, suggesting diminished sensory
gating in these subjects. Donepezil induced a significant reduction in P50 amplitude and
latency, but did not affect the P50t/c ratio. In addition, 10 mg donepezil was more effective
in decreasing P50 amplitude relative to the 5 mg dose. Due to the failure of donepezil in
restoring sensory gating function in AD patients, the authors speculated that P50 gating in
AD may not be linked to a cholinergic deficit. In addition, based upon research that showed
that donepezil enhances the release of dopamine in vitro and that dopamine reduced both
P50 amplitude and latency, they posited that donepezil may contribute to sensory gating by
diminishing cortical excitability and the P50 waveform through a dopaminergic mechanism.

Golob et al. (2007) examined a total of 134 subjects from 1999 to 2005 using a target
detection or oddball task where subjects were asked to press a button if they heard a 2000 Hz
target tone and to ignore a 1000 Hz non-target tone. Subjects were split into one of 5 groups:
young (n = 22), age-matched controls (n = 44), amnestic MCI-single domain (MCI-SD;

n = 28), amnestic MCI-multiple domain (MCI-MD; n = 13), and mild AD (n = 14) and
ERPs were recorded via EEG. The patients with MCI were further categorized into two
other groups, MCl-stable and MClI-convert, based upon whether they converted to dementia
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by the end of the study (tested up to five years later). The researchers discovered that not
only did P50 amplitude increase with normal ageing, it also showed additional increases in
MCI as a function of both initial diagnosis (MD > than SD) and outcome (MCI-convert >
MCl-stable), as shown in Fig. 2. Furthermore, using P50 amplitude as a predictor of MCI
converting to dementia showed a sensitivity of 81% and a specificity of 73%. The amplitude
and latency of other evoked potentials (N100, P200, and P300) were measured, but did not
enhance prediction outcomes.

3.3. N200 (N2)

The N2 waveform is typically described as a large negative peak between 180 and 350
milliseconds after stimulus onset measured over fronto-central scalp areas. The functional
significance of the N2 has been widely debated and has been reported to be associated
with selective pre-attentive stimulus evaluation and discrimination (Bennys et al., 2007)
to response inhibition, stimulus evaluation, and conflict monitoring (Donkers and van
Boxtel, 2004; Folstein and Van Petten, 2008). Measures of N2 latency show the most
promise as a marker of cognitive deterioration (e.g., Bennys et al., 2007; Papaliagkas et
al., 2008; Papaliagkas et al., 2009a,b; for review see Howe, 2014), although some have
also found alterations in N2 amplitude (e.g., Bennys et al., 2011; Papaliagkas et al., 2011).
Bennys et al. (2007) examined N2 changes related to an auditory oddball paradigm in 30
mild-to-moderate AD patients, 20 individuals with MCI, and 10 healthy controls. They
found that N2 latency differentiated AD patients from controls with 70% sensitivity and
100% specificity, and AD patients from individuals with MCI with 75% sensitivity and
70% specificity. In a later study, Bennys et al. (2011) examined longitudinal changes in
N2 in 71 individuals with MCI and 31 age-matched healthy controls at baseline and a
one-year follow-up. At follow-up, individuals with MCI were categorized as MClI-stable or
MCI-convert based on whether they remained cognitively stable or converted to dementia.
MClI-convert had increased N2 latency at baseline compared to controls, and decreased N2
amplitudes compared to both MCl-stable individuals and controls. The researchers found
that the baseline N2 amplitude showed a sensitivity of 80% and a specificity of 62% for
differentiating MClI-convert from MCI-stable.

In another longitudinal study, Papaliagkas et al. (2008) examined 91 individuals with MCI
and 30 age-matched healthy controls at baseline and an average follow-up of 14 months.
Individuals with MCI were categorized as MCl-stable or MCI-convert at follow-up. They
found that baseline N2 latency was significantly prolonged in MCI-convert compared to
MCIl-stable and controls, but that N2 latency did not differentiate MClI-stable from controls.
The baseline N2 latency showed 100% sensitivity and 94% specificity for MCl-convert.

In a later study using a subgroup of the participants from Papaliagkas et al. (2008), the
researchers compared 22 individuals with MCI and 30 age-matched healthy controls at
baseline, a 14 month follow-up, and a 23 month follow-up (Papaliagkas et al., 2011).

They found increased baseline N2 latencies and amplitudes for MCI compared to controls.
However, at both follow-ups, individuals with MCI did not show a difference in N2 latency
from baseline, but did show a decrease in N2 amplitude from baseline. These findings
suggest that N2 latency might be useful in identifying those who are at risk of converting to
dementia, whereas N2 amplitude might be useful in monitoring longitudinal decline.
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3.4. P300 (P3)

The P300 wave is typically described as the largest positive peak in the latency range of
250-400 milliseconds in the EEG waveform measured over the parietal areas. Shorter P300
latencies and larger waveforms are typically associated with superior cognitive performance
(Sur and Sinha, 2009). An early study by Goodin et al. (1978) showed decreased P300
amplitude and increased latency in AD in response to a 1000 Hz standard tone and a

2000 Hz target tone in the classic oddball task. Both Polich et al. (1990) and Polich and
Corey-Bloom (2005) replicated these results and found that P300 differences between AD
patients and controls were largest for relatively easy tasks. Golob and Starr (2000) also
described increased P300 latency in AD, but did not report decreased P300 amplitude.
While investigating ERPs in MCI patients, Golob et al. (2002) reported significantly longer
P300 latencies and Golob et al. (2007) replicated this observation and suggested that P300
latency increases with disease severity as evidenced by further prolongation in AD patients
compared to amnestic MClI-single domain patients.

Frodl et al. (2002) also examined the P300 ERP in MCI and AD patients using an “odd-ball”
paradigm in which 20% of the tones were targets (100 sinusoidal tones, 1000 Hz) and 80%
were standards (400 sinusoidal tones, 500 Hz) presented at 80 dB SPL. They separated

the waveform into two components, temporo-superior (TS-P300) and temporo-basal (TB-
P300), based upon a protocol created by Hegerl and Frodl-Bauch (1997). Twenty-six
patients with MCI, 30 patients with AD, and 26 age-matched controls were subjected to
neuropsychological testing and the ERP paradigm. Results of the study provided evidence
of significantly diminished amplitudes of the temporo-basal dipoles in AD patients when
compared to both MCI patients and the control group. In addition, AD patients showed
significantly prolonged latency of temporo-superior dipoles compared to the control group
alone. Using these two measurements as predictive factors yielded a sensitivity of 90.0% and
specificity of 79.1% for distinguishing AD patients from controls. TB-P300 latencies were
increased in length in the left hemisphere compared to the right in AD patients. Furthermore,
the amplitudes of the TS-P300 response were equal in both hemispheres of AD patients,

but MCI and control subjects demonstrated larger amplitudes in the right hemisphere when
compared to the left. The authors posited the deficits observed in the TS-P300 response were
consistent with patterns of degeneration seen in the temporal and parietal lobe of AD brains.
MCI patients did not differ from control subjects on these tests, suggesting that the paradigm
may not be useful in early detection of pre-clinical levels of AD.

3.5. N400/P600

The N400 waveform of the ERP is defined as a negative wave presenting 300-550
milliseconds after stimulus onset and has been shown to be sensitive to semantic
manipulations (Kutas and Federmeier, 2011; Kutas and Hillyard, 1980). For instance,
previous studies have shown that N400 amplitude is smaller for words that are semantically
congruous with their context and larger when words are incongruent with their context
(Olichney et al., 2002). The N400 waveform is larger over the parietal and temporal

regions in the right hemisphere and is likely to arise from multiple generators found in

the parahippocampal gyrus, medial temporal structures near the hippocampus and amygdala,
and lateral temporal region (Key et al., 2005). Studies suggest that disruption of semantic
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analysis of words in AD may alter the presentation of the N400 waveform (Ford et al., 1996;
Iragui et al., 1996) such that semantically congruous words do not show a decrease in the
N400 waveform.

Olichney et al. (2002) designed a study that investigated the N400 and another waveform
that plays a role in semantic analysis referred to as P600 or late positive component,

which occurs between 550 and 800 milliseconds, in individuals with MCI. The group
described the phenomena that words that are encoded deeply and able to be remembered
often correlate with an increase in the P600 amplitude. However, if the list is preceded

by a semantic context which would increase the likelihood of the word to reappear, the
P600 amplitude is subsequently decreased. Fourteen patients with MCI and 14 age-matched
controls underwent neuropsychological testing and an ERP protocol. Subjects were read
aloud a category statement each followed by a visually presented target word. As expected,
in normal controls, ERPs to congruous targets showed a late P600 which was attenuated
with repetition. MCI patients, on the other hand, demonstrated a diminished repetition
effect. Notably, no congruous word repetition effect was observed among seven individuals
who later developed probable AD. In addition, MCI patients who did not convert to
probable AD were almost entirely responsible for any repetition effect measured within

the MCI group. Finally, the P600 repetition effect was significantly correlated with several
neuropsychological measures such as the California Verbal Learning Test, Consortium to
Establish a Registry for AD (CERAD) word list, and Dementia Rating Scale (DRS) memory
subscale. Olichney et al. (2006) repeated this protocol with AD patients and found that
using P600 and N400 as classifiers yielded a 100% sensitivity and 82% specificity for the
disease. Additionally, Olichney et al. (2008) examined patients with MCI and found that
disrupted P600/N400 repetition effect predicted an over 80% likelihood of development

of dementia within 3 years. In contrast, those with normal repetition effects had only an
11-27% likelihood of converting in the same time frame. A similar pattern of abnormal
P600/N400 response was found by Olichney et al. (2013) in pre-AD patients compared to
robust normal elderly.

3.6. Combined Brainstem/Cortical response

Bidelman et al. (2017) examined dual brainstem and cortical responses using a novel
protocol defined in (Bidelman, 2015) by measuring the frequency following response (FFR)
and cortical speech ERP. Eight patients with MCI and 15 age-matched controls were
evaluated in this study and were subjected to one block of 200 active trials where they were
presented with/u/to/a/sounds and forced to choose which sound they heard by pressing a
button a keyboard. The results showed that patients with MCI had larger FFRs than controls,
suggesting a hypersensitive response to the experimental paradigm. Contrary to previous
studies, the experimenters found no effect of group on P1 amplitude which they attributed

to decreased sensitivity of the P1 waveform to the stimuli in the novel paradigm due to
increased duration of the stimuli, poor definition of the P1 amplitude across studies, and its
strong dependence on neural synchrony. However, cortical N1-P2 amplitudes in the 100-200
milliseconds window were enhanced in patients with MCI. Finally, when brainstem and
cortical ERPs were combined the researchers were able to diagnose MCI with an accuracy
of 80%. The FFR finding in this study suggests that examining brainstem response in
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addition to cortical evoked response using novel metrics aside from traditional ABR might
unravel alterations in the auditory system in MCI and AD that may have been missed in
earlier studies.

3.7. Summary of electrophysiological findings

Similar to audiological assessments, evoked potential studies across multiple timescales

and levels of the auditory system suggest that AD pathology is strongly associated with
central auditory dysfunction. The multiple electrophysiological measures that are impaired
in patients with MCI and AD are summarized in Table 1. Alterations have been seen from
the auditory brainstem (FFR) to the auditory cortex, though no studies provided evidence of
changes in the MMN response suggesting that immediate, echoic memory may still be intact
in AD (Key et al., 2005; Pekkonen, 2000). The alterations observed in P50, N200, and P300
in studies that used simple stimuli such as pure tones that are not language specific, unlike
studies of the N400/P600, may have broad diagnostic implications globally.

4. Pathophysiological mechanisms and implications for AD and conclusion

AD is a devastating illness characterized by cognitive losses caused by insults to multiple
brain structures including the hippocampus and temporal cortex, as well as the frontal

and parietal lobes. Both peripheral and central auditory dysfunction have been implicated
in the disease from prodromal AD to advanced stages of the illness. Although there is
widespread atrophy of the AD brain, specific structures seem to be at greater risk than
others early in the disease, particularly in central auditory structures. From the research
reviewed here, an interesting pattern of pathological findings has emerged such that loss

of top-down modulation of incoming auditory stimuli and loss of sensory gating ability
appear to be hallmarks of AD pathology. The dichotic listening tasks are particularly

useful in investigating top-down modulation as they require participant to select between
competing auditory stimuli. Further evidence can be found by examining the P50 waveform
responsible for sensory gating which is crucial to an individual’s ability to selectively attend
to salient stimuli and protect the brain from information overload (Sur and Sinha, 2009). As
described above, the P50 amplitude has been found to be pathologically enhanced in MCI
and AD, suggestive of impairment to sensory modulation resulting in overload. In addition,
the changes in N200 and P300 in AD described above may reflect alterations in auditory
attention and effectiveness of selection in these patients.

Previous investigators have speculated that hearing loss itself may lead to later cognitive
impairment (Wayne and Johnsrude, 2015). This supposition is supported by epidemiological
studies linking peripheral hearing loss with cognitive impairment (Gurgel et al., 2014; Lin
etal., 2011b; Teipel et al., 2015) and animal studies whereby noise exposure known to
damage the cochlea can lead to more general cognitive dysfunction (Cernak et al., 2001,
Zheng et al., 2011a; Zheng et al., 2011b), as well as alterations to structures outside of

the auditory system, such as the hippocampus (Goble et al., 2009; Kraus et al., 2010).
Although there is ample evidence that peripheral hearing loss leads to changes in the central
auditory system (reviewed in Eggermont, 2017; Lesicko and Llano, 2017; Syka, 2002), the
clinical data reviewed here suggest that the audiological deficits seen in AD are not directly

Ageing Res Rev. Author manuscript; available in PMC 2022 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swords et al.

Page 14

related to mala-daptive plastic changes driven by loss of peripheral hearing. This is because
AD and MCI patients demonstrate poor performance across multiple central auditory tasks
in the setting of normal or near-normal PTAS. This interpretation would be consistent

with the anatomical data demonstrating a predilection for AD pathology to be found in
higher central auditory structures (Sinha et al., 1993; Sinha et al., 1996). An alternative
interpretation of the audiological data is that some degree of cochlear synaptopathy is
present in AD patients (i.e., “hidden hearing loss”), preserving PTA values, but impacting
speech-in-noise performance. Future work involving postmortem examination of cochlear
synaptic pathology in conjunction with AD pathology will help to differentiate these two
possibilities.

Given the high diagnostic and predictive accuracy of central processing audiological

and neurophysiological metrics described above, combined with their low-cost and non-
invasiveness, a comprehensive audiological and evoked-potential assessment should be
considered for all MCI and AD patients. In addition, unlike other biomarkers, audiological
assessments provide a therapeutic entry point by revealing functional gaps in the

patient’s ability to communicate. Further, given the increasing evidence that auditory-based
therapeutic interventions, such as music-based therapy, can increase cognitive reserve and
memory function (Alain et al., 2014; Sarkamo et al., 2014; Simmons-Stern et al., 2010),
audiological and evoked-potential based tools may be useful for monitoring progress and
response to therapeutic interventions.

Current research is highly suggestive of a relationship between central auditory dysfunction
and subsequent cognitive deterioration. Future studies should focus on establishing an easily
replicable audiological and evoked potential protocol capable of stratifying at-risk patients
prior to the manifestation of symptoms. Given the high rates of ageing-related hearing loss
in the geriatric population (Lin et al., 2011c; Zhan et al., 2010), referral of all individuals
with presbycusis for cognitive evaluations would lead to unnecessary screenings. A more
costeffective approach would be to focus on patients with more AD-specific patterns,

such as those patients with preferential dysfunction in dichotic listening tasks compared

to PTAs. Therefore, and optimal approach would be to develop methods to increase the
specificity of such analyses to further hone in on specific vulnerable populations. Once
at-risk populations are identified, specific interventions to target central auditory dysfunction
can be implemented to enhance their communication abilities and possibly their more
general cognitive abilities.
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Legft) Diagram of the human auditory system illustrating the presumed generators of
auditory evoked potentials. Right) Representative images of the auditory brainstem response
(bottom), thought to be generated from the auditory brainstem and midbrain, P50 response
(middle), thought to be generated from auditory subcortical generators, demonstrating
responses to initial (orange) and subsequent (purple) stimuli and cortically-based (top)
auditory evoked potentials.
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across five groups: young controls, aged controls, MClI-stable (do not convert to AD at up to
5 year follow-up), MCI-convert (convert to AD at up to 5 year follow-up) and AD. A) ERP
waveforms for all four groups and C) for MCl-stable versus MClI-convert. B, D, E) Plots of
average P50 [B and D] and N100 [E] across the different groups (**p < 0.01). In [B], circle
= MCI-single domain and square = MCI-multiple domain. Error bars = standard deviation.
Reproduced with permission from Golob et al., 2007.
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