Journal of Alzheimer’s Disease 84 (2021) 419-448 419
DOI 10.3233/JAD-210556
10S Press

Investigating Auditory Electrophysiological
Measures of Participants with Mild
Cognitive Impairment and Alzheimer’s
Disease: A Systematic Review and
Meta-Analysis of Event-Related Potential
Studies

Hadeel Y. Tarawneh®?*, Wilhelmina H.A.M. Mulders®, Hamid R. Sohrabi®d-¢,

Ralph N. Martins®¢ and Dona M.P. Jayakody®f

aSchool of Human Sciences, The University of Western Australia, Crawley, WA, Australia

Ear Science Institute Australia, Subiaco, WA, Australia

“Centre for Healthy Ageing, College of Science, Health, Engineering and Education, Murdoch University, WA,
Australia

dSchool of Medical and Health Sciences, Edith Cowan University, Joondalup, WA, Australia

®Department of Biomedical Sciences, Faculty of Medicine and Health Sciences, Macquarie University,

Sydney, NSW, Australia

fEar Science Centre, School of Surgery, The University of Western Australia, Crawley, WA, Australia

Accepted 18 August 2021
Pre-press 18 September 2021

Abstract.

Background: Objectively measuring auditory functions has been proposed as an avenue in differentiating normal age-related
cognitive dysfunction from Alzheimer’s disease (AD) and its prodromal states. Previous research has suggested auditory
event-related potentials (AERPs) to be non-invasive, cost-effective, and efficient biomarkers for the diagnosis of AD.
Objective: The objective of this paper is to review the published literature on AERPs measures in older adults diagnosed
with AD and those at higher risk of developing AD, i.e., mild cognitive impairment (MCI) and subjective cognitive decline.
Methods: The search was performed on six major electronic databases (Ovid MEDLINE, OVID EMBASE, PsycINFO,
PubMed, Scopus, and CINAHL Plus). Articles identified prior to 7 May 2019 were considered for this review. A random
effects meta-analysis and analysis of between study heterogeneity was conducted using the Comprehensive Meta-Analysis
software.

Results: The search identified 1,076 articles; 74 articles met the full inclusion criteria and were included in the systematic
review, and 47 articles were included into the analyses. Pooled analysis suggests that AD participants can be differentiated
from controls due to significant delays in ABR, N100, P200, N200, and P300 latencies. P300 amplitude was significantly
smaller in AD participants compared to controls. P300 latencies differed significantly between MCI participants and controls
based on the pooled analysis.
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Conclusion: The findings of this review indicate that some AERPs may be valuable biomarkers of AD. In conjunction with

currently available clinical and neuropsychological assessments, AERPs can aid in screening and diagnosis of prodromal AD.

Keywords: Alzheimer’s disease, cognitive function, event-related potentials, meta-analysis, mild cognitive impairment

INTRODUCTION

Dementia due to Alzheimer’s disease (AD)
accounts for 60-80% of all dementia cases [1] and
is characterized by impairment in episodic memory
as well as other cognitive functions [2]. Neurodegen-
erative changes that lead to AD begin to accumulate
approximately 20 years prior to the appearance
of clinical symptoms [3, 4]. Extracellular plaques
of amyloid-B (AP) are one of the primary AD
biomarkers closely associated with neural atrophy
and synaptic damage, which are associated with grad-
ual neuronal death [3, 5]. Tau protein accumulation
and hyperphosphorylation is another histopatholog-
ical hallmark of AD. It results in the formation of
neurofibrillary tangles (NFTs) inside neural cell bod-
ies, ultimately resulting in synaptic loss and neuronal
death [6]. Biomarker abnormalities result in substan-
tial brain injury, neural death, and the degeneration
of cortical and subcortical structures. Over time,
these changes lead to memory loss, further cogni-
tive impairment, and changes in daily living activities
representing the clinical symptoms of AD [5].

Biomarkers of AD have been identified using a
number of techniques, including positron emission
tomography (PET) for amyloid plaques and more
recently for NFTs and glucose metabolism, mag-
netic resonance imaging (MRI) for volumetric and
structural changes, and lumbar puncture for cere-
brospinal fluid (CSF) biomarkers (e.g., tau and AB)
of AD [7, 8]. However, both CSF and PET are not
available for mass screening of high risk individu-
als in many remote areas of high-income countries
and in many mid to low-income countries due to the
expertise, facilities and infrastructure required to con-
duct these tests [9]. Additionally, the neuronal death
that must occur in order to be detectable by MRI or
hypometabolism on FDG-PET is substantial and the
change, at least for now, are irreversible. Such dif-
ficulties limit the applications of these techniques
in preclinical early stages of AD, that is, prior to
significant brain damage and the appearance of the
clinical symptoms [5, 10]. Other limiting factors for
these diagnostic methods include their invasive nature

and the high cost associated with conducting these
tests, which limits their use in routine clinical practice
[11-13].

In addition, commonly utilized cognitive impair-
ment screening tests, such as the Montreal Cognitive
Assessment (MoCA) and Mini-Mental State Exam-
ination (MMSE), have varied sensitivity and
specificity [14], resulting in the possibility that some
individuals meet the screening criteria for cognitive
impairment on one test but not on the other [15].
Furthermore, even comprehensive neuropsycholog-
ical measures are not specific or sensitive enough to
detect very early and preclinical changes in episodic
memory, as the primary clinical manifestations of AD
[15].

Considering current challenges associated with
identification of those at risk (pre-clinical AD) and
diagnosing AD and its prodromal stages as well as the
availability of disease-altering interventions, it has
become imperative to identify other early diagnos-
tic tool(s) and/or diagnostic strategies for preclinical
AD [16]. The identified stages that are associated
with higher risk of developing AD, i.e., subjective
cognitive decline (SCD) and amnestic mild cogni-
tive impairment (MCI), have the potential to define
a target population for early AD intervention. This is
important as treatments at later stages of the disease
show no promise in altering the disease course due to
substantial neuronal injury and cognitive impairment
already present [17].

In addition to current biomarkers of AD, measuring
the brain’s electrical activity using electroencephalo-
graphy (EEG) has been proposed as an avenue to
detect early brain changes associated with AD and its
prodromal stages [18-21]. Neural responses to spe-
cific sensory, cognitive and motor processes can be
elicited by combining EEG with particular tasks [22].
These responses, also known as event-related poten-
tials (ERP), are aresult of the brain’s adjustment from
adiscorded (high entropy) to an ordered (low entropy)
state in response to synchronization to a particular
task [23]. In other words, ERPs reflect the changes
in the state of electrical brain activity in response to
different tasks. ERPs can be analyzed with respect
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to the intensity of the response (amplitude) as well
as the time the response occurs (latency) in relation
to the stimulus [22, 24]. ERPs reflect brain activity
that is phase and time locked to a presented stimu-
lus, which has been suggested to be an objective tool
for the assessment of cognitive status and other brain
functions [22, 25].

Cognitive decline has been shown to be strongly
associated with hearing loss with the probability of
incident dementia log-linearly increasing with the
severity of hearing loss [26]. In addition, results
from a number of longitudinal studies suggest that
changes in central auditory processing skills, even
in the absence of severe peripheral hearing loss, are
associated with high incidence of cognitive decline
and AD [27, 28]. Objectively measuring auditory
functions has been proposed as an avenue in differen-
tiating normal age-related cognitive dysfunction from
AD and its prodromal states [29-31].

The peaks of distinct auditory event-related poten-
tials (AERP), measured using surface skin electrodes,
that present at different latencies are thought to rep-
resent neural activity from different anatomical areas
along the auditory pathway and associated struc-
tures [32]. For this reason, AERPs have been used to
objectively evaluate central auditory function, hear-
ing thresholds, and sensory processing [25, 33-35].
Additionally, AERPs have also been suggested to
reflect auditory memory, working memory, atten-
tion, language comprehension, discrimination and
decision-making [36-39]. These AERP components
can be characterized into one of three groups: 1) short
latency AERPs, 2) middle latency AERPs and, 3)
long latency AERPs. Evoked potentials that appear
within 12 milliseconds (ms) of an auditory stimu-
lus are considered short latency AERPs and these
include: electrocochleography (ECochG), auditory
brainstem response (ABR), and frequency follow-
ing response (FFR). Middle latency AERPs appear
between 12 and 50 ms following a stimulus and these
include: middle latency responses (MLR), generally
labelled Na, Pa and Nb, and Auditory Steady-State
Response (ASSR). Finally, AERPs that occur 50 ms
or later following an auditory stimulus are con-
sidered late latency AERPs. These responses are
divided into exogenous (P50 (P1 or Pb), N100,
P200 and N200) or endogenous (P300, N400, P600,
Mismatch Negativity (MMN), and contingent nega-
tive variation (CNV)). Previous research suggested
AERPs to be non-invasive, cost- effective and effi-
cient biomarkers for the diagnosis of AD [40—44].
AERPs alone may not provide the required diagnostic

specificity as pathophysiological biomarkers (i.e., AR
and NFTs); however, AERPs can contribute to the
first-line screening to identify high-risk individuals
that would otherwise be investigated using expen-
sive (PET or volumetric MRI) or invasive (lumber
puncture for CSF) methods. Reducing the number of
AD related cases that require second-line or further
investigation will reduce cost from both a financial
and organizational perspective.

Many studies have been conducted on AERPs in
people with cognitive decline due to AD. In order to
evaluate the currently available literature and iden-
tify any gaps in the knowledge, this paper aims to
systematically review the published literature cur-
rently available on auditory event-related potentials
that have been used to assess the auditory functions
in older adults diagnosed with AD and its clinical
and pre-clinical stages, including those with MCI
and SCD. This review and meta-analysis aims to:
1) determine the magnitude of AERP latency and
amplitude abnormalities present in SCD, MCI, and
AD participants compared to controls, 2) determine
which AERPs can differentiate between the subject
groups (normal healthy controls, SCD, MCI, and
AD), and 3) determine which AERPs can yield a pos-
sible biomarker for pre-clinical and early clinical AD,
i.e., SCD and MCIL

METHODS

All full-length peer-reviewed publications of orig-
inal data that measured AERPs in people with AD,
MCI, SCD, and age-matched controls available on
electronic databases prior to 7 May 2019 were con-
sidered for this review. The search was performed
on major electronic databases (Ovid MEDLINE,
OVID EMBASE, PsycINFO, PubMed, Scopus, and
CINAHL Plus) using keywords alone or in combi-
nation with Medical Subject Headings divided into
two domains: 1) auditory tests and 2) AD. Only stud-
ies with specified aMCI participants were included
in the meta-analyses; MCI studies that did not spec-
ify aMCI, however, still fit the remaining inclusion
criteria were included in the summary table for
descriptive purposes. A random effects meta-analysis
and analysis of between study heterogeneity was
conducted using the Comprehensive Meta-Analysis
software, version 3. Methods were informed by
Cochrane guidelines for systematic reviews [45] and
the methodological approach is outlined in detail in
the review protocol [46].
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Search result

As shown in Fig. 1, a total of 1,076 titles and
abstracts were screened against the eligibility crite-
ria. Of the screened articles, 852 were excluded based
on the information provided in the title and abstract,
and 224 articles were selected for full text review.
A total of 74 articles met the full inclusion crite-
ria and were included in the systematic review, and
47 were added into the various meta-analyses. Arti-
cles were excluded from the meta-analysis for one
or more of the following reasons: 1) mean values
were not reported and/or could not be obtained, 2)
standard deviation (SD) and/or standard error values
were not reported and could not be obtained, and 3)
one or more of the participant group(s) results were
reported in multiple articles. In the latter case only
the data from most recent article were included in the

AERPs if: 1) there were less than two studies using
the same testing paradigm in the same participant
groups (e.g., Three-tone active oddball paradigm,
Active vowel discrimination task), and 2) there were
less than three articles on the same AERP.

Study characteristics

All studies included in the review compared audi-
tory electrophysiological assessments in a group
of participants with cognitive impairment or cog-
nitive complaints with a healthy (non-complainers)
age-matched control group. Fifty-four studies com-
pared participants with AD to healthy controls, 11
compared participants with MCI to healthy con-
trols, 9 compared both participants with MCI and
AD to healthy controls, while none were found
which compared participants with SCD to healthy
controls. The studies included a total of 3,740
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participants (1,455 AD, 615MCI, 0 SCD and 1,670
controls) from 25 countries. The majority of the
studies used the National Institute of Neurological
and Communicative Disorders and Stroke and the
Alzheimer’s disease and Related Disorders Asso-
ciation (NINCDS-ADRDA) and/or Diagnostic and
Statistical Manual of Mental Disorders (DSM) cri-
teria to diagnose AD (52 out of 62 studies), one
study used neuropsychological assessments by certi-
fied neurologist coupled with the Mini-Mental State
Examination (MMSE) and Wechsler Memory Scale,
one study used the Clinical Dementia Rating (CDR)
and 8 studies used other neuropsychological evalua-
tions and/or medical imaging (see Table 1). MCI was
diagnosed using the Petersen’s criteria [47] and/or
DSM criteria in most studies (15 out of 20 studies)
included in the review, Smith’s 1996 criteria was used
in two studies [48], Winbald’s criteria [49] was used
in one study, and 2 studies used other neuropsycho-
logical evaluations to diagnose MCI, as described in
Table 1.

Studies included in the review assessed most
AERPs including: ABR, ASSR, FFR, MLR, MMN,
positive late latency AERPs (P50, P200, and
P300), and negative late latency AERPs (N100,
N200, N400). These AERPs were elicited using
varying cognitive tasks, including passive double
(paired) click paradigm, active (two-tone and three-
tone) oddball paradigm, passive oddball paradigm,
active vowel discrimination task, passive (rarefac-
tion clicks) hearing task, semantic activation task and
spoken word paradigm. The studies included in the
systematic review are summarized in Table 1.

Meta-analysis

The results of the meta-analyses are reported as
standard difference in mean (SMD) with 95% confi-
dence intervals (CI) as the synthesized measure of
effect size. The meta-analyses results are reported
under the random effects model, which accounts
for any variations between study methodologies. An
effect size between 0.2 and 0.5 is considered a small
effect, between 0.5 and 0.8 is considered a medium
effect, while an effect size 0.8 or higher is considered
a large effect [50]. The Cochrane’s Q-Value statistic
was performed to test heterogeneity of the studies and
the I-squared (I?) statistic was performed to indicate
heterogeneity as a percentage. Heterogeneity analy-
sis results are presented as part of the “summary” on
the meta-analyses forest plots.

Auditory brainstem responses and mismatch
negativity

Compared to the control group, AD participants
had significantly prolonged ABR Wave V latencies,
pooled SMD: 0.46 (n=4, 95% CI: 0.10 to 0.82,
p=0.01; Fig. 2A). Although the effect size would
be considered small (<0.5) [50], the variation in
ABR wave V latency between participants with AD
and healthy controls was significant when using a
passive rarefaction click paradigm. No significant
difference in SMD between controls and AD par-
ticipants was seen in ABR waves I and III; pooled
SMD: —0.06 (n=3, 95% CI: —-0.42 to 0.31, p=0.76;
Supplementary Figure 1A) and 0.25 (n=3, 95% CI:
—0.11 to 0.62, p=0.18; Supplementary Figure 1B),
respectively. A statistically significant difference in
pooled SMD between controls and AD participants
was present in interpeak I-V and interpeak I-1II laten-
cies; SMD 0.47 (n=6,95% CI: 0.16 t0 0.77, p = 0.00;
Fig. 2B), and 0.34 (n=4, 95% CI: 0.03 to 0.64,
p=0.03; Fig. 2 C), respectively. There was no signif-
icant difference in interpeak III-V latencies between
AD participants and controls in the reviewed stud-
ies, pooled SMD: 0.31 (n=35, 95% CI: -0.17 to 0.80,
p=0.21; Supplementary Figure 1 C). MMN ampli-
tude did not differ significantly between AD and
control participants when elicited using the passive
oddball paradigm and pooled analysis revealed no
effect (effect size<0.2 [51]), SMD: -0.06 (n=3,
95% CI: -0.46 to 0.34, p=0.76; Supplementary
Figure 2).

P50 (Pb or PI)

P50 elicited using the paired-click paradigm varied
significantly in amplitude and latency between AD
participants and controls. AD participants had larger
P50 amplitudes and prolonged P50 latencies in com-
parison to controls, pooled SMD: 0.67 (n=4,95% CI:
0.33 to 1.01, p=0.00; Fig. 3A) and 0.33 (n=4, 95%
CI: -0.01 to 0.66, p=0.05; Fig. 3B), respectively.
The pooled effect size suggests that the average P50
amplitude for a participant in the AD groupis 0.67 SD
above that of a participant in the control group, hence
the average AD participant would have larger P50
amplitude than over 73% of the participants in the
control group. On the other hand, pooled analysis
of P50 elicited using the rarefaction click paradigm
showed no significant difference in P50 amplitudes
or latencies between controls and AD participants
(n=2; Supplementary Figure 3).



Table 1
Characteristics of auditory event-related potential cohort studies included in the systematic review
Study (country) AD MCI HC Diagnosis/screening MMSE Task AERPs Amplitude Latency
[Ref] mean age mean age mean age method Score
(n) (n) (n) (Mean £ SD)
M/F M/F M/E
Ally et al. 2006 74.90+5.63 - 74.35+5.42 AD: NINCDS-ADRDA AD: 21.20+2.48 Passive double P50 HC=AD HC=AD
(USA) (20) (20) HC: 28.354+0.86 click paradigm
[93] 9/11 11/9
Ally et al. 2006 74.20+5.34 - 75.35+6.02 AD: NINCDS-ADRDA AD: 21.65+2.11 Active auditory P300 HC>AD HC=AD
(USA) (20) (20) HC: 28.654+0.81 oddball (p=0.009)
[94] 9/11 11/9 (Count targets)
Ashford et al. 2011~ 74.7+7.7 - 69.3+£6.3 AD: NINCDS-ADRDA AD:16.6+7.3 Active auditory P300 HC>AD HC=AD
(USA) (23) (11) HC:28.8+1.7 oddball (»<0.01)
[40] Not specified Not specified (Count targets)
Bender et al. 2014 75.2+5.01 - 72.3+£5.1 AD: NINCDS-ADRDA, AD:209+5.1 Passive double P50 HC=AD Not measured
(Germany) (19) 17) Neuropsychological HC:29.5+0.6 click paradigm P300 HC=AD Not measured
[95] 11/8 6/11 examination, MRI, and
CSF
Bennys etal. 2007  70.9+6.8 64.4+7.6 61.6+6.4 AD: NINCDS-ADRDA AD:222+26 Active auditory N200 AD<MCI<HC AD>MCI>HC
(France) (30) (20) (10) and DSM-IV MCI: 27.0£ 1.6 oddball P300 (»<0.05) (p<0.05)
[69] 15/15 5/15 5/5 MCI: Petersen criteria HC:29.6£0.5 (Count targets) HC>AD HC<AD
MCI>AD (p<0.05)
HC >MCI
(»<0.05)
Bennysetal. 2011 - MCI-P 71.24+9.2 MCT: Petersen criteria MCI-P: 2544+3.2  Active auditory N200 HC>MCI-P @ Pz HC<MCI-P @ Fz
(France) 70.7+9 @31) MCI-S: 26.4+2.7  oddball P300 (p<0.0001) &Pz
[41] (41) Not specified Combined MCI: (Count targets) MCI-P<MCI-S @ (p<0.001)
Not specified 25.8+3 Pz HC <MCI-P
MCI-S HC:29.5+0.5 (p=0.0002) (p<0.0001)
72+4.38 HC>MCI-P @ Pz MCI-P>MCI-S
(30) (p=0.003) (p=0.006)
Not specified MCI-P<MCI-S @
Combined: Pz
71.2+£7.5 (p=0.008)
(71)
Blackwood et al. 61.5 - 62.1 AD: neurological Not measured Active auditory P300 HC<AD HC<AD
1987 (20) (23) examination oddball (p<0.01) (p<0.01)
(Scotland) 10/10 9/14 Criteria included: (Count targets)
[96] progressive dementia
with onset under 65 years
old and inpatient
investigation to exclude
other dementia types.
Boller et al. 2002 75+8.1 - 75+6.2 AD: NINCDS-ADRDA AD: 19.6+29 Active auditory MMN HC>AD Not measured
(France) (10) (12) and DSM-IV HC:28.8+1.2 oddball P300 (»<0.0001) HC=AD
[61] 5/5 8/4 (Respond to target- HC>AD
not specified how) (p<0.0001)

Passive auditory
oddball (MMN
only)

ey
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Bonanni et al. 2010  71.7 +4.7 72.0+4.1 AD: NINCDS-ADRDA AD:22.1+15 Active auditory N100 HC=AD HC=AD
(Ttaly) 37 (50) HC:29.0+0.8 oddball P200 HC=AD HC=AD
[97] 17/20 32/18 (Count targets) N200 HC=AD HC=AD
P300 Not specified HC<AD
(p<0.05)
Bronnick et al. 77.0+9.3 73.1+4.5 AD: NINCDS-ADRDA AD:21.3+39 Passive hearing MMN HC=AD Not reported
2010 (16) (18) and DSM-IV HC:29.1+14 (p=0.194)
(Norway) 2/14 4/14
[98]
Buchwald et al. 63.2 64 AD: NINCDS-ADRDA Not measured Passive hearing P30 (Pa) HC=AD HC=AD
1989 6) (6) P50 (P1) HC>AD HC=AD
(USA) 6/0 6/0 (p<0.004)
[991
Cancelli et al. 2006  76.1 £5.6 742+54 AD: NINCDS-ADRDA AD:223+3.6 Passive double P50 HC<AD HC=AD
(Italy) (18) (15) HC:29.5+£0.9 click paradigm (p=0.01)
[53] 5/13 5/10
Caravaglios et al. 749+7.4 74.0+8.7 AD: NINCDS-ADRDA AD:22.8+3.0 Active auditory N100 Not measured HC=AD
2008 (¢2)) (16) HC:29.0+1.2 oddball P200 Not measured HC=AD
(Italy) 9/12 719 (Press button on N200 Not measured HC<AD
[74] target) P300 Not measured (p<0.01)
HC<AD
(p<0.01)
Cecchi et al. 2015 76.2+0.74 73.2+0.71 AD: NINCDS-ADRDA AD:23.440.19 Three-tone active P50 HC>AD HC<AD
(USA) 99) (100) HC: 29.1 £0.08 oddball N100 (Distractor tones) (Distractor tones)
[68] 48/51 40/60 (Press button on P200 (p<0.05) (p<0.05)
target) N200 HC>AD HC=AD
P300 (Standard & target HC=AD
Slow wave tones) HC<AD
(p<0.01) (Target tones)
HC<AD (»<0.01)
(Distractor tones) HC<AD
(p<0.01) (Target tones)
HC>AD (p<0.05)
(Standard tones) HC<AD
(p<0.01) (Target tones)
HC>AD (p<0.05)
(Target tones)
(p<0.01)
(HC>AD)
(Target & distractor
tones)
(p<0.01)
HC=AD
(Continued)
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Table 1
(Continued)
Study (country) AD MCI HC Diagnosis/screening MMSE Task AERPs Amplitude Latency
[Ref] mean age mean age mean age method Score
(n) (n) (n) (Mean =+ SD)
M/F M/F M/F
Chen et al. 2015 69.79£9.20 - 68.03 £10.79 AD: NINCDS-ADRDA  AD:20.21+5.34 Active auditory N200 HC=AD HC=AD
(China) (42) (35) and DSM-IV HC:25.774+2.27 oddball P300 HC=AD HC<AD @ Cz
[87] 20/22 15/20 (Press button and (»p=0.007) & Pz
count target) (p=0.002)
Cintra et al. 2017 76.29+7.86 75.18+7.93 74.50+£9.31 AD: CDR AD: 20 Active auditory N200 Not measured HC=MCI=AD
(Brazil) 17) (34) (14) MCT: Petersen criteria MCI: 24 oddball P300 HC=MCI=AD HC=MCI=AD
[100] 6/9 17/17 3/11 HC: 26 (Count target)
Fein et al. 1994 77.6+£6.8 - 69.5+8.7 AD: NINCDS-ADRDA AD: 132454 Passive double P30 HC=AD HC=AD
(USA) (8) (17) HC:29.1£0.8 click paradigm P50 HC=AD HC=AD
[101] Not specified Not specified
Ford et al. 1997 68.7+4.92 - 66.5+5.87 AD: NINCDS-ADRDA AD:203+1.04 Active auditory N100 HC > AD for active HC=AD
(USA) (12) (11) HC:282+1.25 oddball P300 auditory oddball HC < AD for all
[102] 8/4 5/6 (Press button on paradigm only paradigms
target) (p<0.05) (p<0.05)
Active oddball HC> AD for all
noise paradigm paradigms
(Press button on (p<0.05)
noise)
Passive oddball
noise paradigm
Frodl et al. 2002 69.9+10.3 66.2+11.3 64.9+10.9 AD: NINCDS-ADRDA  AD:20.8+4.1 Active auditory TS-P300 HC=MCI=AD HC<AD
(Germany) 30) (26) (26) and DSM-1IV MCI: 275+ 1.6 oddball TB-P300 HC>AD (p=0.003)
[54] 15/15 10/16 Not specified MCI: Petersen criteria HC:29.7+0.5 (Press button on (»=0.001) MCI=AD
target) MCI>AD HC=MCI
(p=0.001) HC=MCI=AD
HC=MCI
Gao et al. 2018 - 71.28+5.98 69.93+£5.58 MCT: Petersen criteria MCI: 27.08 £2.11  Passive auditory MMN HC=MCI HC>MCI
(China) 39 (44) HC:27.41+1.31 oddball P300 HC=MCI (p<0.05)
[103] 25/14 21/23 HC=MCI
Golob & Starr 2000 72.0£3.1 - 66.3+1.6 AD: NINCDS-ADRDA  AD:23.0+0.9 Active auditory P50 HC<AD HC=AD
(USA) (10) (12) HC:29.1+0.3 oddball N100 (p<0.04) HC=AD
[66] 4/6 4/8 (Press button on P200 HC=AD HC<AD
target) N200 HC=AD HC=AD
P300 HC=AD HC<AD
HC=AD (p<0.01)
Golob et al. 2001 - 76.5+£2.7 72.8+7.8 MCI: Smith 1996 criteria MCI: 27.7 2.7 Active auditory P50 HC<MCI HC<MCI
(USA) (15) (12) HC:29.24+0.8 oddball N100 (p<0.01) (P<0.001)
[104] 11/4 3/9 (Press button on P200 HC=MCI HC=MCI
target) N200 HC=MCI HC=MCI
P300 HC=MCI HC=MCI
HC=MCI HC <MCI

(p<0.04)
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Golob et al. 2007 77.0+6.6 MCI-MD: 75.1£5.7 MMSE scores and, AD:21.7£3.0 Active auditory P50 HC <MCI-MD HC=MCI=AD
(USA) (14) 76.0+£5.2 (44) AD: Impairment in MCI-MD: oddball N100 (p<0.001) HC=MCI=AD
[70] 9/5 (13) 21/23 memory, other cognitive ~ 27.4+2.4 (Press button on P200 MCI-MD >MCI- HC=MCI=AD
5/8 domain & in daily living ~ MCI-SD: target) P300 SD HC <MCI-SD
MCI-SD: activities. 274+£1.6 (p<0.01) (p<0.01)
74.6+5.9 MCI-MD: Petersen Combined MCI: HC=MCI=AD HC<AD
(28) criteria, McKhann 274+1.8 HC=MCI=AD (p<0.001)
20/8 criteria (1984) & only HC:29.0+1.1 HC=MCI=AD
Combined: memory impaired
75+5.7 MCI-SD: Petersen
(41) criteria, McKhann
25/16 criteria (1984) & at least
two domains impaired
(including memory)
Grimes et al. 1987  ABR: - ABR: AD: DSM-IIT Not measured Passive hearing ABR Not measured HC=AD
(USA) 64.1 63.7 MLR HC=AD HC=AD
[105] (69) (35)
39/30 18/17
MLR: MLR:
Not reported 61.4
(39) (€29)
26/13 20/11
Gungor et al. 2005  Mild AD: - 71.2+£5.2 AD: NINCDS-ADRDA Mild AD: Active auditory N100 HC=AD HC=AD
(Turkey) 725+6.8 (10) 229+14 oddball P200 HC=AD HC=AD
[106] (12) 5/5 Moderate AD: (Count target) N200 HC=AD HC=AD
517 159+1.2 P300 HC=AD HC <AD
Moderate AD: Combined AD: (p<0.05)
71.8+5.8 19.7+3.8
(10) HC:29.4+0.5
6/4
Combined:
72.18 £ 6.2
(22
11/11
Hanafusa et al. 76.9+4.7 - 745+6.3 AD: DSM-III Not measured Active auditory N100 Not measured HC=AD
1991 (14) (29) oddball P300 Not measured HC<AD
(Japan) Not specified Not specified (Press button on (p<0.01)
[107] target)
Hirata et al. 2000 722475 - 69.0+3.3 AD: NINCDS-ADRDA AD: 18.6+4.3 Active auditory N100 HC>AD HC<AD
(Japan) (26) (12) HC:29.0+1.3 oddball N200 (p<0.05) (p<0.05)
[108] Not specified Not specified (Count target) P300 HC=AD HC>AD
HC>AD (p<0.02)
(p<0.05) HC<AD
(p<0.01)
(Continued)
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Table 1
(Continued)
Study (country) AD MCI HC Diagnosis/screening MMSE Task AERPs Amplitude Latency
[Ref] mean age mean age mean age method Score
(n) (n) (n) (Mean £ SD)
M/F M/F M/F
Holt et al. 1995 729+4.4 - 70.5+7.2 AD: NINCDS-ADRDA AD: 16.2 Active auditory N100 HC=AD HC <AD
(USA) (26) (26) HC: Not measured ~ oddball P200 HC <AD (p<0.01)
[55] 9/17 917 (Count target and N200 (»<0.05) HC<AD
press button) P300 HC=AD (p<0.001)
HC>AD HC<AD
(p<0.001) (p<0.001)
HC<AD
(p<0.05)
Irimajiri et al. 2005 - 74.8+8.3 75.8+4.0 MCI: Smith 1996 MCI: 27.5+ 1.7 Passive hearing ABR HC=MCI HC=MCI
(USA) (17) (16) criteria, neurological and HC:29.3+0.8 P50 HC <MCI HC=MCI
[109] 1077 6/10 neuropsychological exam N100 (p<0.03) HC=MCI
Criteria included: P200 HC <MCI HC=MCI
moderate to severe MLR (dependent on HC=MCI
defects in episodic stimulus rate)
memory, no impairment (p<0.002)
on DRSS, B-RDS and HC=MCI
BADLS. HC=MCI
Ito et al. 1990 60.2 - 61.8 AD: X-ray CT, MRI and ~ Not measured Active auditory N100 HC=AD HC=AD
(Japan) (40) (40) PET assessments oddball P200 HC=AD HC=AD
[110] 18/22 20/20 (Count targets) P300 HC>AD HC=AD
(»<0.05)
Jessen et al. 2001 71.2+£538 - 67.8+7.4 AD: NINCDS-ADRDA AD: 17.5+5.4 Passive double P50 HC=AD HC=AD
(Germany) 17) 17 HC:29.1+1.0 click paradigm
[111] 6/11 6/11
Jietal. 2015 - 65.81+£6.90 66.21 £6.81 MCIL: DSM-1V MCI: ? 26 Passive auditory MMN HC=MCI HC <MCI
(China) (43) (43) HC:?24 oddball paradigm (p<0.001)
[112] 22/21 19/24
Jiang et al. 2017 65.67 + 8.88 - 61.10+7.98 AD: DSM-V and AD: 23.47+2.64 Passive auditory MMN HC<AD HC=AD
(China) (15) 30) Petersen criteria HC:28.50+1.11 oddball paradigm (p=0.017)
[42] 6/9 10/20
Jimenez-Escrig 69.7+5.8 - 64.6+7.5 AD: NINCDS-ADRDA Not reported Active auditory P300 HC=AD HC<AD
et al. 2002 (33) (16) and DSM-IV oddball (»=0.0002)
(Spain) 9/24 12/4 (Press button on
[113] target)
Juckel et al. 2008 66.7+10.2 - 63.8+11.1 AD: NINCDS-ADRDA AD:20.4£5.0 Active auditory P3a HC=AD HC<AD
(Germany) (18) (18) HC: Not reported oddball P3b HC>AD (p=0.02)
[114] 8/10 8/10 (Press button on (p=0.01) HC=AD
target) (r=02)
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Kazmerski et al.
1997

(USA)

[115]

Kuskowski et al.
1991

(USA)

[116]

Lai et al. 2010
(Taiwan)

[75]

Lee et al. 2013
(Korea)
[117]

Levada et al. 2016
(Ukraine)

[118]

Lietal. 2010
(China)

[119]

Marsh et al. 1990
(USA)
[120]

Active paradigms: -
68.7+£6.6

16)

8/8

Passive paradigms:
68.2+5.9

()

4/5 (6 from active)

66.0 -
(33)
20/13
71.04+6.52 68.0£8.70
(20) (18)
11/9 11/7
76.45+5.57 -
(€2)]
8/23
- 75.31£5.65
(32
11/21
- 725+5.4
(34)
21/13
65.2+6.7 -
(18)
Not specified

Active paradigms: AD: NINCDS-ADRDA
69.1+£6.5

15)

5/11

Passive paradigms:

70.5+53

(17)

3/14 (2 from active)

64 AD: DSM-III-R

(16)

8/8

64.79+7.75 AD: NINCDS-ADRDA
(14) MCI: Winbald criteria
9/5

75.84+4.74 AD: NINCDS-ADRDA
€2V}

5126

73.324+5.41 MCI: DSM-V and MRI
(25)

6/19

71.6£5.7 MCI: Petersen criteria
(34)

23/11

65.4+6.7 AD: CDR, neurological
a7 examination and

Not specified neuropsychological

assessments, including,
MMSE, B-RDS and
Hachinski scale.

Criteria included: gradual

and progressive loss of
memory and cognitive
function

(Used mMMSE;
Score out of 50)
Active paradigms:
AD: 41.6£6.6
HC:54.6+1.8
Passive paradigms:
AD: 36.0+11.6
HC:545+1.8

AD: 17.7
HC: Not reported

AD: 19.69 +1.25
MCI: 23.07 £ 0.84
HC: 28.25+1.52

AD: 16.16 £5.25
HC: 25.58 +3.60

MCI: 25
HC: 29

MCI: 24.4£3.8
HC:28.1£1.5

AD:247+1.3
HC:29.64+0.7

Active auditory
oddball

(Press button on
target)

Passive auditory
oddball
Three-tone Active
oddball

(Press button on
target)
Three-tone passive
oddball

Passive hearing

Active auditory
oddball

(Press button on
target)

Active auditory
oddball

(Press button on
target)

Active auditory
oddball

(Count targets)
Active auditory
oddball

(Press button on
target)

Active auditory
oddball
(Count targets)

MMN

N200
P300

ABR

N100
P200
N200
P300

P300

P300

P50

N100
P200
P300

N100
P200
P300

HC>AD
(All paradigms)
(p<0.05)
HC=AD
HC=AD

Not measured

HC=MCI=AD
HC=MCI=AD
HC=MCI=AD
HC=MCI=AD

HC>AD
(p=0.001)

HC=MCI

HC<MCI
(p<0.001)
HC=MCI
HC=MCI
HC<MCI
(p<0.05)

Not measured
Not measured
Not measured

HC=AD
HC=AD
HC=AD

HC=AD

HC=MCI=AD
HC=MCI=AD
HC=MCI=AD
HC & MCI<AD
@ Pz only
HC<MCI @ Pz
only

(p<0.05)
HC=AD

HC=MCI

HC =MCI
HC=MCI
HC=MCI
HC>MCI
(p<0.05)

HC=AD
HC=AD
HC<AD
(p<0.0001)

(Continued)
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Table 1
(Continued)
Study (country) AD MCI HC Diagnosis/screening MMSE Task AERPs Amplitude Latency
[Ref] mean age mean age mean age method Score
(n) (n) (n) (Mean £ SD)
M/F M/F M/F
Masanaka et al. 71.4+12.7 - 69.6+8.8 AD: NINCDS-ADRDA AD: 17.2+£6.5 ABR: passive ABR Not measured HC=AD
2005 (15) (15) HC:29.3+1.2 hearing N100 Not measured HC=AD
(Japan) Not specified Not specified N100, P200, N200  P200 Not measured HC=AD
[121] & P300: Active N200 Not measured HC<AD
auditory oddball P300 Not measured (p<0.01)
(Press button on HC<AD
target) (p<0.01)
Medvidovic et al. - 739+74 70£5.8 MCTI: Not measured Active auditory P300 Not reported HC <MCI
2013 (22) (22) Neuropsychological oddball (p<0.001)
(Croatia) 4/18 4/18 testing (Count targets)
[122]
Mowszowski et al. - 67.32+8.05 64.86 +4.0 MCI: Petersen criteria, MCI: 27.86 +1.58  Passive hearing MMN HC>MCI @ M1 HC=MCI
2012 (28) (14) DSM-1V and MMSE HC:29.14+1.03 (p=0.05) & M2
(Australia) 13/15 5/9 only (p=0.002)
[123]
Muscoso et al. 70.1+9 - 68.6+12.5 AD: NINCDS-ADRDA AD:20+£6.2 Active auditory N100 Not measured HC<AD
2006 (43) 39) HC:28.7+1.3 oddball P200 Not measured (p<0.01)
(Italy) 20723 21/18 (Press button on N200 Not measured HC<AD
[67] target) P300 Not measured (p<0.05)
HC<AD
(»<0.01)
HC<AD
(p<0.01)
O’Mahony et al. 78.0£5.7 - 77.5+£38 AD: DSM-III-R AD: 18.7£2.8 Active auditory N200 Not reported HC=AD
1993 (15) (15) HC: 289+ 1.1 oddball P300 Not reported HC<AD @ Fz
(Ireland) Not specified Not specified (Raise finger on only
[124] target) (p<0.005)
O’Mahony et al. 733£5.5 - 713+£43 AD: NINCDS-ADRDA AD: 17.4£6.0 Passive hearing ABR Not measured HV<ADIPL
1994 (35) (34) HC: MMSE > 27 HC:29.6+0.7 MLR: HC=AD between waves I-V
(Ireland) 7/28 15/19 P30 (Pa) HC>AD HC<AD
[125] P50 (P1) (p=0.006) (»=0.037)
HC=AD
O’Mahony et al. 745+43 - 72.71+4.7 AD: NINCDS-ADRDA AD: 17.8 +£4.8 Active auditory N200 Not measured HC<AD
1996 (18) (12) HC: MMSE >27 HC:29.4+0.7 oddball P300 Not measured (p<0.005)
(Ireland) /17 3/9 (Raise finger on HC<AD
[126] target) (p<0.0001)
Ortiz et al. 1994 66.8 - 66.4 AD: Neuropsychological MMSE Active auditory P300 HC<AD @ Pz HC<AD @ Fpl,
(Spain) (10) (10) assessments by certified AD: Not reported oddball only Fp2, F7, F4, F3,
[127] 713 6/4 neurologist, MMSE and HC:27.8+1.7 (Attend to both (p<0.01) Pz, P3 and TS
Wechsler memory scale target and standard (p<0.05)

tones)
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Papadaniil et al. 70+6.8 72+4.7 67+2.7 AD: Treated in memory AD:22.6+34 Active auditory MMN HC=MCI=AD HC<AD
2016 201 20 20 and dementia outpatient ~ MCI: 27+ 1.4 oddball P300 HC=MCI=AD (»<0.01)
(Greece) 714 714 8/13 clinics, blood tests, MRI =~ HC: 28.81 +0.9 (Press button on HC<MCI
[62] and MMSE target) (p<0.01)
HC & MCI: MMSE, HC<AD
blood tests and MRI (p<0.05)
Papaliagkas et al. - 67.1+£6.9 68.7+9.9 MCT: Petersen criteria MCI: 27.7 Active auditory N200 HC<MCI HC=MCI
2008 1) 30) HC: 29.7 oddball P300 (p<0.05) HC<MCI
(Greece) 35/56 15/15 (Count targets) Slow Wave ~ HC=MCI (p<0.001)
[128] N/A HC<MCI
(p<0.001)
Papaliagkas et al. - 67.4+7.8 68.7+£9.9 MCI: Petersen criteria MCL: 279+1.9 Active auditory N200 HC<MCI HC<MCI
2011 (22) (30) HC: 29.7 oddball P300 (»p=0.002) (p=0.042)
(Greece) Not specified 15/15 (Count targets) Slow wave Not reported HC <MCI (at
[129] N/A follow up)
(p<0.05)
HC=MCI
Phillips et al. 1997  M:69.4+7.0 - M: 66.8 £8.3 AD: NINCDS-ADRDA Not measured Rarefaction click P30 (Pa) HC<AD HC=AD
(Canada) F: 68.8+7.5 F: 69.8+4.9 paradigm P50 (Pb) (»p=0.029) HC=AD
[56] M+F: 69.1£6.9 M+F: 68.2+£6.9 HC=AD
(14) (22
8/6 12/10
Pokryszko-Dragan ~ 68.6 - Aged matched but ~ AD: NINCDS-ADRDA Not reported Active auditory P300 HC=AD HC<AD
et al. 2003 (13) not specified oddball (p<0.05)
(Poland) 4/9 (13) (Raise hand on
[130] Not specified target)
Rai 1990 76.0£6.5 - 79.7£5.8 AD: Clinical AD:21.8+3.4 Active auditory N200 Not measured HC=AD
(England) (62) (49) examination, HC:29.0+0.9 oddball
[131] 17/45 12/37 psychological assessment (Press button on
and, MMSE target)
Revonsuo et al. 67.1+8.3 - 67.4+4.0 AD: NINCDS-ADRDA, AD: 18+6.7 Semantic activation N100 HC=AD HC>AD
1998 ) 17) DSM-III-R and MRI or HC:27.7+1.8 (Congruous and P200 HC=AD Congruous words
(Finland) 3/6 9/8 CT incongruous N400 Not reported (»<0.05)
[132] spoken words) HC=AD
HC=AD
Riekkinen et al. APOE E4+ - 67+5 AD: NINCDS-ADRDA AD: APOE E4 + Passive oddball MMN HC=AD Not measured
1997 66+4 (14) 18+4 paradigm
(Finland) APOE E4 - Not specified APOE E4 -
[52] 68 +6 19+6
Combined: Combined:
66.8+8.9 18.4+4.8
19) HC:28+2
Not specified

(Continued)
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Table 1
(Continued)
Study (country) AD MCI HC Diagnosis/screening MMSE Task AERPs Amplitude Latency
[Ref] mean age mean age mean age method Score
(n) (n) (n) (Mean £ SD)
M/F M/F M/F
Schwartz et al. 76.5 - 71.5 AD: NINCDS-ADRDA Not measured Active spoken N400 HC =AD HC=AD
2003 (12) (12) word and sentence
(USA) 5/7 4/8 comprehension
[133] (Press button for
response)
St Clairet al. 1985  61.4 - 62 AD: neurological and Not measured Active auditory N100 HC>AD Not reported
(Scotland) (15) (23) psychological oddball P200 (p<0.05) Not reported
[134] 5/10 7116 assessments (Count targets) N200 HC>AD HC<AD
Criteria included: P300 (p<0.05) (p<0.01)
steadily progressing Not reported HC<AD
dementing illness and HC>AD (p<0.01)
memory impairment as (p<0.001)
the presenting feature,
cerebral atrophy (CT
scan) and, AD
biomarkers in CSF.
Sumi et al. 2000 70£6.6 - 68.5+4.9 AD: NINCDS-ADRDA Not measured Active auditory N100 Not measured HC=AD
(Japan) (34) 39) oddball P200 Not measured HC=AD
[135] 16/18 18/21 (Press button on N200 Not measured HC<AD
target) P300 Not measured (p<0.01)
HC<AD
(p<0.01)
Swartz et al. 1992 76 - 73 AD: NINCDS-ADRDA Not measured Active auditory P300 HC=AD HC<AD
(USA) 6) (12) oddball (»p=0.04)
[136] 4/2 517 (Press button on
target)
Tachibana et al. 70.6+£7.0 - 69.1+£7.3 AD: NINCDS-ADRDA Not measured Passive hearing ABR Not measured HC < AD for wave
1989 (16) (34) and DSM-III-R V, IPL between
(Japan) 11/5 15/19 HI-V & 1I-V only
[137] (p<0.01)
Tachibana et al. 71.4+£127 - 69.6 £ 8.8 AD: NINCDS-ADRDA AD: 17.2£6.5 ABR: passive ABR Not measured HC <AD for IPL
1996 (15) (15) and DSM-III-R HC: Not measured  hearing N100 Not measured between I-V in
(Japan) 10/5 9/6 N100, P200, N200  P200 Not measured both L & R ears
[43] & P300: Active N200 Not measured (p<0.05)
auditory oddball P300 Not measured HC=AD
(Press button on HC<AD
target) (p<0.05)
HC<AD
(»<0.01)
HC<AD

(p<0.05)
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Taguchi et al. 2003 71.24+9.3 - 68.9+£4.9 AD: NINCDS-ADRDA  Not measured Active auditory N100 Not measured HC=AD
(Japan) a1 (34) oddball P200 Not measured HC=AD
[138] 11/20 10/24 (Press button on N200 Not measured HC<AD
target) P300 Not measured (p<0.001)
HC<AD
(p<0.001)
Tarkka et al. 2002 Sporadic - 7243 AD: NINCDS-ADRDA Not measured Passive hearing N100 HC=Sporadic AD HC=Sporadic AD
(Finland) 7148 (25) HC <Familial AD  HC > Familial AD
[139] (34) Not specified only only
Not specified (p<0.05) (p<0.05)
Familial
70£9
(22)
Not specified
Combined:
70.6+8.3
(56)
Thomas et al. 2010 7521 £5.0 - 72.29+5.1 AD: NINCDS-ADRDA AD:209+5.1 Passive double P50 HC<AD HC=AD
(Germany) (19) 17 HC: 29.5+£0.06 click paradigm (p<0.01)
[140] 8/11 6/11
Tsolaki et al. 2017  70+£6.8 72+4.7 67+2.7 AD: NINCDS-ADRDA AD:22.6+6.8 Active auditory MMN HC=MCI=AD HC<AD
(Greece) 21) 21) (21) and DSM-V MCIL: 27+ 1.4 oddball N100 HC=MCI=AD (p<0.01)
[141] 7114 7114 8/13 MCI: Petersen criteria HC: 28.814+0.9 (Press button on P300 HC=MCI=AD HC=MCI=AD
target) HC<AD
(p<0.005)
Vaitkevicius et al. AD-N: - 74.06 = 4.49 AD: NINCDS-ADRDA AD-N:20.734+1.7  Active auditory N200 HC=AD HC>AD
2015 7436 £4.75 (50) AD-T: oddball P300 HC=AD (p<0.001)
(Lithuania) (22) 24/26 20.14+1.36 (Press button on HC<AD
[142] 14/8 Combined AD: target) (p<0.001)
AD-T: 204+1.5
7423 +£5.21 HC: 29.04 £0.92
(22)
8/14
Combined:
74.3+4.9
(44)
22/22
Van Deursenetal.  75.2+6.9 70.6+7.2 69.5+6.1 AD: NINCDS-ADRDA AD:20.8+2.7 Active auditory N200 HC=MCI=AD HC=MCI=AD
2009 (15) (20) (20) MCT: Petersen criteria MCI: 26.3+ 1.6 oddball P300 HC>MCI HC <MCI
(Netherlands) 11/4 12/8 12/8 HC:29.3+0.8 (Press button on HC>AD HC<AD
[143] target) (p<0.05) (p<0.05)
(Continued)
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Table 1
(Continued)
Study (country) AD MCI HC Diagnosis/screening MMSE Task AERPs Amplitude Latency
[Ref] mean age mean age mean age method Score
(n) (n) (n) (Mean + SD)
M/F M/F M/F
Van Deursenetal.  75.24+6.9 70.6+£7.2 69.5+6.1 AD: NINCDS-ADRDA AD: 20.8+2.7 Passive hearing ASSR HC<AD @ T5,T6 Not measured
2011 (15) (20) (20) MCT: Petersen criteria MCI: 263+ 1.6 & 02
(Netherlands) 11/4 12/8 12/8 HC:29.3+0.8 (p<0.05)
[144] HC=MCI
MCI<AD @ T6
(p<0.05)
Williams et al. 75+8.7 - 74+64 AD: DSM-III Not measured Active auditory N100 HC=AD HC<AD
1991 a7 a7 oddball P200 HC=AD (»<0.01)
(UK) Not specified Not specified (Press button on N200 HC=AD HC=AD
[145] target) P300 HC>AD HC<AD
(»<0.05) (»<0.001)
HC<AD
(p<0.01)
Yamaguchi et al. 68.5+8.0 - 69.6+£9.3 AD: NINCDS-ADRDA Not measured Three-tone active P100 HC=AD HC=AD
2000 (16) (18) oddball N100 HC>AD HC=AD
(Japan) Not specified Not specified (Press button on P200 (p<0.05) HC=AD
[146] target) P300 HC=AD HC = AD for novel
HC<AD for novel  sounds
sounds HC < AD for target
(p<0.005) tones
HC > AD for target  (p<0.0001)
tones
(p<0.005)
Yokoyama et al. 66.8 - 66.4 AD: NINCDS-ADRDA Not measured MMN: passive MMN HC=AD HC<AD @ Pz,
1995 (12) (13) and DSM-III-R hearing N100 HC=AD P3, P4
(Japan) Not specified Not specified N100, P200, N200  P200 HC=AD (p<0.05)
[147] & P300: Active N200 HC=AD HC=AD
auditory oddball P300 HC>AD @ Pz HC=AD
(Raise finger on (»<0.05) HC<AD @ Pz
target) (p<0.01)
HC<AD @ Pz
(»<0.05)

AERP, Auditory event-related potential; AD, Alzheimer’s group; MCI, Mild cognitive impairment group; SCD, Subjective cognitive decline group; HC, Healthy controls (aged matched);
CDR, Clinical dementia rating; NINCDS-ADRDA, National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s disease and Related Disorders Association;
DSM, Diagnostic and Statistical Manual of Mental Disorders; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination; DRSS, Dementia Rating Severity Scale; B-RDS,
Blessed-Roth Dementia Scale; BADLS, Bristol Activity of Daily Living Scale; TS-P300, Temporo-superior P300 component; TB-P300, Temporo-basal P300 component; IPL, Interpeak latency;
L, Left ear; R, Right ear; MCI-SD, Single domain amnestic mild cognitive impairment; MCI-MD, Multiple domain amnestic mild cognitive impairment; MCI-P, Mild cognitive impairment patients
with progressive decline; MCI-S, Stable mild cognitive impairment; AD-N, Treatment naive; AD-T, Treatment group (10 mg/day donepezil); APOE E4+, Apolipoprotein E4 alleles positive;
APOE E4-, Apolipoprotein E4 alleles negative; MMN, Mismatch negativity; FFR, Frequency-following response; ABR, Auditory brain response; ASSR, Auditory steady-state response; MLR,

Middle latency response.
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A ABR Wave V
Study name Sample size
AD Stddiff Lower Upper Relative
patients Controls in means  limit limit  weight
Grimes et al. 1987 69 35 030 -0.11 0.71 36.07
Kuskowski et al. 1991 33 16 0.09 -0.51 0.68 23.69
Tachibana et al. 1989 16 34 —— 0.96 0.34 159 2239
Tachibana et al. 1996 15 15 063 -0.10 137 17.84
Pooled 133 100 < 046 010 082 100%
(Summary: p = 0.01; 1?=37.4%; Q=4.79, p = 0.19) 5.00 250 0.00 2.50 500
B
ABR Interpeak |-l
Study name Sample size
AD Std diff Lower Upper Relative
patients  Controls in means limit limit  weight
Masanaka et al. 2005 15 15 0.20 -0.52 0.92 18.00
O'Mahony et al. 1994 34 3 0.28 -0.21 0.77 38.75
Tachibana et al. 1989 16 34 034 -0.26 0.94 25.92
Tachibana et al. 1996 15 15 0.59 -0.14 1.33 17.33
Pooled 80 95 0.34 0.03 0.64 100%
St 1 p=0.03; 1= 0.00%; Q =0.67, p = 0.88
(Summary: p @ P=088 500 250 0.00 250 5.00
¢ ABR Interpeak -V
Study name Sample size
AD Std diff Lower Upper Relative
patients Controls in means  limit limit  weight
Grimes et al. 1987 39 33 0.39 -0.08 0.86 2212
Kuskowski et al. 1991 33 16 0.19 -041 0.79 16.53
Masanaka et al. 2005 15 15 -0.05 -077 0.67 1290
O'Mahony et al. 1994 34 3 0.41 -0.09 0.90 20.95
Tachibana et al. 1989 16 34 — 1.09 0.46 1.73 16.37
Tachibana et al. 1996 15 15 —— 0.84 0.10 1.59 1212
Pooled 152 144 < 047 0.16 0.77 100%
(Summary: p = 0.00; 1*=35.6%; Q=7.77,p = 0.17) 5.00 250 0.00 2.50 5.00

Fig. 2. Standard mean difference and pooled estimated of each study included in the meta-analyses of auditory brainstem responses (ABR)
elicited using the passive rarefaction click paradigm. All the analyses compare participants with Alzheimer’s disease (AD) to controls A)
analysis of ABR wave V latency, B) analysis of ABR interpeak wave I-III, and C) analysis of ABR interpeak wave I-V. Summary includes:
p =significance level; I2=percentage of heterogeneity; Q =Cochrane’s Q. The horizontal lines represent the 95% confidence interval for
each computed standard mean difference. Note: weights are from random effects analysis.

NI100 & P200

Although there was a small pooled effect size,
participants with AD showed prolonged N100 laten-
cies in comparison to control participants, pooled
SMD: 0.32 (n=14, 95% CI: 0.13 to 0.51, p=0.00;
Fig. 4B). MCI participants did not significantly
differ in N100 latency from control participants,
pooled SMD 0.20 (n=2, 95% CI: -0.58 to 0.93,
p=0.59; Supplementary Figure 4A). The SMD
between AD, MCI, and control participants were

not significant for N100 amplitude (Supplemen-
tary Figure 4B,C). Similarly, P200 latencies differed
significantly between AD participants and con-
trols, SMD: 0.34 (n=10, 95% CI: 0.04 to 0.65,
p=0.03; Fig. 4A), however, did not differ signifi-
cantly between MCI and control participants. Also,
there was no significant difference present in P200
amplitude in participants with AD or MCI in com-
parison to controls (n=2, p>0.05; Supplementary
Figure 5).
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A P50 Amplitude
Study name Sample size
AD Std diff Lower Upper Relative
patients Controls inmeans limit limit weight
Ally et al. 2006a 20 20 0.48 -0.15 1.10 29.06
Cancelli et al. 2006 18 15 —— 0.92 020 164 22.14
Jessen et al. 2001 17 17 0.36 -0.32 1.03 25.00
Thomas et a. 2010 19 17 —— 1.01 0.31 170 23.79
Pooled 74 69 < 067 033 101 100%
(Summary: p = 0.00; I?= 0.00%, Q = 2.56, p = 0.46) 5.00 250 2,50 5.00
B P50 Latency
Study name Sample size
AD Std diff Lower Upper Relative
patients Controls inmeans limit limit weight
Ally et al. 2006a 20 20 026 -0.36 0.89 28.32
Cancelli et al. 2006 18 15 044 -0.26 113 22383
Jessen et al. 2001 17 17 061 -0.08 129 2322
Thomas et al. 2010 19 17 0.04 -0.61 0.70 2563
Pooled 74 69 033 -0.01 0.66 100%
(Summary: p = 0.05; I>=0.00%, Q= 1.49, p = 0.68) 5.00 250 2.50 5.00

Fig. 3. Standard mean difference and pooled estimated of each study included in the meta-analyses of P50 elicited using the paired-click
paradigm. A) comparing P50 amplitude between participants with Alzheimer’s disease AD to controls, B) comparing P50 latency between
participants with AD and controls, Summary includes: p =significance level; I?= =percentage of heterogeneity; Q = Cochrane’s Q. The
horizontal lines represent the 95% confidence interval for each computed standard mean difference. Note: weights are from random effects

analysis.

N200

N200 latencies, elicited using an active two-tone
paradigm, were significantly prolonged in AD in
comparison with controls, pooled SMD: 0.73 (n=17,
95% CI: 0.35 to 1.10, p=0.00; Fig. 5SA). However,
N200 latency was not significantly different between
MCI participants in comparison to controls, pooled
SMD: 0.33 (n=5, 95% CI: -0.14 to 0.81, p=0.17;
Fig. 5B). Indicating that the average AD partici-
pant would have a significantly more delayed N200
latency than over 76% of control participants. To
a slightly lesser extent, a participant in the MCI
group would have a longer N200 latency than over
62% of control participants. However, there was
no statistically significant difference in N200 mean
latencies between AD participants and MCI partici-
pants, pooled SMD: -0.17 (n=2, 95% CI: -0.60 to
0.26, p=0.43; Supplementary Figure 6A). There was
no significant difference present in N200 amplitudes
between any of the participant groups (Supplemen-
tary Figure 6B, C).

P300
Compared to controls, participants with AD had
significantly prolonged P300 latencies with a large

effect size (effect size>0.8), pooled SMD: 1.08
(n=28, 95% CI: 0.78 to 1.38, p=0.00; Fig. 6A).
MCI participants also had prolonged P300 laten-
cies in comparison to controls with a medium effect
size (effect size between 05-0.8), pooled SMD: 0.59
(n=6,95% CI: 0.03 to 1.14, p=0.00; Fig. 6B), sug-
gesting that an AD participant has a P300 latency
on average 1.08 standard deviations above a con-
trol participant, which exceeds over 84% of the
P300 latency measures for control participants. Sim-
ilarly, P300 latencies in MCI participants are on
average 0.59 standard deviations above control sub-
jects, which exceeds over 69% of the P300 latency
measures for control participants. Although the cog-
nitively impaired groups (i.e., AD and MCI) differed
significantly from the controls, their P300 latencies
did not differ significantly from each other, SMD:
0.09 (n=2, 95% CI: 0.09 to 0.52, p=0.88; Sup-
plementary Figure 7A). Participants with AD also
showed smaller P300 amplitudes when compared
to controls, SMD: —-0.70 (95% CI: -0.92 to -0.48,
p=0.00; Fig. 6C). P300 amplitudes did not dif-
fer significantly when comparing MCI participants
with controls and AD participants (Supplementary
Figure 7B,C).
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A P200 Latency

Study name Sample size

AD Stddiff Lower Upper Relative
patients Controls in means limit limit weight

Caravaglios et al. 2008 21 16 “+m— 032 033 098 9.67
Gungor et a. 2005 2 10 —a— 126 206 -045 7.8
Hoit et a. 1995 2 2 —- 0.76 0.19 1.32 10.94
Lai et d. 2010 20 14 —— 012 081 056 9.30
Masanaka et al 2005 15 15 —— 073  0.01 147 862
Muscoso et al. 2006 43 39 L 0.46 0.02 090 127
Sumi et a 2000 k3 39 il 046 000 093 1238
Tachibana et al. 1996 15 15 —8— 0.84 0.09 159 853
Taguchi et a. 2003 31 k- 1= 033 016 082 1201

Y okoyama et a. 1995 12 13 T+ 059 021 140 7.92
Pooled 239 21 < 034 0.04 065 100%
(Summary: p= 0.03,' 12=59.78%; Q =224, p =0.00) 5.00 .2.50 0.00 2.50 5.00

B N100 Latency

Study name Sample size

AD Std diff Lower Upper Relative
patients Controls in means limit limit weight
Caravaglios et al. 2008 21 16 003 062 068 6.46
Gungor et al. 2005 22 10 0.15 -0.60 0.90 5.18
Hanafusa et al. 1991 14 29 061 -0.04 127 6.45
Hirata et al. 2000 26 12 065 005 135 5.77
lto et al. 1990 40 40 0.18 026 062 10.99
Lai et al. 2010 20 14 005 074 063 5.99
Masanaka et al. 2005 15 15 027 045 099 6.53
Muscoso et al. 2006 43 39 - 0.95 043 141 10.48
Sumi et al. 2000 k7 39 0.02 044 048 10.40
Tachibana et al. 1996 15 15 027 045 0.99 5.53
Taguchi et al. 2003 3 k| 0.4 035 063 9.67
Tsolaki et al. 2017 21 21 005 -065 056 7.19
Williams et al. 1991 17 17 —— 088 018 158 57
Yokoyama et al. 1995 12 13 059 021 140 463
Pooled 331 314 Lo ] 0.32 0.13 0.51 100%
(Summary: p = 0.00; I* = 27.4%; Q= 17.9, p = 0.16) 5.00 2.50 0.00 2.50 5.00

Fig. 4. Standard mean difference and pooled estimated of each study included in the meta-analyses of P200 and N100 elicited using an
active two-tone oddball paradigm. A) Comparing P200 latency between participants with Alzheimer’s disease (AD) and controls, B) com-
paring N100 latency between participants with AD and controls. Summary includes: p =significance level; I = percentage of heterogeneity;
Q=Cochrane’s Q. The horizontal lines represent the 95% confidence interval for each computed standard mean difference. Note: weights

are from random effects analysis.

Heterogeneity

The percentage of variation across studies (12
statistic) due to heterogeneity as well as Cohran’s Q-
value and level of significance are presented on each
fort plot for each meta-analysis (refer to Figs. 2-6
and Supplementary Figure 1-7). 12 less than or
equal to 25% is considered low heterogeneity, 12
between 26—-50% is considered moderate heterogene-
ity and substantial heterogeneity is I>="75% or greater
[42]. Higher percentage of variation (I2) across
studies is indicative of greater variation in study out-
comes and/or between study variations in clinical

heterogeneity, that is, differences between participant
characteristics, timing of outcome measures and char-
acteristics of the intervention [52]. Despite efforts to
reduce clinical heterogeneity using a strict inclusion
criteria and only pooling studies with similar designs,
there was still significant heterogeneity across studies
on; P300 latency (I2>80%, p<0.01), P300 ampli-
tude comparing AD to controls only (I2=57.5%,
p=0.00), N200 latency (I2>64%, p<0.05), N200
amplitude comparing MCI to controls only (I2=85%,
p=0.00), P200 latency comparing AD to controls
only (I2=59.8%, p=0.00), N100 amplitude compar-
ing AD and MCI to controls (I2=90.5% and 93.9%,



438 H.Y. Tarawneh et al. / Auditory Event-related Potentials in AD

A N200 Latency
Study name Sample size
AD Std diff Lower Upper Relative
patients Controls in means limit limit weight
Bennys et a. 2007 30 10 —— 1.67 0.87 247 5.39
Caravaglios et al. 2008 21 16 —a— 1.16 0.46 1.86 573
Chen et al. 2015 42 35 0.05 -0.40 0.50 6.53
Cintra et al. 2017 17 14 -0.76 -1.49 003 5.63
Gungor et a. 2005 22 10 Hl— 0.31 -0.44 1.07 5.56
Hirata et al. 2000 26 12 —a— -0.98 -1.70 026 5.68
Lai et al. 2010 20 14 —a— 0.08 -0.61 0.76 5.79
Masanaka et al. 2005 15 15 —a— 1.24 0.46 202 5.46
Muscoso et a. 2006 43 39 — 0.93 0.48 139 6.51
O'Mahony et al. 1996 18 12 - 1.03 0.25 1.80 5.48
Rai 1990 62 49 - 020 -0.18 0.57 6.72
St Clair et al. 1985 15 23 == 1.09 0.40 179 5.75
Sumi et al 2000 34 39 —— 1.70 1.16 224 6.27
Tachibana et al. 1996 16 34 —a— 1.41 0.76 207 5.89
Taguchi et a. 2003 31 34 —— 1.50 0.95 205 6.23
Van Deursen et al. 2009 15 20 ril— 034 -0.33 1.02 5.82
Williams et a. 1991 17 17 —a— 1.41 0.66 216 5.57
Pooled 444 393 < 0.73 0.35 1.10 100%
(Summary: p = 0.00; 1*=83.6%; Q=97.7,p=0.00) 500 -2.50 0.00 2.50 5.00
B N200 Latency
Study name Sample size
MCI Std diff Lower  Upper Relative
patients Controls in means limit limit weight
Berysetd 2011 n 31 — 081 1k} 15 206
Cirradd. 2017 k] “ 04 -1 a5 197
Gaobet d. 2001 % b4 046 -031 12 684
laed 2010 B “ o10 -060 080 _2A
Papdiagiasetd. 2011 2 0 064 ao7 12 a7
Pooled 10 101 (k<) -4 081 100%
(Summary: p =0.17; 1= 67.5%; Q = 12.3, p = 0.01) 5.00 250 250 500

Fig. 5. Standard mean difference and pooled estimated of each study included in the meta-analyses of N200 elicited using an active two-
tone oddball paradigm. A) comparing N200 latency between participants with Alzheimer’s disease (AD) and controls, B) comparing N200
latency between participants with mild cognitive impairment (MCI) to controls. Summary includes: p = significance level; I2 = percentage of
heterogeneity; Q = Cochrane’s Q. The horizontal lines represent the 95% confidence interval for each computed standard mean difference.

Note: weights are from random effects analysis.

p=0.00, respectively), P50 amplitude elicited using
rarefaction clicks (I2=91.6%, p=0.00), and studies
on ABR measuring interpeak wave III-V (I2=67.1%,
p=0.02). Controlling for factors such as the severity
and duration of the disease, could reduce between
study heterogeneity, however, this can be difficult to
achieve as a limited number of studies report or mea-
sure for these factors. As higher heterogeneity dilutes
confidence in the pooled effect, it is therefore impor-
tant to take this into account when interpreting the
final outcomes. It is also noteworthy that all other
between study heterogeneity analyses were insignif-
icant.

Methodological quality assessment

Studies included in this review were assessed based
on their methodological quality using a quantitative

quality assessment tool (EPHPP, 1998). The studies
were rated as either “strong”, “moderate” or “weak”
based on the overall outcomes of the eight core com-
ponents of the EPHPP instrument. These components
are: 1) selection bias, 2) study design, 3) confounders,
4) blinding, 5) data collection methods, 6) withdraws
and dropout, 7) intervention integrity, and 8) anal-
ysis, refer to Table 2. A majority of the included
studies were rated as “moderate” (n=47, 63.5%),
5/74 (6.7%) studies were rated as “strong” and 22/74
(29.7%) were rated as “weak”. None of the included
studies were described as a randomized trial, how-
ever, the “strong” studies (n=>5) indicated blinding
in the study design. One study had a double-blind
study design [52], and 4 studies were a single blind
[53-56]. The studies that were rated as “moderate”
or “weak” did not met all the core components of the
quality assessment, which is attributed to one or more
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of the following reasons: 1) absence of information
(e.g., recruitment procedure), 2) lack of a randomized
control trial study design, 3) no use of blinding, and
4) lack of clarity.

Fifty-four (72.9%) studies selected participants
that were “very likely” to represent the target popu-
lation, while 19 studies did not clearly describe their
recruitment procedure, resulting in a “weak” rating
in the selection bias component of the quality assess-
ment. Most studies (86%) controlled for confounding
factors in their study design (e.g., recruitment) and/or
in statistical analysis, therefore, there were no dif-
ferences in age, gender ratio, and education level
between study groups. All studies (n=74; 100%)

utilized valid data collection tools and appropriate
statistical methods for data analysis (see Table 2). All
the studies included in this systematic review were
case-control studies, therefore, the level of recom-
mendation for all individual studies was level 4 based
on American Society of Plastic Surgeons’ Evidence
Rating Scale for diagnostic studies [57].

DISCUSSION

This systematic review and meta-analysis aimed
to investigate whether AERPs differ in amplitude
and/or latency between participants with cognitive

A P300 Latency
Study name Sample size
AD Stddiff Lower Upper Relative
patients Controls inmeans limit imit  weight
Allyetal. 2006b 20 20 _J-_.— 049 0.14 1.12 3.75
Ashford etal. 2011 23 1 008 077 086 358
Bennys et al. 2007 30 10 —a— 338 235 441 2.95
Blackwood etal. 1987 20 23 —— 1.14 043 1.79 3.72
Boller atal. 2002 10 12 —— -1.19 -2.10 -0.28 319
Carawaglios etal. 2008 21 16 —a— 134 082 2086 3.58
Chenetal. 2015 42 35 —— 076 029 1.22 4.08
Cintra etal. 2017 17 14 — | 053 125 0.19 3.57
Gungoretal. 2005 22 10 —_— 122 041 202 3.40
Hanafusa etal. 1991 14 29 —— 221 142 3.00 343
Hirata etal. 2000 26 12 —— 087 0.18 1.59 3.59
Holtetal. 1995 26 26 —— 053 .03 1.08 3.90
Ib etal. 1990 40 40 —— 174 123 226 3.97
Jimenes-Escrig et al. 2002 32 16 —a— 105 042 1.68 3.75
Juckeletal. 2008 18 18 026 £.39 0.92 a7
Laietal.2010 20 14 | —a— 055 023 1.66 3.58
Lee etal. 2013 k3 3 013 £0.37 062 4.00
Masanaka etal. 2005 15 15 —— 152 om 234 3.38
Muscoso etal. 2008 42 a9 —— 172 121 222 398
OMahonyetal. 1996 18 12 —a 187 100 2.74 3.27
Ortz etal. 1994 10 10 — 099 008 191 3.15
Pokryszko-Dragan etal., 2003 12 12 —a— 125 o4 209 333
StClairetal 1985 15 23 — 120 050 191 3.60
Tachibana etal. 1996 15 15 —— 152 (g ] 2.34 3.38
Taguchi etal. 2003 31 34 —— 145 030 1.99 391
Tsolakietal. 2017 21 21 —— 0389 025 1.52 3.74
Van Deursen etal., 2009 15 20 —— 333 230 435 2.95
Williams etal. 1991 17 17 —— 056 025 1.687 359
Pooled 626 556 <> 108 078 1.38 100%
(Summary: p = 0.00; P = 81.7%; Q = 147.5, p = 0.00) -5.00 250 0.00 250 5.00
B P300 Latency
Study name Sample size
MC1 Std diff Lower Upper Relative
patients  Controls in means limit limit weight
Benmsetd. 2011 m A —- 147 1.00 194 Bz
Cinraetd 2017 < “ -08 -1.8 0 B2
Gdobet d. 2001 15 2 —— 085 0.08 165 “n
Laetd. 2010 18 " 05 018 124 1563
Lewdaetd. 2016 32 - 051 o 104 76
Papaliagles etal. 2011 22 0 —— 1] 74 0.08 19 wz
Pooled 12 18 [ 0% 003 1.4 100%
(Summary: p = 0.04; ’=80.6%; Q=258 p=000) 500 250 250 500

Fig. 6. (Continued)
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¢ P300 Amplitude

Study name Sample size

AD Std diff Lower Upper Relative

patients Controls in means limit limit  weight

Ally et al. 2006b 20 20 —— -0.74 -1.38 0.10 5.17
As hford et al. 2011 2 11 —a— -1.17 -1.94 -0.40 434
Bennys et al. 2007 0 10 —i— -0.85 -1.59 0.1 4.53
Blackwood et al. 1987 20 23 —— -1.68 232 093 4.83
Boller at al. 2002 10 12 —ar -0.47 -1.32 0.38 391
Chenet al. 2015 42 35 — -0.28 0.71 0.19 8.57
Hirata et al. 2000 2 12 —a— 127 201 0.52 4.52
Holt et al. 1995 28 26 —— -0.80 -1.47 0.33 5.68
lic et al. 1980 40 40 — -0.87 132 0.41 8.51
Jimenes -Es crig et al. 2002 <} 16 -0.16  0.75 0.44 5.47
Juckel et al. 2008 18 18 -0.61 -1.28 0.08 4.98
Lai et al. 2010 2 14 0.10 -0.58 0.78 4.88
Lee et al. 2013 31 31 — -0.77 128 0.25 6.07
Ortiz et al. 1994 10 10 0.25 0.63 1.13 376
Papadanill et al. 2016 21 21 -0.24 -0.85 0.37 5.40
Pokrys zko-Dragan et al. 2003 13 13 -0.41 -1.19 0.37 431
St Clair et al., 1985 15 23 —— -1.82 259 -1.05 4.28
Tsolakiet al. 2017 21 21 -0.24 -0.85 0.37 5.40
Van Dewsen et al. 2009 15 20 —— -1.34 -2.08 -0.60 4.53
Williams et al. 1991 17 17 —a— -0.79 -1.49 010 479

451 s < -0.70 092 0.48 100%
Pooled -5.00 2.50 0.00 250 5.00

(Summary- p = 0.00; I* = 57.5%,; Q =44.7, p = 0.00)

Fig. 6. Standard mean difference and pooled estimated of each study included in the meta-analyses of P300 elicited using an active two-tone
oddball paradigm. A) comparing P300 latency between participants with Alzheimer’s disease (AD) and controls, B) comparing P300 latency
between participants with mild cognitive impairment (MCI) to controls, and C) comparing P300 amplitude between participants with AD
to controls. Summary includes: p = significance level; I2 = percentage of heterogeneity; Q = Cochrane’s Q. The horizontal lines represent the
95% confidence interval for each computed standard mean difference. Note: weights are from random effects analysis.

impairment (MCI and AD) or subjective cognitive
decline (SCD) to age-matched controls based on
the analysis of currently available literature. Some
AERPs (i.e., ASSR, FFR P30, N400, and slow
wave) were not meta-analyzed as there was only
a limited number of studies with similar designs
reporting their findings, however, the majority of
the AERPs were meta-analyzed (ABR, MMN, P50,
N100, P200, N200, and P300). Findings from this
investigation suggest that the AERPs analyzed in
the review (except for MMN) vary significantly, in
mean latency and/or amplitude, between participants
with AD and controls. No significant variation in
AERP mean latencies or amplitudes between AD
participants and MCI participants were observed;
however, this could be due to the low number of
studies comparing these two groups. Only P300 dif-
fered significantly between MCI participants and
controls based on the pooled analysis, but again this
could be attributed to the low number of studies with
similar designs investigating AERPs in MCI partici-
pants. Notably, due to the lack of studies investigating
AERPs in SCD in comparison to non-SCD partic-
ipants, a meta-analysis on this group could not be
performed.

Auditory event-related potentials and cognitive
decline

Although there are conflicting reports regarding
ABRs in participants with AD, this meta-analysis
suggests that there are significant delays in the
appearance of ABR wave V, interpeak I-V wave and
interpeak I-IIT wave in patients with AD in compari-
son to controls. There are multiple neural generators
of ABRs which are sequentially activated through-
out the brainstem auditory pathway. Therefore, ABRs
have been frequently used to evaluate the function
and integrity of the central and peripheral auditory
pathway [35]. The findings of this meta-analysis are
consistent with suggestions of brainstem and mid-
brain structure abnormalities in people with AD [58,
59]. Variations in disease severity and duration have
been proposed as explanations for conflicting results
across ABR studies [43], but nevertheless pooled
analysis of the studies is supportive of significant
abnormalities in ABRs in AD participants when com-
pared to controls.

MMN has been proposed to reveal deficits in
echoic memory storage and automatic mismatch
detection essential for attention [60]. An impaired



H.Y. Tarawneh et al. / Auditory Event-related Potentials in AD 441
Table 2
Qualitative assessment results for quantitative studies included in the review (n=74)
Core item Tool question (EPHPP, 1998) Number of studies Percentage
with positive of studies
assessment with positive
(Answer) assessment
Selection bias Are the individuals selected to participate in the study likely to be 54 (Very likely) 72%
representative of the target population?
What percentage of selected individuals agreed to participate? 4(80-100%) 5%
70 (Not described)
Study design Was the study described as randomized? 0 (Yes) 0%
Confounders Were there important differences between groups prior to the 52 (No) 70%
intervention?
Indicate the percentage of relevant confounders that were controlled 64 (80-100%) 86%
either in the design (e.g., stratification, matching) or analysis.
Blinding Was (were) the outcome assessor(s) aware of the intervention or 7 (No) 9%
exposure status of participants?
Were the study participants aware of the research question? 1 (No) 1%
Data collection methods Were data collection tools shown to be valid? 74 (Yes) 100 %
Were data collection tools shown to be reliable? 74 (Yes) 100%
Withdraws and dropout ~ Were withdrawals and dropouts reported in terms of numbers 2 (Yes) 2%
and/or reasons per group? 72 (Not Applicable)
Indicate the percentage of participants completing the study. (If the 4 (80-100%) 5%
percentage differs by groups, record the lowest.) 70 (Not Applicable —
retrospective case control)
Intervention integrity What percentage of participants received the allocated intervention 74 (80-100%) 100%
or exposure of interest?
Was the consistency of the intervention measured? 2 (Yes) 3%
Is it likely that subjects received an unintended intervention 74 (No) 100%
(contamination or cointervention) that may influence the results?
Analysis Indicate the unit of allocation. 74 (Individual) 100 %
Indicate the unit or analysis. 74 (Individual) 100%
Are the statistical methods appropriate for the study design? 74 (Yes) 100%
Is the analysis performed by intervention allocation status (i.e., 74 (No) 100%

intention to treat) rather than the actual intervention received?

MMN response in AD participants suggests diffi-
culty in automatic information processing that is
required for sensorial storage [61]. However, in this
meta-analysis no significant difference was observed
between AD participants and controls. It should, how-
ever, be noted that only three studies were included
in the pooled analysis of standard mean differences
of MMN amplitude between AD participants and
controls, meaning that these results should be inter-
preted with caution. Individually, two studies suggest
that MMN is significantly impaired in participants
with AD in comparison to healthy controls [42,
61], while one study report no difference in MMN
measures between the two groups [52]. There is evi-
dence that suggests that MMN latency is significantly
longer in MCI participants in comparison to controls,
again, indicating that automated auditory informa-
tion processing is impaired at this stage of cognitive
decline [62]. Some, non-AD related, studies have
suggested that reduced MMN amplitude could be
used as an index for cognitive decline, as it corre-
lates with increased severity of negative symptoms

(including, attention difficulties, memory problems,
social withdrawal, and apathy) [63-65]. However,
limited research has compared MMN measures at dif-
ferent stages of AD, making it difficult to establish
if MMN can be applied to staging cognitive decline
associated with AD.

The meta-analyses of late latency (P50, N100,
P200, N200, and P300) AERPs indicate that these
components are significantly abnormal in AD partic-
ipants when compared to controls. Pooled analysis
of the studies suggests that using an active two-tone
oddball paradigm AD participants can be differenti-
ated from controls due to significant delays in N100,
P200, N200, and P300 latencies. The strength of
the response was not significantly affected by the
presence of AD in any of the AERPs except for
P300 amplitude, which was significantly smaller in
AD participants compared to controls when elicited
using an active oddball task. Inter-subject variability
in amplitude may have led to inconsistent findings
within each study as well as in the pooled analy-
sis. Abnormalities in these AERPs in people with
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cognitive decline have been linked to their proposed
roles in cognitive processes such as attention, mem-
ory and executive functions [66—69].

A small number of studies have investigated P50
amplitude and latency differences between AD par-
ticipants and controls. Pooled analysis indicates
that P50 amplitude and latency differ significantly
between the groups. Variations in the pooled anal-
ysis of P50 measures between AD participants and
controls were only observed when P50 was elicited
using a paired-click paradigm, which is thought
to reflect sensory gating. This is supportive of the
hypothesis that P50 may be an index of atten-
tion and inhibitory processing, which is altered due
to progressive cognitive decline observed in AD
[53, 70].

Both N100 and P200 have been suggested to be
generated by the primary and secondary auditory cor-
tex, therefore, these AERP components are thought
to reflect the higher processing of sensory informa-
tion [71, 72]. Although previous studies reported
that N100 and P200 components do not discriminate
between healthy aging and AD [70, 73-75], pooled
analysis suggests that latency measures of these
components may differentiate normal controls from
people with AD. This contradicts previous assump-
tions that people with AD may not have measurable
impairments in perceiving and processing changes in
an auditory stimulus [76].

Multiple neural regions have been implicated in the
generation of the N200 response, these include the
brainstem, thalamic region, and the auditory cortex
[77,78]. The N200 peak is suggested to reflect the dis-
crimination, perception, and classification of auditory
information [79]. Results from this analysis imply
that AD participants have impaired central auditory
processing as reflected by longer N200 latency when
compared to controls. Behavioral studies have also
shown that AD and MCI participants have impaired
central auditory processing. Reduced performance
in the Synthetic Sentence Identification-Ipsilateral
Competing Message (SSI-ICM) task, which is used to
test central auditory function, has been seen in partic-
ipants with MCI and AD [27, 80]. There has also been
a strong association between SSI-ICM performance
and cortical thickness of the primary auditory cortex
[81], further supporting that association between cor-
tical degeneration and impaired auditory processing
seen in cognitively impaired participants. A previ-
ous meta-analysis on N200 latency in participants
with AD and MCI reported significant standard mean
differences between AD and MCI subjects when

compared to controls, but not when compared to one
another [82]. However, in this study pooled analy-
sis of N200 latency did not indicate that this AERP
can differentiate between MCI and healthy aging, or
between MCI and AD participants.

The neural generators of the P300 response are
thought to include: the frontal lobe, temporal-parietal
junction, medical temporal lobe, posterior cingulate
gyrus, and the parietal cortex [83—85]. Regions that
are known to be involved in sensory processing,
memory storage, cognitive function, and executive
functions. It is therefore suggested that P300 reflects
cortical activity as it relies on functions such as
memory, attention, and discrimination to be elicited.
AD participants’ exhibit increased P300 latency,
which is an indication of diminished classification
speed in processing tasks and dysfunctional attention-
driven discrimination processing, which is suggested
to evaluate the representation of previous events in
working memory [86, 87]. Additionally, P300 ampli-
tude has been proposed to be an index of the amount
of cognitive resources allocated by a participant to
a cognitive process or task [88]. Pooled analysis
suggests that AD participants have reduced P300
amplitude, which in turn reflects altered cognitive
resource allocation to an attention-driven discrimi-
nation task.

P300 latency abnormalities in MCI participants are
relatively similar to that of AD participants, which is
further supported by the insignificant standard mean
difference in the analysis comparing these compo-
nents in participants with AD and MCI. Similar to
the findings of this meta-analysis, a previous meta-
analysis reported that P300 latency did not differ
significantly between MCI and AD participants [89].
Interestingly, however, a longitudinal study evaluat-
ing patients at risk of developing AD, found that MCI
participants that progressed to probable AD after a
5-year follow-up, had longer P300 latency at base-
line when compared to MCI participants that did not
progress to AD [90]. This in turn implies that latency
measures of some AERPs may provide an avenue in
discriminating between those at higher risk of AD
from healthy individuals.

Study limitations

For the analysis of some AERPs, such as MMN,
P50 and ABR, and the analysis of MCI studies, the
low number of studies with similar methodologi-
cal design investigating these AERPs poses as the
strongest limitation. Meta-analysis studies are unable



H.Y. Tarawneh et al. / Auditory Event-related Potentials in AD 443

to overcome the limitations presented in individual
studies, therefore, more data would be required to
make final conclusions. Slight variations in diagnos-
tic criteria used within the studies in combination with
differences in factors such as gender ratio, MMSE
scores, and testing paradigm modality may affect het-
erogeneity between the studies and the significance
of the effect size.

Conclusions and gaps in knowledge

The findings of this review indicate that some
AERP measures may be valuable biomarkers of AD.
In conjunction with currently available clinical and
neuropsychological assessments, AERPs may aid in
detecting cognitive impairment associated with AD.
The use of AERPs for measuring differences between
AD patients and healthy older adults show great
promise, particularly the use of P50, N100, P200,
N200, and P300 latency measures. P300 also shows
promise in differentiating between MCI patients and
healthy age matched controls, which could aid in
early detection of individuals at prodromal stages of
AD. However, based on the pooled analysis, none of
the AERPs showed significant sensitivity in differen-
tiating between AD and MCI patients. These findings
suggest that although AERPs have inadequate sensi-
tivity for staging cognitive decline or differentiating
between AD and MCI, they have adequate specificity
to discriminate between those with cognitive impair-
ment from healthy older adults. Also, this review
highlights the need for research on AERPs in partic-
ipants with SCD. AERPs were not analyzed for the
SCD group as there were no studies on this group.
Two studies were identified outside this review to
have investigated AERPs in a group with subjec-
tive memory complaints or cognitive decline [91, 92].
However, both studies lacked a control group of indi-
viduals without SCD, therefore the AERP measures
reported would not indicate differences between these
participants and non-SCDs. Investigating AERPS in
SCD participants could provide more information on
the possible application of these measures in identi-
fying cognitive impairment at earlier stages prior to
the appearance of cognitive decline on neuropsycho-
logical assessments. In addition, there are a limited
number of studies that investigate certain AERP com-
ponents, such as ASSR, FFR, N400, and P600, which
again highlights the need for more research in order
to fully elucidate the usefulness and effectiveness of
AERP measures as a biomarker of cognitive decline
associated with AD.
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