
 

 

 University of Groningen

Electrophysiological assessment methodology of sensory processing dysfunction in
schizophrenia and dementia of the Alzheimer type
Danjou, P.; Viardot, G.; Maurice, D.; Garcés, P.; Wams, E. J.; Phillips, K. G.; Bertaina-
Anglade, V.; McCarthy, A. P.; Pemberton, D. J.
Published in:
Neuroscience & Biobehavioral Reviews

DOI:
10.1016/j.neubiorev.2018.09.004

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Danjou, P., Viardot, G., Maurice, D., Garcés, P., Wams, E. J., Phillips, K. G., Bertaina-Anglade, V.,
McCarthy, A. P., & Pemberton, D. J. (2019). Electrophysiological assessment methodology of sensory
processing dysfunction in schizophrenia and dementia of the Alzheimer type. Neuroscience &
Biobehavioral Reviews, 97, 70-84. https://doi.org/10.1016/j.neubiorev.2018.09.004

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1016/j.neubiorev.2018.09.004
https://research.rug.nl/en/publications/347a70fd-b700-4e03-b4b7-ab3d5bc7cf01
https://doi.org/10.1016/j.neubiorev.2018.09.004


Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews

journal homepage: www.elsevier.com/locate/neubiorev

Electrophysiological assessment methodology of sensory processing
dysfunction in schizophrenia and dementia of the Alzheimer type

P. Danjoua,⁎, G. Viardotb, D. Mauriceb, P. Garcésc, E.J. Wamsd, K.G. Phillipse,
V. Bertaina-Angladea, A.P. McCarthye, D.J. Pembertonf

a Biotrial, Rennes, France
b Biotrial Neuroscience, Didenheim, France
c Roche Research and Early Development, Basel, Switzerland
dGroningen Institute for Evolutionary Life Sciences, University of Groningen, Groningen, Netherlands
e Lilly Neuroscience, Windlesham, Surrey, UK
f Janssen Research and Development, Beerse, Belgium

A R T I C L E I N F O

Keywords:
Schizophrenia
Alzheimer’s disease
Oddball paradigm
Mismatch negativity
Emotional processing
Auditory steady-state potentials
Electroencephalogram
EEG

A B S T R A C T

Schizophrenia and Alzheimer’s disease impacts on various sensory processings are extensively reviewed in the
present publication. This article describes aspects of a research project whose aim is to delineate the neuro-
biology that may underlie Social Withdrawal in Alzheimer’s disease, Schizophrenia and Major Depression. This is
a European-funded IMI 2 project, identified as PRISM (Psychiatric Ratings using Intermediate Stratified
Markers). This paper focuses specifically on the selected electrophysiological paradigms chosen based on a
comprehensive review of all relevant literature and practical constraints. The choice of the electrophysiological
biomarkers were fundamentality based their metrics and capacity to discriminate between populations. The
selected electrophysiological paradigms are resting state EEG, auditory mismatch negativity, auditory and visual
based oddball paradigms, facial emotion processing ERP’s and auditory steady-state response. The primary
objective is to study the effect of social withdrawal on various biomarkers and endophenotypes found altered in
the target populations. This has never been studied in relationship to social withdrawal, an important component
of CNS diseases.

The PRISM project is attempting to identify the underlying neuro-
biological determinants of social withdrawal in selected psychiatric and
neurodegenerative disorders utilizing a very novel transdiagnostic ap-
proach (Insel et al., 2010). Initially the project will focus solely on
Alzheimer’s disease (AD) and schizophrenia (SZ) but ultimately in-
dividuals with major depression (MDD) may also be recruited. The
overarching aim of this project is to further our understanding of the
underlying neurobiology behind these disorders so that subpopulations
could be identified where personalized medicine approaches may be
amenable. With this somewhat unusual transdiagnostic perspective the
project engaged in a careful review of the possible approaches that
encompassed all these variables. The output of this process is with re-
spect to the electrophysiology and sensory processing work stream is
presented here offering a novel slant on these literatures. For reference,
it is worth noting that phenotypic characterization of schizophrenic,
schizoaffective disorders and bipolar disorder patients or their first
degree relatives using comprehensive electrophysiological and

behavioral measurements has been conducted previously [please refer
to Ethridge et al. (2015) and Clementz et al. (2016)] and that the
overall quantitative approach is described in greater detail in the other
articles within this special edition (Kas et al., 2017). Essentially, pa-
tients and age-matched healthy controls will undergo quantitative
phenotyping assessment focused on four domains: (1) social withdrawal
(van der Wee et al., 2018); (2) working memory and (3) attention
(Gilmour et al., 2018) and (4) electrophysiological assessments of
sensory processing (described in this article and Hornix et al., 2018).
Social withdrawal will also be stratified according to a reference clinical
scale (WODAS II) with cutoffs defining low and high withdrawal. This
use of stratification allows the impact of these independent factors, on
multiple quantitative measures, to be assessed and hence provide en-
hanced statistical sensitivity. This will allow the apparent similarities
between populations, which may be based on very different constructs,
to be disentangled.

The negative symptoms and cognitive impairment in schizophrenia
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have been demonstrated to be independent components of schizo-
phrenia (Bilder et al., 2000; Hughes et al., 2003; White et al., 1997).
However social withdrawal, an important element of quality of life and
a consequence of schizophrenia, is hypothetically related to negative
symptoms and to the other dysfunctional processes, including sensory
processing (Haigh et al., 2016). The question of what is the biological
ground of social withdrawal is the main question that PRISM will
analyse across the different domains, in Schizophrenia but also in other
populations with negative symptoms and social withdrawal : Alzhei-
mer’s disease (Reichman et al., 1996; Reichman and Negron, 2001) and
Major Depression (Galynker et al., 2000; Gerbaldo et al., 1995; Kulhara
and Chadda, 1987). Processing of sensory modalities, predominately
auditory and visual have been shown to be repeatedly altered in pa-
tients with AD and SZ (see Table 1). Morever, olfactory impairment has
also been reported in both pathologies (Albers et al., 2015; Moberg
et al., 2014; Zou et al., 2018). As a variety of approaches have been
used to probe the different constructs of sensory processing, a com-
prehensive and detailed literature review was conducted to identify the
most appropriate methodology for robust and consistent assessments.
The key criteria employed for task selection were methodological
standardization, test-retest reliability and discriminative sensitivity
between disease pathologies and age effects. The later was considered
important as the patient populations that will be recruited span a broad
age range and it is well known that sensory capabilities are impacted
with age (Musiek et al., 2005; Schadow et al., 2007).

Finally, it is important that the identified tasks are considered for
their back-translational capabilities to facilitate inter-species assess-
ments. For example, using geometric shapes in the visual oddball task
rather than pictures would facilitate future assessment in non-human
primates and potentially in rodents. It is important to note that an ex-
ception is made for the emotional processing task which although well
established for functional magnetic resonance imaging (fMRI), is con-
siderably less in its EEG modality and thus is identified as an ex-
ploratory endpoint only (Sfärlea et al., 2016). Finally, due to the limited
amount of test time the patients may tolerate per session, during the
electrophysiological, fMRI and behavioral testing, choices were made
based on the intrinsic value of each task versus the time spent required
to execute them. The selected electrophysiological tests are resting state
EEG, auditory mismatch negativity, auditory and visual based oddball
paradigms, facial emotion processing ERP’s and auditory steady-state
response. The selected tests, end points and key references are high-
lighted in Table 1. In order to verify that the parameters of each test
were optimal, they (except FERT) were tested in healthy subjects in
order to verify that outcome similar to the reference publications (in-
dicated in the text) can be obtained. Two test populations were used for
validation (Biotrial data on file): 124 recordings at baseline of a cross-
over study conducted in 35 healthy male subjects aged 22–46 years
(population A) and 21 healthy subjects (9 males and 12 females), aged
24–48 years and recruited later (population B). All were healthy and
drug- free. The PRISM study itself is well on its way and is assessing
quantitative biomarkers in schizophrenia (N=72 SZ), Alzheimer’s
Disease (N=72 AD) comparatively to healthy matched controls
(N= 48).They will complete a series of fMRI, EEG, and behavioural
paradigms, as well as contributing blood-derived (e.g. epigenetic) and a
smartphone application collecting data related to social behavior (see
Bilderebeck et al., 2018).

1. Objectives

These different dimensions used in phenotyping will be used in a
multidimensional analysis using social withdrawal as a main grouping
factor and analyze the links with the other dimensions with no under-
lying statistical hypothesis. For this purpose, the population is com-
posed of half of patients with a high withdrawal level on a subscore of
the World Health Organisation Disability Assessment Schedule
(WHODAS-II) (Von Korff et al., 2008) and half with a low withdrawal

level, with no overlap. In the present manuscript we will put forward
the EEG endpoints of resting brain and several Evoked Related Poten-
tials during Mismatch Negativity, Auditory and visual oddball para-
digms and Facial emotion Processing as well as Auditory Steady State
response to repeated stimuli.

2. Selected methods

2.1. Resting state EEG

The underlying neuronal circuitry involved in generating neuronal
oscillations recorded by EEG are complex and diverse. All excitable
membranes within the vicinity of the EEG electrodes, contribute at least
in some part to the extracellular field potential recorded (Malmivuo,
2012). The electrical generators, from the very fast action potentials at
the soma, axon or axonal terminals to the synaptic excitatory and in-
hibitory events associated with dendrites, superimpose at any given
moment to elicit the recorded electrical potentials. Synchronized ac-
tivity within or between any of these generators results in a measurable
signal at the level of the EEG. The degree to which synchronization
occurs at specific neuronal oscillation frequency bands is highly de-
pendent on sensory input (for example, eyes open or closed), arousal
levels (sleep versus awake) and cognitive load. To assist in classifying
changes in these specific oscillations, frequency band definitions were
defined (slow waves, delta, theta, alpha, beta and gamma; Jobert et al.,
2012). These boundaries although based on prominent peaks in the
power spectrum that occur during specific behaviors and in specific
brain areas, are not often generalizable but do provide a somewhat
robust framework from which to base comparative studies.

It is important to note that the EEG oscillations are inherently
changeable, the most prominent is the classical alpha rhythm first de-
scribed by Hans Berger (Berger, 1929) and originally termed Berger’s
wave. The alpha wave slowly oscillates when subjects have their eyes
closed and are in a state of relaxed wakefulness, but it is immediately
substituted with a faster and lower amplitude beta/gamma wave when
eyes are opened. This is important to note as it highlights the critical
importance of controlling a subject’s behavioral state during EEG col-
lection but also highlights that the non-stationary component of oscil-
latory amplitude, power and cross cortical synchrony also needs to be
considered when collecting and analyzing data.

The most commonly reported changes in resting state EEG found in
AD patients is a generalized EEG slowing. In both AD and Mild
Cognitive Impairment (MCI) patients, the slowing is typically observed
as a decrease in the mean frequency, alpha and beta band power with a
corresponding increase in delta and theta band power when compared
to healthy elderly (Bhattacharya et al., 2011; Jelic et al., 2000; Jelles
et al., 2008; Jeong, 2004; Koenig et al., 2005; Park et al., 2008). In-
triguingly, the increase in theta and delta band activity during wake
contrasts with a reduction in slow wave activity that is observed during
sleep in AD patients (Hassainia et al., 1997). One interpretation of this
observation is that the disruption of the intrinsic circadian rhythms or
sleep continuity leads to an abnormal increase in delta waves in awake
AD patients, thus leading to a reduction during slow wave sleep. Others
have argued that the enhanced slow wave and theta activity observed
during wakefulness is a direct result of the cholinergic and/or other
neurotransmitters deficits associated with AD (Adler et al., 2009;
Babiloni et al., 2011). This hypothesis is also supported by studies
showing that the acetylcholinesterase inhibitor rivastigmine in AD pa-
tients decreases power in both the delta and theta frequency bands and
increases lower alpha frequency band power in those that show cog-
nitive improvements (Gianotti et al., 2008). Moreover, muscarinic an-
tagonists such as atropine and scopolamine have also been shown to
produce a slowing like EEG phenotype in both cats and humans.

The circuits responsible for the generation of slow and delta EEG
waves have been well described (Crunelli and Hughes, 2010; Destexhe
et al., 2010) resulting from both the intrinsic bi-stability of cortico-
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cortical synaptic neuronal networks (Steriade and Amzica, 1996) and
the interplay with intrinsic oscillators within the thalamus (Crunelli and
Hughes, 2010; Destexhe et al., 2010). The slow wave oscillations can be
both large global network states as in deep slow wave sleep or more
localized in specific cortical networks (Onisawa et al., 2017). It is
therefore somewhat counter intuitive that slow wave power so depen-
dent on synaptic connectivity is enhanced in a disease condition asso-
ciated with such profound synaptic and neuronal loss (Busche et al.,
2015). Thus, changes in neurotransmitter, hypometabolism (Babiloni
et al., 2016a) may be involved as well as the reduction of activity of
other generators like alpha which seems to correlate with hippocampus
atrophy (Babiloni et al., 2009).

In contrast to AD, the commonly reported changes in the EEG signal
observed in SZ patients are alterations in higher frequency bands (beta
and gamma), but most notably task-evoked changes rather than resting
state changes are usually reported more often. However, there are re-
ports of changes in gamma oscillations in SZ patients either at rest or
preceding a specific task. There is also evidence to suggest that the
pattern of spontaneously occurring gamma-band activity may differ
from the neural oscillations associated with cognitive processing. For
example, Kikuchi and colleagues examined resting-state EEG-data in
medication naïve, first-episode SZ patients versus healthy controls and
found significantly elevated gamma-band power over the frontal elec-
trode areas (Kikuchi et al., 2011). Interestingly, these changes were not
seen in chronic SZ patients (Rutter et al., 2009). The interpretation and
comparability of these findings is complicated by the fact that it is
currently unclear whether the generating mechanisms underlying the
high-frequency activity during rest are comparable to those seen during
task-related oscillations. Classical gamma band oscillations emerge
from the interactions of pyramidal cell excitation and inhibition from
parvalbumin positive spiking interneurons within cortical networks
(Buzsáki and Wang, 2012). These would however be expected to pro-
duce a clear and defined peak in the fast Fourier transform spectrum
that can be seen during specific tasks and brain areas. In contrast,
broadband power changes in the higher frequency bands are more
likely explained by the sum of local synaptic events and action poten-
tials and hence just the level of local cortical activation (Uhlhaas, 2011)
rather than a specific oscillatory generator.

For the PRISM studies, EEG will be recorded in resting conditions
with two sessions with eyes closed (5min per session) separated by one
5-min session with eyes open. Both test conditions are required as
spectral differences between AD and healthy controls are frequently
seen in an eyes closed condition, but not in eyes open condition
(Tartaglione et al., 2012). The comparison of spectral content (alpha
band power) with eyes closed versus eyes open should discriminate
between patients with SZ and healthy controls (Zaytseva et al., 2014).
The power spectrum per electrode across 59 channels will be estimated
and summarized using the reference International Pharmaco EEG So-
ciety (IPEG) frequency bands (Jobert et al., 2012), with delta:
[1.5–6 Hz], theta [6–8.5 Hz], alpha 1 [8.5–10.5 Hz], alpha 2
[10.5–12.5 Hz], beta 1 [12.5–18.5 Hz], beta 2 [18.5–21 Hz], beta 3
[21–30 Hz] and gamma [30–40 Hz]. The area under the curve (AUC) of
spectra segments will provide an estimation of power in each frequency
band of interest. Absolute and relative powers will be analyzed for each
band, both in eyes open and eyes closed conditions. For each band, the
relative power will be the absolute power divided by the power on the
total band.

With respect to data quality control, under both test conditions, all
recordings will be visually inspected to reject artifact segments such as
high frequency noise caused muscular activity, environmental noise, or
eye blinks. In case of sleep episodes occurring during the recording
period, these will be manually rejected from the analysis. The artifact
free signal from each electrode will then be analyzed using a fast
Fourier transform (FFT) to produce a power spectra. EEG flat maps will
be created using absolute and relative powers estimated following IPEG
definitions for frequency bands. To study resting brain circuitries,

several electrode signals will be used simultaneously and additional
computations will be conducted to assess potential relationships within
or between specific brain regions. The correlations between an elec-
trode and its neighbor (local properties) will be used with the cordance,
that will ultimately provide data comparable with that obtained with
brain imaging (Bell et al., 2012; Leuchter et al., 1994).

Connectivity at the scalp level can be quantified by several methods
(Sakkalis et al., 2011), with coherence (Pascual-Marqui et al., 2014) as
one of the most characterized thus permitting synchronization (Tan
et al., 2013) or coupling quantification between electrodes (Babiloni
et al., 2016b). Additional efforts derived at determining the cortical
sources underlying the activities observed on the scalp (source locali-
zation) may also be implemented. Since the 1990’s, low resolution
brain electromagnetic tomography (Loreta) is widely used to estimate
sources (Babiloni et al., 2011; Pascual-Marqui et al., 1994) which can
also be the first step toward more complex methods targeting resting
state networks (Aoki et al., 2015; Olbrich et al., 2014).

2.2. Auditory mismatch negativity

Mismatch Negativity (MMN) is passively evoked when a sequence of
repetitive standard stimuli is occasionally interrupted by infrequent
oddball or deviant stimuli that differ in some physical dimension (pitch,
duration). The onset of MMN occurs within 50ms of stimulus deviance
and peaks after an additional 100–150ms. MMN is thought to result
from pre-attentive processes, since it is present when a subject is in-
volved in tasks that are unrelated to a MMN stimuli (Garrido et al.,
2009) and may even be modulated by attentional processing (Arnott
and Alain, 2002). Two major hypotheses have been proposed to explain
MMN, which can be unified within a predictive coding framework
(Garrido et al., 2009). First, within the adaptation hypothesis
(Jääskeläinen et al., 1999), the N1 response is modulated by similarities
between the common tones and the novel tone and thus the MMN is
generated locally at the auditory cortices. Second, within the model
adjustment hypothesis (Näätänen et al., 2007), the incoming regular
stimuli form a memory trace and the MMN is originated from circuitry
comparing the novel stimuli with an internal representation. The inter
stimulus intervals (ISI’s) for which a MMN is elicited have been com-
monly associated as indicative measures of a memory trace duration.
This is typically around 10 s for healthy young adults (Sams et al.,
1993) and no more than 4.5 s in healthy older subjects (Pekkonen et al.,
1996).

Both temporal and frontal circuitry have been identified underlying
MMN. Although bilateral activation of the auditory cortices is known to
be a primary contributor (Duncan et al., 2009), frontal components
have also been described using EEG, MEG and fMRI (Fulham et al.,
2014). Rinne et al. discovered that the frontal component of the MMN
peaked later than the temporal component, lending support for the
existence of a temporo-frontal network underlying MMN (Rinne et al.,
2000). At the molecular level, the NMDA receptor has proven to be
crucial for MMN in several cross-species studies and further support for
this was generated when the NMDA receptor antagonist ketamine was
shown to trigger a reduction in MMN amplitude in both the temporal
and frontal generators in humans (Heekeren et al., 2008). Modulations
of dopaminergic, GABAergic, serotonergic pathways have also been
reported to alter the MMN response, although with less consistent ef-
fects (Garrido et al., 2009).

AD patients have been shown to present with a shorter MMN ISI
from modulation, hypothesized to represent the memory trace, than
their age-matched controls, whilst their MMN amplitudes in response to
frequency deviants was found not to be altered at short ISIs of around
1 s, but decreased amplitudes were found for longer ISIs of 3 s
(Pekkonen, 2000). In SZ patients, reduced MMN amplitude is a con-
sistent finding for a wide range of ISI’s (0.99 standard effect size across
32 studies with ISI’s ranging from 0.25 to 4 s) (Umbricht and Krljes,
2005) and was found to correlate with global functional scores (Fulham
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et al., 2014; Light and Braff, 2005). Duration deviants have been shown
to be more sensitive than pitch deviants in SZ in MMN meta-analyses.
Haigh et al. (2017) found no evidence of pitch MMN alteration in first
episode SZ patients and whereas others authors (Umbricht et al., 2006)
found stronger effects with changes in duration than pitch. At the early
stages of AD, pitch deviants have shown little sensitivity while duration
deviants elicit a more profound response (Pekkonen, 2000). Moreover,
mimicking the cholinergic deficit of AD with scopolamine conversely
produces a greater response on pitch deviants (Pekkonen et al., 2001).

The methodology that will be used in PRISM for MMN induction,
recording and analyses will adhere to the guidelines derived from
Duncan and colleagues (Duncan et al., 2009). Essentially, auditory
MMN will be recorded in two test conditions: eyes closed and eyes
open. Each test will last 6 min in the eyes closed condition and 12min
in the eyes open condition. The inter-stimuli interval will be 600ms.
For the eyes closed condition, subjects will be asked to keep their eyes
closed and detract their attention from the sound. They will be ran-
domly presented a series of two tones: frequent (85% probability) with
standard tones (1000 Hz, 50ms) and one infrequent (15%) pitch de-
viant tone (1100 Hz, 50ms). All tones will have a 5ms rise and fall time
and will be played using headphones at 85 dB level. A total of 600 tones
will be presented, with a total of 90 deviant and 510 frequent tones. For
the eyes open condition, subjects will be asked to watch a short silent
video to provide a visual distraction whilst a series of tones with
identical properties as those used in the eyes closed test will be ran-
domly presented. A total of 1500 tones will be played with 120 pitch
deviants, 120 duration deviants (1000 Hz @ 100ms) and 1260 frequent
tones. The intensity of sounds used are similar to the one used by others
authors (Chang et al., 2014a,b; Light et al., 2015).

Triggers synchronized with tone emission will be recorded on a
channel of the EEG acquisition system. Artefact rejection will be con-
ducted using an automatic rejection routine when EOG exceeds 75 μV
within [−200; +1000ms from the trigger] using Scan4.5
(Compumedics/neuroscan, Charlotte, USA) and then by exclusion of
noisy segment performed visually by a trained technician. Then
Mathlab will be used to perform the few tasks Scan4.5 cannot execute
with a personal library or FieldTrip to estimate time-frequency re-
presentations and to generate figures. After the rejection process, re-
sponses to the frequent and rare sounds will be averaged. For each
electrode, the average response will be defined by considering the
difference between the average ERP induced by the frequent stimuli
and the average ERP induced by the deviant stimuli. The parameters of
interest will be the morphological descriptors of the wave of interest:
amplitude, latency and area or average amplitude.

It is clear that MMN is altered in SZ and AD although the ISI impacts
the degree of impairment in AD. Typically, longer intervals are required
(greater than 1–1.5 s) to discriminate AD patients from controls
(Pekkonen, 2000). In the planned studies, if these test parameters are
not sufficient to discriminate between the two patient populations,
additional analyses such as source localization performed with LORETA
will first be used on the regions of interest, namely the auditory and
prefrontal cortices. Complementary modelling methods such as dy-
namic causal modelling or functional connectivity can then be selected
based on the regions of interest on the basis of an understanding of the
network (Fulham et al., 2014; Garrido et al., 2009; Hughes and Rowe,
2013).

Preliminary data derived from twenty-one healthy subjects the
MMN response produced similar patterns and amplitudes to that ob-
served in the published literature (Duncan et al., 2009; Fulham et al.,
2014; Todd et al., 2008).

2.3. Auditory oddball

The auditory oddball task is a commonly used paradigm that re-
liably produces a specific event-related potential across the parieto-
central area of the skull that usually occurs around 300ms after stimuli

presentation termed the P300. The P300 is commonly interpreted
within a context updating model (Polich, 2007). According to this
model, incoming stimuli, such as tones are compared with a memory
trace of the previously presented stimuli. If the novel stimulus matches
this memory trace, sensory potentials such as N100, P200, N200 are
evoked. If the stimulus is different, attentional processes are also en-
gaged and the memory representation is updated. In line with this
model, the P300 amplitude increases as the probability of deviant oc-
currence decreases (Polich, 1987). Additionally, the P300 latency is
thought to reflect classification speed (Polich, 2007), as shorter P300
latencies are associated with higher cognitive performance in healthy
subjects (Polich et al., 1983; Polich and Martin, 1992), and with in-
creased memory function in the ageing population (Braverman and
Blum, 2003).

The P300 latency has been repeatedly shown to increase from
healthy controls to MCI and from MCI to AD (Howe et al., 2014). This
increased P300 latency in AD-pathology is accompanied by a decreased
amplitude (Hedges et al., 2016). P300 abnormalities have also been
characterised in SZ across several studies. For example, Bramon et al.
(2004) conducted a meta-analysis from forty-six auditory oddball stu-
dies in SZ and concluded that there is a decreased P300 amplitude and
an increased latency with standardized effect sizes of 0.85 and 0.57,
respectively (Bramon et al., 2004). Interestingly, the P300 amplitude
seems to be related in SZ to verbal learning and memory capability
(Kim et al., 2003).

The P300 can be recorded intracranially from widespread cortical
and subcortical areas of the brain, including the frontal, parietal and
occipital lobes, the thalamus and the hippocampus (Soltani and Knight,
2000). It can also be recorded via EEG at broad areas of the scalp, but it
is strongest at the midline electrodes (Polich, 2007). Although the P300
has been hypothesized to arise from network activity (Duncan et al.,
2009), lesions studies have described where the most important nodes
for P300 generation are located. Whilst the P300 is conserved or
minimally affected by a variety of cortical and subcortical lesions
(Duncan et al., 2009), lesions in the temporo-parietal region dramati-
cally impact the P300 potential (Knight et al., 1989; Kutas et al., 1990).
From a neurochemical perspective, the glutamatergic system is thought
to play a key role in the P300 wave (Frodl-Bauch et al., 1999) and
pharmacological studies have shown that ketamine elicits a reduction
of the P300 amplitude (Oranje et al., 2000). The GABAergic and cho-
linergic systems are also considered to have important contribution to
the P300. Whilst acetylcholine increases the P300 amplitude and de-
creases its latency, GABA elicits the opposite effect (Soltani and Knight,
2000). The noradrenergic, dopaminergic (Huang et al., 2015) and ser-
otonergic systems have also been shown to modulate P300, possibly
indirectly by influencing the GABAergic and cholinergic systems
(Soltani and Knight, 2000).

In the planned studies, the P300 wave will be assessed in response
to an auditory oddball stimulus. Subjects with eyes closed will be asked
to count the rare, high-pitched sounds (15% of the presentations @
2000 Hz) that will be presented amongst the more frequent sounds
(85%) using a lower frequency (500 Hz) tones. The interval ISI will
randomly vary from 1200 to 1900ms. The number of rare tones will be
randomly determined but lie between 30 and 40. The volume for each
stimulus will be 85 dB and they will each be 100ms in duration. All
stimuli will have a rise and fall times of 10ms and the task will take
between 4 to 9min dependent of the number of rare tones and ISI. The
participant will be asked at the end of the session how many tones were
presented.

The P300 wave form will be quantified by its latency (duration
between the stimulus onset and most positive peak within a
260–480ms window), its amplitude (amplitude of the most positive
peak within the 260–480ms window) and its average amplitude at the
232–352ms window. All parameters will be estimated using epochs
related to rare sounds only. The epochs amplitudes will be corrected by
subtraction of the average value from the pre-stimulus period (average
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amplitude on the [−500; 0ms] window). Artefact rejection: epochs
with a signal amplitude exceeding 75μV within 500ms to +500ms of
the trigger will be rejected from the averaging process. Time frequency
representations of the ERP will also be analysed: evoked power, in-
duced power and phase locking factor. The power will be averaged on
the relevant epochs. As auditory and visual P300 have a very different
time and circuit properties, they will be analysed separately (Katayama
and Polich, 1999). The localisation of sources for P3a and P3b will be
analysed using LORETA (Bachiller et al., 2015) as well as connectivity
(Fujimoto et al., 2013). Auditory P300 previously obtained on a large
database (n= 124) produced the expected pattern latency and mag-
nitude.

2.4. Visual oddball

Visual oddball paradigms elicit both sensory processing and cogni-
tive responses. The brain areas with activations over numerous repeats
per acquisition were initially located using fMRI studies and found to be
present in the supra-marginal gyrus, anterior cingulate cortex (Clark
et al., 2000; Kiehl and Liddle, 2001), thalamus, insula (Clark et al.,
2000; Linden, 2005), dorsolateral prefrontal cortex and medial frontal
gyrus (Clark et al., 2000; Kiehl and Liddle, 2001; McCarthy et al., 1997;
Yoshiura et al., 1999) as well as other cortical areas (Ardekani et al.,
2002). Working memory contribution in the novel stimulus processing
of the visual P300 is related to the frontal, parietal, inferior temporal
areas and the insula (Bledowski et al., 2004). A reduced P300 ampli-
tude has been localised to posterior and occipital areas (Oribe et al.,
2013). The reduction in P300 amplitude has been shown to be a pro-
gressive decline throughout one year in SZ patients (Oribe et al., 2015).
Reduced amplitudes were also observed in first episode SZ patients
together with delayed P300 and N1 latencies. Furthermore, prodromal
schizophrenics elicit a characteristic P300 deficit with amplitude re-
ductions associated with increased severity of positive symptoms (Oribe
et al., 2013). It is perhaps unsurprising that reduced P300 amplitudes
are found in SZ, as volumetric abnormalities have been observed in the
cortical grey matter of critical brain structures such as the frontal,
temporal and parietal lobes as well as the left Heschl’s gyrus (Kasai
et al., 2003; Vita et al., 2012).

Over the course of AD, the P300 generators shift from frontal and
occipital regions to be more located in the temporal lobe (Papadaniil
et al., 2016). A reduction in frontal P300 amplitude was observed in
MCI patients (Yener et al., 2014) and advanced AD patients have been
shown to elicit reduced frontal theta (Caravaglios et al., 2010) as well
as reduced frontal, parietal and central delta power (Caravaglios et al.,
2008; Yener et al., 2008). Evidence also exists that cholinergic drugs
modulate these responses with treated AD patients having similar phase
locking and frontal theta power as healthy elderly controls (Yener et al.,
2007). This highlights that cholinergic modulation of the cognitive
processes contribute to the visual P300.

The P300 wave will be assessed in response to a visual oddball
stimulus (circular line) presented randomly amongst another more
frequent visual stimulus (square). The number of oddball stimuli will be
randomly determined, but will lie between 25–30. All subjects will be
asked to count the number of presented oddball stimuli during the task.
ISI’s will vary randomly from 1600 to 2100ms and stimulus duration
will be 100ms. Stimulus intensity (85 dB) will be similar to Light et al.
(2015). The task will take up to six minutes to complete. The P300 wave
will be quantified by its latency (duration between stimulus onset and
most positive peak within the 260–480ms window), its amplitude
(amplitude of the most positive peak within the 260–480ms window)
and its average amplitude in the 320–430ms window. The window at
which the average amplitude is estimated occurs later than the one
employed for the auditory P300 as the visual P300 emerges later and
has been well described (Bennington and Polich, 1999; Duncan et al.,
2009).

All parameters will be estimated using epochs related to the rare

visual presentations and epochs amplitudes will be corrected by sub-
traction of the average value from the pre-stimulus period (average
amplitude of the −500 to −0ms windows). Epochs with a signal
amplitude exceeding 75μV within −500ms to +500ms of the trigger
will be rejected from the averaging process. The analysis processing
used for the auditory P300 data can also be used in the visual P300 task,
but there may be a need to take into consideration the extended latency
of the P300 peak (Biotrial data on file) and therefore the different time
windows of interest to quantify P300 occurrence. As expected, the
highest P300 amplitude is observed in centro-parietal area of the flat
map. This area matches the region of interest commonly used to study
P300 (Oribe et al., 2015).

2.5. Auditory steady state response

The ASSR is used to assess the capacity of auditory pathways to
generate synchronous oscillations and the integrity of these pathways at
given frequencies of an auditory stimulus. The source of the ASSR has
been localised in the primary auditory cortex both in human (Herdman
et al., 2002; Pantev et al., 1996) and animal (Conti et al., 1999; Dolphin
and Mountain, 1992) studies. In contrast to amplitude modulated ASSR
stimuli, click stimuli activate greater areas of the primary auditory
cortex leading to higher amplitudes (O’Donnell et al., 2013b). The lo-
calisation of contributing brain structures is frequency specific. High
synchronous oscillations elicited by frequencies modulated above 80 Hz
are generated solely by the brainstem (Herdman et al., 2002) but fre-
quencies in the low gamma range (30–40 Hz) also have components
generated by the primary auditory cortex (Pantev et al., 1996).

Phase synchronicity of generated ERP’s from a 40 Hz stimulus has
been observed to be delayed in onset with delayed desynchronization in
patients diagnosed with SZ (Hong et al., 2004). This appears unrelated
to pharmacological treatment as these findings have been replicated in
patients during first episodes (Spencer et al., 2008) and in first degree
relatives (Rass et al., 2012). Phase locking of the ASSR is reduced in SZ
in comparison to healthy controls for a 40 Hz frequency modulation
whereas no differences were observed for 20 or 30 Hz frequency
modulations (Hirano et al., 2015). There is some debate as to whether
ASSR deficits are related to the presence of auditory hallucinations
(Hirano et al., 2015; O’Donnell et al., 2013b) or not (Griskova-Bulanova
et al., 2016). Observed ASSR SZ related deficits in frequency processing
are likely to relate to the reduction in grey matter volume of the su-
perior temporal gyrus where the auditory cortex is situated. Post-
mortem tissue analysis of SZ patients has confirmed the reduction of
temporal pyramidal neurons in the primary and secondary auditory
cortices (Sweet et al., 2003). Furthermore, abnormalities in parval-
bumin-expressing basket cells have also been proposed as source for the
altered gamma oscillations observed in SZ (Lewis et al., 2012; Sohal
et al., 2009).

Agonists for the GABAergic system have been observed to attenuate
the 40 Hz ASSR indicating a role for GABA in auditory processing
(Jääskeläinen et al., 1999; Plourde et al., 2008). Reduced amplitude
ASSRs have also been associated with an upregulation of GABA, char-
acteristic of SZ (Brambilla et al., 2003; Deng and Huang, 2006). The
influence of GABA on the ASSR is a component in the reduction of
phase locking (Griskova-Bulanova et al., 2013) and the decreasing
synchronisation of high gamma with advancing age (Goossens et al.,
2016). In contrast to healthy aging, AD is associated with enhanced
ASSR in the low gamma range (Di Lazzaro et al., 2004; Osipova et al.,
2006; van Deursen et al., 2011) and this is attributed to disinhibition of
the GABAergic system (Limon et al., 2012). The changes measured in
advanced AD patients appears to be related to temporal lobe neuro-
degeneration as the auditory processing deficit does not appear to be
present at earlier stages of the illness when the temporal lobe is func-
tional and largely unaffected (Villeneuve et al., 2017).

For the PRISM studies, EEG activity in the gamma range will be
assessed in response to auditory oddball stimuli. Subjects will be asked
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to fixate on a point on the monitor and asked to count the number of
rare tones (10% @ 1000 Hz) that will be presented amongst more fre-
quent stimuli (90% @ 1000 Hz modulated by a 40 Hz sinusoid). As we
usually generate ASSR using clicks and as amplitude modulation was
used instead, in order to limit hearing issues in the elderly the efficacy
of this type of sound to generate ASSR was first verified in population B
(Biotrial data on file). A total of 110 tones were presented, each tone
lasting 2 s (Tan et al., 2015). The ISI varied randomly from 3.3 to 3.7 s
with the sound level of each stimulus set at 78 dB. The duration of this
task is approximately 7min.

Artefact rejection will be performed by rejecting epochs for which
the signal amplitude exceeds 75μV within the −500 to+2000ms of
the trigger. By using this period, the time course of both the evoked and
induced power in the gamma band will be estimated on a 35–45 Hz
band of interest between a −450 to 1950ms period. The evoked or
induced power will be averaged on a 500–1950ms period. The 1000 Hz
carrier modulated at 40 Hz elicits a robust response in gamma band in
healthy subjects (Biotrial data on file). Evoked gamma is more pro-
nounced using click presentations rather than a modulated 1KHz si-
nusoid. As the clinical population under test will also contain elderly
individuals, where hearing loss across high frequencies are common, it
is preferred to use narrow spectrum sounds. ASSR will be analysed as
inter-trial coherence per hemisphere with a source modelling approach
according to a robust model previously developed (Edgar et al., 2017).

2.6. Facial emotions processing

Social cognition and social functioning are impaired in SZ (Barkhof
et al., 2015; Langdon et al., 2014) and in AD (Belfort et al., 2017; Bora
and Yener, 2017). These functions will be probed by the Facial Emotion
Recognition Task that will be used with fMRI and repeated with EEG
and recording ERPs on a separate session (see Table 2). At the end, the
spatial resolution of fMRI and the time resolution of ERPs will be both
used in the global analysis.

The networks involved in emotional processing include the amyg-
dala, hypothalamus, meso-corticolimbic dopaminergic system, orbito-
frontal, dorsolateral prefrontal and temporal cortices and parts of the
parietal cortex (Adolphs et al., 1996; Breiter et al., 1996; LeDoux, 1995;
Sprengelmeyer et al., 1998). From observations derived from CNS le-
sions, PET and functional MRI studies that have focused on the spatial
dimension of the response, the temporal properties of the ERP’s have
been defined. An early and automatic processing stage (P100), corre-
sponding to a perceptive stage peaks at the occipital electrodes and is
modulated by attentional processing (Luck et al., 2000). This is closely

followed by a vertex positive occiput-negative ERP component (N170)
that corresponds to the structural encoding of the face (Eimer, 2000).
The magnitude of this wave is increased with emotional faces when
compared to neutral faces (Batty and Taylor, 2003; Holmes et al., 2008;
Rellecke et al., 2012) and appears to involve the middle fusiform gyrus
(Haxby et al., 2000).

Modulation of the magnitude of N170 has been replicated (Munk
et al., 2016) and the later potentials involved in the affect recognition
have also been reliably reproduced (Herbert et al., 2008; Rellecke et al.,
2012; Schupp et al., 2006). The 200–300ms domain represents a se-
lective attentional surge (Schupp et al., 2006) and is associated with
increased visual attention. Its maximal response occurs in temporo-
occipital regions and is more pronounced for emotionally valenced
faces either negatively or positively. The final component is the late
posterior potential (LPP) which occurs under the centro-parietal elec-
trodes around 300ms from stimulus onset and corresponds to the later
processing stages of emotionally salient material: stimulus representa-
tion in working memory and late cognitive emotional processing
(Rellecke et al., 2012). Similar to the early posterior negativity (EPN),
LPP waves are enhanced by valence stimuli and show a greater en-
hancement for fear, suggesting a two-step processing for facilitation and
processing. A network analysis by MEG shows a right prefrontal cortex
bottom-up and a top-down coupling bilateral to occipito-parietal cor-
tices (Moradi et al., 2017; Moratti et al., 2011).

The face stimuli, provided by P1Vital (UK), comprises of one hun-
dred and sixty coloured photographs with the faces of 40 different in-
dividuals (20 female and 20 male) displaying four expressions (neutral,
happy, sad and afraid). A mask with an ellipsoid aperture is applied to
all stimuli, so that only the facial areas are visibleand all stimuli are
presented on the center of the screen on a black background. Each face
stimuli will be presented twice. Subjects will be placed at a fixed po-
sition from the screen (150 cm) and instructed to direct their eyes and
attention towards the computer screen to avoid movements and blinks
during the task and to give answers as accurately and quickly as pos-
sible. During the test session, lasting approximately 15min, each sub-
ject will view a total of 320 photographs and will have to decide if the
person on each photograph is a male or a female by pressing on a re-
levant (left or right) button from a pad. Each trial will proceed in the
following sequence: a fixation cross on a black background presented
for a variable interval from 800 to 1200ms, a face stimulus presented
during 1500ms and a black screen for 1000ms. Answers given during
the stimulus presentation or during the black screen will be recorded.
Subjects will be presented a total of 320 trials, with 80 trials of each
emotional face category. The order in which the faces will be presented
will be pseudo randomly assigned.

The ERP time windows and ROI’s were selected based on prior
studies using emotional face stimuli (Batty and Taylor, 2003; Rellecke
et al., 2013, 2012; Schupp et al., 2006; Sfärlea et al., 2016) and visual
inspection of grand averages. The P100 and N170 peak amplitudes
(mean peak amplitudes± 20ms around peak) and peak latencies, as
well as EPN and LPP mean amplitudes, are exported from the averaged
ERPs for all tasks and all emotional categories. The P100 positive peak
amplitude are automatically detected between 80ms and 130ms after
stimulus onset at the left electrode (Electrical Geodesics, Inc. Eugene,
Oregon, 2018), reference (EGR: 65, 69, 70) and right (EGR: 83, 89, 90)
occipital electrode clusters. The N170 negative peak amplitudes are
automatically detected between 140ms and 180ms after stimulus onset
at left (EGR: 50, 57, 58, 64) and right (EGR: 95, 96, 100, 101) parieto-
occipital electrode clusters. The EPN mean amplitudes are measured
from 220ms to 300ms post-stimulus at bilateral parieto-occipital
electrode clusters (left EGR: 58, 59, 65, 69, 70; right EGR: 83, 89, 90,
91, 96).

After examination of grand averages, it was decided to quantify the
LPP in two successive time windows (for a similar approach see
Cuthbert et al., 2000; Solomon et al., 2012). Mean amplitudes of the
LPP will be measured in an early time window from 400ms to 600ms

Table 2
Sequence of events and EEG duration per day during PRISM (note that first and
second test day are not consecutive).

Day of
assessment

Screening First test day Second test day

Events in
sequential
order

Demographics
and medical
history
Rating scales
MRI
Tonal audiometry
Behavioral
assessments

Questionnaires
MRI T1 structural
fMRI (MSID and
N-Back)
Resting state EEG
Passive auditory
MMN eyes closed
Auditory Steady
State Response
ERP-FEP

Questionnaires
MRI T1 structural
fMRI (FEP, DTI,
Virtual Morris water
maze, Arterial Spin
Labeling)
Passive auditory
MMN eyes open
Auditory oddball
P300
P300 visual

Maximum
duration of
the EEG
session
(minutes)

– 50 35

MSID: Monetary and Social Incentive Delay; DTI: Diffusion Tensor Imaging.
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post-stimulus, as well as in a later time window between 600 and
900ms post-stimulus at a centro-parietal electrode cluster (EGR: 31, 37,
54, 55, 62, 79, 80, 87, 129). Within the EGRs, ERPs from single elec-
trodes will be averaged. All groups should not differ significantly in the
number of trials averaged across electrodes within the respective ROIs
for each ERP component and each condition (all p > 0.05). EEG will
be continuously recorded during the test sessions and analyses will be
performed to obtain for each subject, averaged ERPs in response to each
emotion category calculated from the 80 trials. As a basic analysis, four
ERP components will be studied: P100, N170, EPN and LPP. For P100
and N170, peak amplitudes and peak latencies as well as for EPN mean
amplitudes. LPP will be submitted to a similar analysis having shown
reciprocal interactions between occipito-parietal and prefrontal cortices
by using Granger causality, similarly to Moratti et al. (2011).

3. General operational aspects

An identical EEG acquisition system will be employed for all the
testing at the multiple clinical sites. The system includes an EEG am-
plifier and a computerized stimulation module (for visual and auditory
stimuli). Raw data will be recorded using an eego™ sports system
(amplifier and software) from ANT neuro which provides amplification,
filtering and sampling of the electrophysiological signal for up to 59
monopolar EEG channels and 2 bipolar EOG used for artefact rejection.
The signal will be digitized on 24 bits. The sampling frequency will be
set at 2048 Hz. Electromagnetic noise due to main power supply will be
removed using a digital narrow 50 Hz centered notch filter. The EEG
signal will be collected using Waveguard EEG caps from ANTneuro in
which all electrodes are placed according to the International 10-10
electrode placement standard (Waveguard CA-202).

The computerized stimulation module was developed using E-prime
software (Psychology Software Tools, Inc. USA). This module will de-
liver auditory (frequent and odd sounds for the auditory oddball P300,
standard and deviant sounds for MMN, stimulation sound for auditory
steady-state potentials) and visual (frequent and odd geometric figures
for visual P300, face photographs expressing different emotions for
FEP) stimuli. EEG acquisition system and stimulation module are linked
and synchronized with 8-bit trigger input. All EEG data, including the
start and stop times and the impedance check will be recorded digitally.

Evaluation of subjects hearing thresholds will be conducted during
the screening phase using an automated pure tone audiometry test
developed using E-prime. Hearing threshold determination will be
conducted three times by alternatively increasing and decreasing sound
pressures. The headset used (Sennheiser HD 25-1 II) and sound card
(Edirol UA25) were previously calibrated with an artificial ear (Brüel &
Kjær) and gain value measured on the same sound generator-headset
employed in the study.

To reduce the burden of testing, the protocol is distributed across
three days (screening, first day and second day of testing) during which
the sequence of the tests was optimized to limit monotony and sleepi-
ness as well as cognitive load by alternating passive and active tasks.
The content and sequence of tests is described in Table 2.

4. Discussion

Although the approach of PRISM is complex, it reflects the hetero-
geneity of psychiatric and neurodegenerative diseases affecting mul-
tiple functions and brain circuitries. It also moves away from the clin-
ical phenomenology to get closer to biolology (Kas et al., 2017). Indeed,
progresses have been made in identifying the clinical features of schi-
zophrenia, starting with acute symptoms, negative symptoms and then
cognitive impairment which have lagged in time and so did therapies.
The multidimensional approach used here is required to identify re-
lationships between symptoms and to identify phenotypes possibly
leading to individualized medicine. Many studies have compared var-
ious biomarkers of endophenotypes between affected and controls,

sometimes relatives, but fewer have used multiple domains such as
fMRI, behavior, scales and electrophysiology. Clementz et al. (2016)
identified three neurobiologically distinct subtypes of schizophrenia
(biotypes) in a study with 711 individuals with schizophrenia, 883 first
degree relatives and 278 subjects combining clinical scoring, ERPs and
voxel-based morphometry with MRI. These biologically distinct phe-
notypes did not respect the clinical boundaries and interestingly, the 3
biotypes had different levels of social functioning using the Birchwood
Scale (Birchwood et al., 1990) which varied in an opposite manner
when compared to the Positive and Negative Symptoms Subscale
(PANSS) score. This may be suggestive of a relationship between
biology and social functioning.

The biological substrate of social withdrawal is unclear. As there is
no direct study, it is almost easier to define what social withdrawal is
not. The overall cognitive impairment is present before the onset of SZ
(Carrión et al., 2018) and in first degree relatives of the same age
(Keshavan et al., 2009) progressing over time, while genetic studies
have not identified one gene mutation but many of them (Smeland and
Andreassen, 2018). Cluster analyses of SZ using clinical scales and
cognitive testing have found evidences of four to five clusters in an
inconclusive manner (Seaton et al., 2001) or in another study (Ahmed
et al., 2018) three clusters from the pattern of negative symptoms.

There are numerous sensory processing abnormalities which cor-
relate with the clinical diagnosis itself (see Table 1) that are present in
different pathologies: SZ (Bilder et al., 2000; Hughes et al., 2003; White
et al., 1997), AD (Reichman et al., 1996; Reichman and Negron, 2001)
and MDD (Galynker et al., 2000; Gerbaldo et al., 1995; Kulhara and
Chadda, 1987). The same reasoning would apply to the study of social
withdrawal by broadening of the study population to distinct disorders
and analyzing the relationships between all parameters and social
withdrawal.

In this study, many biomarkers are obtained using electrophysiology
and some with other methods. In a way, these have already been used
for decades but improvements have either gone using multidimensional
analyses of ERP or advanced analyses of signal-like source localization
for MMN (Tsolaki et al., 2017), connectivity of spontaneous or induced
gamma oscillations (Andreou et al., 2015b) or of any EEG band. Some
authors (Ethridge et al., 2015) combined qEEG with oddball, collecting
N1, P1 and P300. They found two principal components one shared and
one not between 229 schizophrenics, 188 bipolar disorder patients and
284 controls. So, the same approach will be used with more advanced
signal processing and a global approach bridging imaging with elec-
trophysiology, cognitive and behavioral testing therefore learning from
the latest evidences in the heterogeneity of pathologies.

5. Conclusions

The electrophysiologic techniques and sensory processing para-
meters outlined above will allow the proper exploration of the re-
lationship between; social withdrawal, with and across current diag-
nostic classification, and the fundamental underlying biology.
Contrasting the subpopulations of high and low social withdrawal may
well point to domains closely associated with sensory processing ab-
normalities alone or interdependent with parameters derived in dif-
ferent areas of measurement elsewhere in the study. This in turn will
allow biomarkers to be identified and explored that will inform as to
these “construct” differences that underlie the apparent “face validity”
apparent in the clinical similarities in the dimension of interest, social
withdrawal. Further replications will be necessary to confirm the ro-
bustness of any such novel findings. Therefore the detailed metho-
dology provided here will ease future comparisons and the replication
in other cohorts and populations of interest. The results of this study
will thus provide the framework with which to expand our under-
standing of what drives social withdrawal in a transnosographic
manner, which so far is terra incognita.

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

78



Acknowledgements

We would like to express our gratitude to Gerry Dawson, Amy
Bilderbeck and Philippe Lhostis for their expert contribution and the
European Innovative Medicine Initiative for funding. The PRISM pro-
ject (http://www.prism-project.eu) leading to this application has re-
ceived funding from the Innovative Medicines Initiative 2 Joint
Undertaking under grant agreement number: 115916. This Joint
Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme and EFPIA.

References

Adler, Bektas, Ko-Inoshishi, Tracik, 2009. Prediction of treatment response to rivas-
tigmine in parkinson’s disease dementia. Alzheimer’s Demen. 5, 252.

Adolphs, R., Damasio, H., Tranel, D., Damasio, A.R., 1996. Cortical systems for the re-
cognition of emotion in facial expressions. J. Neurosci. 16, 7678–7687.

Ahmed, A.O., Strauss, G.P., Buchanan, R.W., Kirkpatrick, B., Carpenter, W.T., 2018.
Schizophrenia heterogeneity revisited: clinical, cognitive, and psychosocial correlates
of statistically-derived negative symptoms subgroups. J. Psychiatr. Res. 97, 8–15.
https://doi.org/10.1016/j.jpsychires.2017.11.004.

Albers, M.W., Gilmore, G.C., Kaye, J., Murphy, C., Wingfield, A., Bennett, D.A., Boxer,
A.L., Buchman, A.S., Cruickshanks, K.J., Devanand, D.P., Duffy, C.J., Gall, C.M.,
Gates, G.A., Granholm, A.-C., Hensch, T., Holtzer, R., Hyman, B.T., Lin, F.R., McKee,
A.C., Morris, J.C., Petersen, R.C., Silbert, L.C., Struble, R.G., Trojanowski, J.Q.,
Verghese, J., Wilson, D.A., Xu, S., Zhang, L.I., 2015. At the interface of sensory and
motor dysfunctions and Alzheimer’s disease. Alzheimers Demen. 11, 70–98. https://
doi.org/10.1016/j.jalz.2014.04.514.

Alperin, B.R., Mott, K.K., Holcomb, P.J., Daffner, K.R., 2014. Does the age-related
“anterior shift” of the P3 reflect an inability to habituate the novelty response?
Neurosci. Lett. 577, 6–10. https://doi.org/10.1016/j.neulet.2014.05.049.

Andreou, C., Nolte, G., Leicht, G., Polomac, N., Hanganu-opatz, I.L., Lambert, M., Engel,
A.K., Mulert, C., 2015a. Increased Resting-State Gamma-Band Connectivity in First-
Episode Schizophrenia 41, 930–939. doi:10.1093/schbul/sbu121.

Andreou, C., Nolte, G., Leicht, G., Polomac, N., Hanganu-Opatz, I.L., Lambert, M., Engel,
A.K., Mulert, C., 2015b. Increased resting-state gamma-band connectivity in first-
episode schizophrenia. Schizophr. Bull. 41, 930–939. https://doi.org/10.1093/
schbul/sbu121.

Antonakakis, M., Zervakis, M., van Beijsterveldt, C.E.M., Boomsma, D.I., De Geus, E.J.C.,
Micheloyannis, S., Smit, D.J.A., 2016. Genetic effects on source level evoked and
induced oscillatory brain responses in a visual oddball task. Biol. Psychol. 114,
69–80. https://doi.org/10.1016/j.biopsycho.2015.12.006.

Aoki, Y., Ishii, R., Pascual-Marqui, R.D., Canuet, L., Ikeda, S., Hata, M., Imajo, K.,
Matsuzaki, H., Musha, T., Asada, T., Iwase, M., Takeda, M., 2015. Detection of EEG-
resting state independent networks by eLORETA-ICA method. Front. Hum. Neurosci.
9, 1–12. https://doi.org/10.3389/fnhum.2015.00031.

Ardekani, B.A., Choi, S.J., Hossein-Zadeh, G.A., Porjesz, B., Tanabe, J.L., Lim, K.O.,
Bilder, R., Helpern, J., Begleiter, H., 2002. Functional magnetic resonance imaging of
brain activity in the visual oddball task. Brain Res. Cogn. Brain Res. 14, 347–356.
https://doi.org/10.1016/S0926-6410(02)00137-4.

Arnott, S.R., Alain, C., 2002. Stepping out of the spotlight: MMN attenuation as a function
of distance from the attended location. Neuroreport 13, 2209–2212. https://doi.org/
10.1097/00001756-200212030-00009.

Asaumi, Y., Morita, K., Nakashima, Y., Muraoka, A., Uchimura, N., 2014. Evaluation of
P300 components for emotion-loaded visual event-related potential in elderly sub-
jects, including those with dementia. Psychiatry Clin. Neurosci. 68, 558–567. https://
doi.org/10.1111/pcn.12162.

Babiloni, C., Ferri, R., Moretti, D.V., Strambi, A., Binetti, G., Dal Forno, G., Ferreri, F.,
Lanuzza, B., Bonato, C., Nobili, F., Rodriguez, G., Salinari, S., Passero, S., Rocchi, R.,
Stam, C.J., Rossini, P.M., 2004. Abnormal fronto-parietal coupling of brain rhythms
in mild Alzheimer’s disease: a multicentric EEG study. Eur. J. Neurosci. 19,
2583–2590. https://doi.org/10.1111/j.0953-816X.2004.03333.x.

Babiloni, C., Frisoni, G.B., Pievani, M., Vecchio, F., Lizio, R., Buttiglione, M., Geroldi, C.,
Fracassi, C., Eusebi, F., Ferri, R., Rossini, P.M., 2009. Hippocampal volume and
cortical sources of EEG alpha rhythms in mild cognitive impairment and Alzheimer
disease. Neuroimage 44, 123–135. https://doi.org/10.1016/j.neuroimage.2008.08.
005.

Babiloni, C., De Pandis, M.F., Vecchio, F., Buffo, P., Sorpresi, F., Frisoni, G.B., Rossini,
P.M., 2011. Cortical sources of resting state electroencephalographic rhythms in
Parkinson’s disease related dementia and Alzheimer’s disease. Clin. Neurophysiol.
122, 2355–2364. https://doi.org/10.1016/j.clinph.2011.03.029.

Babiloni, C., Del Percio, C., Caroli, A., Salvatore, E., Nicolai, E., Marzano, N., Lizio, R.,
Cavedo, E., Landau, S., Chen, K., Jagust, W., Reiman, E., Tedeschi, G., Montella, P.,
De Stefano, M., Gesualdo, L., Frisoni, G.B., Soricelli, A., 2016a. Cortical sources of
resting state EEG rhythms are related to brain hypometabolism in subjects with
Alzheimer’s disease: an EEG-PET study. Neurobiol. Aging 48, 122–134. https://doi.
org/10.1016/j.neurobiolaging.2016.08.021.

Babiloni, C., Triggiani, A.I., Lizio, R., Cordone, S., Tattoli, G., Bevilacqua, V., Soricelli, A.,
Ferri, R., Nobili, F., Gesualdo, L., Millán-Calenti, J.C., Buján, A., Tortelli, R.,
Cardinali, V., Barulli, M.R., Giannini, A., Spagnolo, P., Armenise, S., Buenza, G.,
Scianatico, G., Logroscino, G., Frisoni, G.B., Del Percio, C., 2016b. Classification of
single normal and Alzheimer’s disease individuals from cortical sources of resting

state EEG rhythms. Front. Neurosci. 10, 1–18. https://doi.org/10.3389/fnins.2016.
00047.

Bachiller, A., Romero, S., Molina, V., Alonso, J.F., Mañanas, M.A., Poza, J., Hornero, R.,
2015. Auditory P3a and P3b neural generators in schizophrenia: an adaptive
sLORETA P300 localization approach. Schizophr. Res. 169, 318–325. https://doi.
org/10.1016/j.schres.2015.09.028.

Baldeweg, T., Hirsch, S.R., 2015. Mismatch negativity indexes illness-specific impair-
ments of cortical plasticity in schizophrenia: a comparison with bipolar disorder and
Alzheimer’s disease. Int. J. Psychophysiol. 95, 145–155. https://doi.org/10.1016/j.
ijpsycho.2014.03.008.

Barkhof, E., de Sonneville, L.M.J., Meijer, C.J., de Haan, L., 2015. Specificity of facial
emotion recognition impairments in patients with multi-episode schizophrenia.
Schizophr. Res. Cogn. 2, 12–19. https://doi.org/10.1016/j.scog.2015.01.001.

Bartha-Doering, L., Deuster, D., Giordano, V., am Zehnhoff-Dinnesen, A., Dobel, C., 2015.
A systematic review of the mismatch negativity as an index for auditory sensory
memory: from basic research to clinical and developmental perspectives: MMN as an
index for auditory sensory memory. Psychophysiology 52, 1115–1130. https://doi.
org/10.1111/psyp.12459.

Batty, M., Taylor, M.J., 2003. Early processing of the six basic facial emotional expres-
sions. Brain Res. Cogn. Brain Res. 17, 613–620.

Belfort, T., Simões, P., de Sousa Maria Fernanda, B., Raquel Luiza, S., Barbeito, I., Torres,
B., Marcia Cristina, N.D., 2017. The relationship between social cognition and
awareness in Alzheimer disease. J. Geriatr. Psychiatry Neurol. 31, 89198871774358.
https://doi.org/10.1177/0891988717743587.

Bell, I.R., Howerter, A., Jackson, N., Brooks, A.J., Schwartz, G.E., 2012. Multiweek resting
EEG cordance change patterns from repeated olfactory activation with two con-
stitutionally salient homeopathic remedies in healthy young adults. J. Altern.
Complement. Med. 18, 445–453. https://doi.org/10.1089/acm.2011.0931.

Bennington, J.Y., Polich, J., 1999. Comparison of P300 from passive and active tasks for
auditory and visual stimuli. Int. J. Psychophysiol. 34, 171–177. https://doi.org/10.
1016/S0167-8760(99)00070-7.

Berger, H., 1929. Über das elektrenkephalogramm des menschen. Arch. Psychiatr.
Nervenkr. 87, 527–570.

Bestelmeyer, P.E.G., Phillips, L.H., Crombie, C., Benson, P., St Clair, D., 2009. The P300 as
a possible endophenotype for schizophrenia and bipolar disorder: evidence from twin
and patient studies. Psychiatry Res. 169, 212–219. https://doi.org/10.1016/j.
psychres.2008.06.035.

Bhattacharya, B., Sen, Coyle, D., Maguire, L.P., 2011. Alpha and Theta rhythm abnorm-
ality in Alzheimer’s disease: a study using a computational model. Adv. Exp. Med.
Biol. 57–73. https://doi.org/10.1007/978-1-4614-0164-3_6.

Bilder, R.M., Goldman, R.S., Robinson, D., Reiter, G., Bell, L., Bates, J.A., Pappadopulos,
E., Willson, D.F., Alvir, J.M., Woerner, M.G., Geisler, S., Kane, J.M., Lieberman, J.A.,
2000. Neuropsychology of first-episode schizophrenia: initial characterization and
clinical correlates. Am. J. Psychiatry 157, 549–559. https://doi.org/10.1176/appi.
ajp.157.4.549.

Bilderebeck, A.C., Penninx, B.W.J.H., Arango, C., van der Wee, N., Kahn, R., Winter-van
Rossum, I., Hayen, A., Kas, M.J., Post, A., Dawson, G.R., 2018. Overview of the
clinical implementation of a study exploring social withdrawal in patients with
schizophrenia and Alzheimer’s disease. Neurosci Biobehav Rev 2018 Jun 22.
pii:S0149-7634(17)30759-5.

Birchwood, M., Smith, J., Cochrane, R., Wetton, S., Copestake, S., 1990. The Social
Functioning Scale. The development and validation of a new scale of social adjust-
ment for use in family intervention programmes with schizophrenic patients. Br. J.
Psychiatry 157, 853–859.

Bledowski, C., Prvulovic, D., Hoechstetter, K., Scherg, M., Wibral, M., Goebel, R., Linden,
D.E., 2004. Localizing P300 generators in visual target and distractor processing: a
combined event-related potential and functional magnetic resonance imaging study.
J. Neurosci. 24, 9353–9360. https://doi.org/10.1523/JNEUROSCI.1897-04.2004.

Bora, E., Yener, G.G., 2017. Meta-analysis of social cognition in mild cognitive impair-
ment. J. Geriatr. Psychiatry Neurol. 30, 206–213. https://doi.org/10.1177/
0891988717710337.

Braff, D., Light, G., 2004a. Preattentional and attentional cognitive deficits as targets for
treating schizophrenia. Psychopharmacology (Berl.) 174. https://doi.org/10.1007/
s00213-004-1848-0.

Braff, D., Light, G., 2004b. Preattentional and attentional cognitive deficits as targets for
treating schizophrenia. Psychopharmacology (Berl.) 174, 75–85. https://doi.org/10.
1007/s00213-004-1848-0.

Brambilla, P., Perez, J., Barale, F., Schettini, G., Soares, J.C., 2003. GABAergic dysfunc-
tion in mood disorders. Mol. Psychiatry 8, 721–737. https://doi.org/10.1038/sj.mp.
4001362.

Bramon, E., Rabe-Hesketh, S., Sham, P., Murray, R.M., Frangou, S., 2004. Meta-analysis of
the P300 and P50 waveforms in schizophrenia. Schizophr. Res. 70, 315–329. https://
doi.org/10.1016/j.schres.2004.01.004.

Braverman, E.R., Blum, K., 2003. P300 (Latency) event-related potential: an accurate
predictor of memory impairment. Clin. EEG Neurosci. 34, 124–139. https://doi.org/
10.1177/155005940303400306.

Breiter, H.C., Etcoff, N.L., Whalen, P.J., Kennedy, W.A., Rauch, S.L., Buckner, R.L.,
Strauss, M.M., Hyman, S.E., Rosen, B.R., 1996. Response and habituation of the
human amygdala during visual processing of facial expression. Neuron 17, 875–887.

Brenner, C.A., Krishnan, G.P., Vohs, J.L., Ahn, W.-Y., Hetrick, W.P., Morzorati, S.L.,
O’Donnell, B.F., 2009. Steady state responses: electrophysiological assessment of
sensory function in schizophrenia. Schizophr. Bull. 35, 1065–1077. https://doi.org/
10.1093/schbul/sbp091.

Busche, M.A., Kekuš, M., Adelsberger, H., Noda, T., Förstl, H., Nelken, I., Konnerth, A.,
2015. Rescue of long-range circuit dysfunction in Alzheimer’s disease models. Nat.
Neurosci. 18, 1623–1630. https://doi.org/10.1038/nn.4137.

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

79

http://www.prism-project.eu
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0005
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0005
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0010
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0010
https://doi.org/10.1016/j.jpsychires.2017.11.004
https://doi.org/10.1016/j.jalz.2014.04.514
https://doi.org/10.1016/j.jalz.2014.04.514
https://doi.org/10.1016/j.neulet.2014.05.049
https://doi.org/10.1093/schbul/sbu121
https://doi.org/10.1093/schbul/sbu121
https://doi.org/10.1016/j.biopsycho.2015.12.006
https://doi.org/10.3389/fnhum.2015.00031
https://doi.org/10.1016/S0926-6410(02)00137-4
https://doi.org/10.1097/00001756-200212030-00009
https://doi.org/10.1097/00001756-200212030-00009
https://doi.org/10.1111/pcn.12162
https://doi.org/10.1111/pcn.12162
https://doi.org/10.1111/j.0953-816X.2004.03333.x
https://doi.org/10.1016/j.neuroimage.2008.08.005
https://doi.org/10.1016/j.neuroimage.2008.08.005
https://doi.org/10.1016/j.clinph.2011.03.029
https://doi.org/10.1016/j.neurobiolaging.2016.08.021
https://doi.org/10.1016/j.neurobiolaging.2016.08.021
https://doi.org/10.3389/fnins.2016.00047
https://doi.org/10.3389/fnins.2016.00047
https://doi.org/10.1016/j.schres.2015.09.028
https://doi.org/10.1016/j.schres.2015.09.028
https://doi.org/10.1016/j.ijpsycho.2014.03.008
https://doi.org/10.1016/j.ijpsycho.2014.03.008
https://doi.org/10.1016/j.scog.2015.01.001
https://doi.org/10.1111/psyp.12459
https://doi.org/10.1111/psyp.12459
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0110
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0110
https://doi.org/10.1177/0891988717743587
https://doi.org/10.1089/acm.2011.0931
https://doi.org/10.1016/S0167-8760(99)00070-7
https://doi.org/10.1016/S0167-8760(99)00070-7
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0130
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0130
https://doi.org/10.1016/j.psychres.2008.06.035
https://doi.org/10.1016/j.psychres.2008.06.035
https://doi.org/10.1007/978-1-4614-0164-3_6
https://doi.org/10.1176/appi.ajp.157.4.549
https://doi.org/10.1176/appi.ajp.157.4.549
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0155
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0155
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0155
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0155
https://doi.org/10.1523/JNEUROSCI.1897-04.2004
https://doi.org/10.1177/0891988717710337
https://doi.org/10.1177/0891988717710337
https://doi.org/10.1007/s00213-004-1848-0
https://doi.org/10.1007/s00213-004-1848-0
https://doi.org/10.1007/s00213-004-1848-0
https://doi.org/10.1007/s00213-004-1848-0
https://doi.org/10.1038/sj.mp.4001362
https://doi.org/10.1038/sj.mp.4001362
https://doi.org/10.1016/j.schres.2004.01.004
https://doi.org/10.1016/j.schres.2004.01.004
https://doi.org/10.1177/155005940303400306
https://doi.org/10.1177/155005940303400306
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0195
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0195
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0195
https://doi.org/10.1093/schbul/sbp091
https://doi.org/10.1093/schbul/sbp091
https://doi.org/10.1038/nn.4137


Buzsáki, G., Wang, X.-J., 2012. Mechanisms of gamma oscillations. Annu. Rev. Neurosci.
35, 203–225. https://doi.org/10.1146/annurev-neuro-062111-150444.

Caravaglios, G., Costanzo, E., Palermo, F., Muscoso, E.G., 2008. Decreased amplitude of
auditory event-related delta responses in Alzheimer’s disease. Int. J. Psychophysiol.
70, 23–32. https://doi.org/10.1016/j.ijpsycho.2008.04.004.

Caravaglios, G., Castro, G., Costanzo, E., Di Maria, G., Mancuso, D., Muscoso, E.G., 2010.
Theta power responses in mild Alzheimer’s disease during an auditory oddball
paradigm: lack of theta enhancement during stimulus processing. J. Neural Transm.
117, 1195–1208. https://doi.org/10.1007/s00702-010-0488-2.

Carrión, R.E., Walder, D.J., Auther, A.M., McLaughlin, D., Zyla, H.O., Adelsheim, S.,
Calkins, R., Carter, C.S., McFarland, B., Melton, R., Niendam, T., Ragland, J.D., Sale,
T.G., Taylor, S.F., McFarlane, W.R., Cornblatt, B.A., 2018. From the psychosis pro-
drome to the first-episode of psychosis: no evidence of a cognitive decline. J.
Psychiatr. Res. 96, 231–238. https://doi.org/10.1016/j.jpsychires.2017.10.014.

Chang, M., Iizuka, H., Naruse, Y., Ando, H., Maeda, T., 2014a. Unconscious learning of
auditory discrimination using mismatch negativity (MMN) neurofeedback. Sci. Rep.
4, 1–5. https://doi.org/10.1038/srep06729.

Chang, W.-H., Chen, K.-C., Yang, Y.-K., Chen, P.-S., Lu, R.-B., Yeh, T.-L., Wang, C.S.-M.,
Lee, I.-H., 2014b. Association between auditory P300, psychopathology, and memory
function in drug-naïve schizophrenia. Kaohsiung J. Med. Sci. 30, 133–138. https://
doi.org/10.1016/j.kjms.2013.10.003.

Chen, J., Chen, S., Zheng, Y., Ou, Y., 2015. The effect of aging and the high-frequency
auditory threshold on speech-evoked mismatch negativity in a noisy background.
Audiol. Neurotol. 21, 1–11. https://doi.org/10.1159/000441693.

Clark, V.P., Fannon, S., Lai, S., Benson, R., Bauer, L., Baudena, P., et al., 2000. Responses
to rare visual target and distractor stimuli using event-related fMRI. J. Neurophysiol.
83, 3133–3139. https://doi.org/10.1016/0013-4694(95)98476-o.

Clementz, B.A., Sponheim, S.R., Iacono, W.G., Beiser, M., 1994. Resting EEG in first-
episode schizophrenia patients, bipolar psychosis patients, and their first-degree re-
latives. Psychophysiology 31, 486–494.

Clementz, B.A., Sweeney, J.A., Hamm, J.P., Ivleva, E.I., Ethridge, L.E., Pearlson, G.D.,
Keshavan, M.S., Tamminga, C.A., 2016. Identification of distinct psychosis biotypes
using brain-based biomarkers. Am. J. Psychiatry 173, 373–384. https://doi.org/10.
1176/appi.ajp.2015.14091200.

Conti, G., Santarelli, R., Grassi, C., Ottaviani, F., Azzena, G.B., 1999. Auditory steady-state
responses to click trains from the rat temporal cortex. Clin. Neurophysiol. 110,
62–70. https://doi.org/10.1016/S0168-5597(98)00045-8.

Crunelli, V., Hughes, S.W., 2010. The slow (&1 Hz) rhythm of non-REM sleep: a dialogue
between three cardinal oscillators. Nat. Neurosci. 13, 9–17. https://doi.org/10.1038/
nn.2445.

Cuthbert, B.N., Schupp, H.T., Bradley, M.M., Birbaumer, N., Lang, P.J., 2000. Brain po-
tentials in affective picture processing: covariation with autonomic arousal and af-
fective report. Biol. Psychol. 52, 95–111. https://doi.org/10.1016/S0301-0511(99)
00044-7.

Deng, C., Huang, X.-F., 2006. Increased density of GABAA receptors in the superior
temporal gyrus in schizophrenia. Exp. Brain Res. 168, 587–590. https://doi.org/10.
1007/s00221-005-0290-9.

Destexhe, A., Hughes, S.W., Rudolph, M., Crunelli, V., Unit, C.N., Yvette, G., 2010. Europe
PMC Funders Group Are corticothalamic UP states fragments of wakefulness? 30,
334–342. doi:10.1016/j.tins.2007.04.006.Are.

Di Lazzaro, V., Oliviero, A., Pilato, F., Saturno, E., Dileone, M., Marra, C., Daniele, A.,
Ghirlanda, S., Gainotti, G., Tonali, P.A., 2004. Motor cortex hyperexcitability to
transcranial magnetic stimulation in Alzheimer’s disease. J. Neurol. Neurosurg.
Psychiatry 75, 555–559. https://doi.org/10.1136/jnnp.2003.018127.

Di Lorenzo, G., Daverio, A., Ferrentino, F., Santarnecchi, E., Ciabattini, F., Monaco, L.,
Lisi, G., Barone, Y., Di Lorenzo, C., Niolu, C., Seri, S., Siracusano, A., 2015. Altered
resting-state EEG source functional connectivity in schizophrenia: the effect of illness
duration. Front. Hum. Neurosci. 9. https://doi.org/10.3389/fnhum.2015.00234.

Dolphin, W.F., Mountain, D.C., 1992. The envelope following response: scalp potentials
elicited in the Mongolian gerbil using sinusoidally AM acoustic signals. Hear. Res. 58,
70–78.

Duncan, C.C., Barry, R.J., Connolly, J.F., Fischer, C., Michie, P.T., Näätänen, R., Polich, J.,
Reinvang, I., Van Petten, C., 2009. Event-related potentials in clinical research:
guidelines for eliciting, recording, and quantifying mismatch negativity, P300, and
N400. Clin. Neurophysiol. 120, 1883–1908. https://doi.org/10.1016/j.clinph.2009.
07.045.

Edgar, J.C., Fisk IV, C.L., Chen, Y.H., Stone-Howell, B., Hunter, M.A., Huang, M., Bustillo,
J.R., Cañive, J.M., Miller, G.A., 2017. By our bootstraps: comparing methods for
measuring auditory 40 Hz steady-state neural activity. Psychophysiology 54,
1110–1127. https://doi.org/10.1111/psyp.12876.

Eimer, M., 2000. The face-specific N170 component reflects late stages in the structural
encoding of faces. Neuroreport 11, 2319–2324.

Ethridge, L.E., Hamm, J.P., Pearlson, G.D., Tamminga, C.A., Sweeney, J.A., Keshavan,
M.S., Clementz, B.A., 2015. Event-related potential and time-frequency en-
dophenotypes for schizophrenia and psychotic bipolar disorder. Biol. Psychiatry 77,
127–136. https://doi.org/10.1016/j.biopsych.2014.03.032.

Frodl-Bauch, T., Kathmann, N., Möller, H.J., Hegerl, U., 1997. Dipole localization and
test-retest reliability of frequency and duration mismatch negativity generator pro-
cesses. Brain Topogr. 10, 3–8.

Frodl-Bauch, T., Bottlender, R., Hegerl, U., 1999. Neurochemical substrates and neuroa-
natomical generators of the event-related P300. Neuropsychobiology 40, 86–94
doi:26603.

Fujimoto, T., Okumura, E., Takeuchi, K., Kodabashi, A., Otsubo, T., Nakamura, K.,
Kamiya, S., Higashi, Y., Yuji, T., Honda, K., Shimooki, S., Tamura, T., 2013.
Dysfunctional cortical connectivity during the auditory oddball task in patients with
schizophrenia. Open Neuroimag. J. 7, 15–26. https://doi.org/10.2174/

1874440001307010015.
Fulham, W.R., Michie, P.T., Ward, P.B., Rasser, P.E., Todd, J., Johnston, P.J., Thompson,

P.M., Schall, U., 2014. Mismatch negativity in recent-onset and chronic schizo-
phrenia: a current source density analysis. PLoS One 9. https://doi.org/10.1371/
journal.pone.0100221.

Galynker, I.I., Cohen, L.J., Cai, J., 2000. Negative symptoms in patients with major de-
pressive disorder: a preliminary report. Neuropsychiatry Neuropsychol. Behav.
Neurol. 13, 171–176.

Garcés, P., Ángel Pineda-Pardo, J., Canuet, L., Aurtenetxe, S., López, M.E., Marcos, A.,
Yus, M., Llanero-Luque, M., del-Pozo, F., Sancho, M., Maestú, F., 2014. The Default
Mode Network is functionally and structurally disrupted in amnestic mild cognitive
impairment — a bimodal MEG–DTI study. Neuroimage Clin. 6, 214–221. https://doi.
org/10.1016/j.nicl.2014.09.004.

Garrido, M.I., Kilner, J.M., Stephan, K.E., Friston, K.J., 2009. The mismatch negativity: a
review of underlying mechanisms. Clin. Neurophysiol. 120 (Mar (3)), 453–463.

Electrical Geodesics, Inc. Eugene, Oregon, U.F., n.d. No Title.
Gerbaldo, H., Fickinger, M.P., Wetzel, H., Helisch, A., Philipp, M., Benkert, O., 1995.

Primary enduring negative symptoms in schizophrenia and major depression. J.
Psychiatr. Res. 29, 297–302.

Giannitrapani, D., Kayton, L., 1974. Schizophrenia and EEG spectral analysis.
Electroencephalogr. Clin. Neurophysiol. 36, 377–386.

Gianotti, L.R.R., Künig, G., Faber, P.L., Lehmann, D., Pascual-Marqui, R.D., Kochi, K.,
Schreiter-Gasser, U., 2008. Rivastigmine effects on EEG spectra and three-dimen-
sional LORETA functional imaging in Alzheimer’s disease. Psychopharmacology
(Berl.) 198, 323–332. https://doi.org/10.1007/s00213-008-1111-1.

Gilmour, G., Porcelli S., Bertaina-Anglade, V., Arce, E., Dukart, J., Hayen, A., Lobo A.,
Anton, R.L., Merlo Pich E., Pemberton D.J., Havenith M.N., Gkennon J., Harel B.,
Dawson G., Rouba K., Marston H., Seretti A., 2018. Relating constructs of attention
and working memory to social withdrawal in Alzheimer's disease and schizophrenia:
issues regarding paradigm selection. Submitted to Neurosci. Biobehav. Rev.

Goldstein, M.R., Peterson, M.J., Sanguinetti, J.L., Tononi, G., Ferrarelli, F., 2015.
Topographic deficits in alpha-range resting EEG activity and steady state visual
evoked responses in schizophrenia. Schizophr. Res. 168, 145–152. https://doi.org/
10.1016/j.schres.2015.06.012.

Golob, E.J., Ringman, J.M., Irimajiri, R., Bright, S., Schaffer, B., Medina, L.D., Starr, A.,
2009. Cortical event-related potentials in preclinical familial Alzheimer disease.
Neurology 73, 1649–1655.

Goossens, T., Vercammen, C., Wouters, J., Wieringen, A., van, 2016. Aging affects neural
synchronization to speech-related acoustic modulations. Front. Aging Neurosci. 8,
133. https://doi.org/10.3389/fnagi.2016.00133.

Gordon, E., Palmer, D.M., Cooper, N., 2010. EEG alpha asymmetry in schizophrenia,
depression, PTSD, panic disorder, ADHD and conduct disorder. Clin. EEG Neurosci.
41, 178–183. https://doi.org/10.1177/155005941004100404.

Grandy, T.H., Werkle-Bergner, M., Chicherio, C., Schmiedek, F., Lövdén, M.,
Lindenberger, U., 2013. Peak individual alpha frequency qualifies as a stable neu-
rophysiological trait marker in healthy younger and older adults. Psychophysiology
50, 570–582. https://doi.org/10.1111/psyp.12043.

Griskova-Bulanova, I., Dapsys, K., Maciulis, V., 2013. Does brain ability to synchronize
with 40 Hz auditory stimulation change with age. Acta Neurobiol. Exp. 73, 564–570.

Griskova-Bulanova, I., Hubl, D., van Swam, C., Dierks, T., Koenig, T., 2016. Early- and
late-latency gamma auditory steady-state response in schizophrenia during closed
eyes: does hallucination status matter? Clin. Neurophysiol. 127, 2214–2221. https://
doi.org/10.1016/j.clinph.2016.02.009.

Haigh, S.M., Coffman, B.A., Murphy, T.K., Butera, C.D., Salisbury, D.F., 2016. Abnormal
auditory pattern perception in schizophrenia. Schizophr. Res. 176, 473–479. https://
doi.org/10.1016/j.schres.2016.07.007.

Haigh, S.M., Coffman, B.A., Salisbury, D.F., 2017. Mismatch negativity in first-episode
schizophrenia. Clin. EEG Neurosci. 48, 3–10. https://doi.org/10.1177/
1550059416645980.

Hall, M.H., Schulze, K., Rijsdijk, F., Picchioni, M., Ettinger, U., Bramon, E., Freedman, R.,
Murray, R.M., Sham, P., 2006. Heritability and reliability of P300, P50 and duration
mismatch negativity. Behav. Genet. 36, 845–857. https://doi.org/10.1007/s10519-
006-9091-6.

Hamm, J.P., Bobilev, A.M., Hayrynen, L.K., Hudgens-Haney, M.E., Oliver, W.T., Parker,
D.A., McDowell, J.E., Buckley, P.A., Clementz, B.A., 2015. Stimulus train duration
but not attention moderates γ-band entrainment abnormalities in schizophrenia.
Schizophr. Res. 165, 97–102. https://doi.org/10.1016/j.schres.2015.02.016.

Hassainia, F., Petit, D., Nielsen, T., Gauthier, S., Montplaisir, J., 1997. Quantitative EEG
and statistical mapping of wakefulness and REM sleep in the evaluation of mild to
moderate Alzheimer’s disease. Eur. Neurol. 37, 219–224. https://doi.org/10.1159/
000117446.

Haxby, J.V., Hoffman, E.A., Gobbini, M.I., 2000. The distributed human neural system for
face perception. Trends Cogn. Sci. 4, 223–233.

Hedges, D., Janis, R., Mickelson, S., Keith, C., Bennett, D., Brown, B.L., 2016. P300 am-
plitude in Alzheimer’s disease: a meta-analysis and meta-regression. Clin. EEG
Neurosci. 47, 48–55. https://doi.org/10.1177/1550059414550567.

Heekeren, K., Daumann, J., Neukirch, A., Stock, C., Kawohl, W., Norra, C., Waberski,
T.D., Gouzoulis-Mayfrank, E., 2008. Mismatch negativity generation in the human
5HT2A agonist and NMDA antagonist model of psychosis. Psychopharmacology
(Berl.) 199, 77–88. https://doi.org/10.1007/s00213-008-1129-4.

Herbert, C., Junghofer, M., Kissler, J., 2008. Event related potentials to emotional ad-
jectives during reading. Psychophysiology 45, 487–498. https://doi.org/10.1111/j.
1469-8986.2007.00638.x.

Herdman, A.T., Lins, O., Van Roon, P., Stapells, D.R., Scherg, M., Picton, T.W., 2002.
Intracerebral sources of human auditory steady-state responses. Brain Topogr. 15,
69–86.

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

80

https://doi.org/10.1146/annurev-neuro-062111-150444
https://doi.org/10.1016/j.ijpsycho.2008.04.004
https://doi.org/10.1007/s00702-010-0488-2
https://doi.org/10.1016/j.jpsychires.2017.10.014
https://doi.org/10.1038/srep06729
https://doi.org/10.1016/j.kjms.2013.10.003
https://doi.org/10.1016/j.kjms.2013.10.003
https://doi.org/10.1159/000441693
https://doi.org/10.1016/0013-4694(95)98476-o
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0250
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0250
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0250
https://doi.org/10.1176/appi.ajp.2015.14091200
https://doi.org/10.1176/appi.ajp.2015.14091200
https://doi.org/10.1016/S0168-5597(98)00045-8
https://doi.org/10.1038/nn.2445
https://doi.org/10.1038/nn.2445
https://doi.org/10.1016/S0301-0511(99)00044-7
https://doi.org/10.1016/S0301-0511(99)00044-7
https://doi.org/10.1007/s00221-005-0290-9
https://doi.org/10.1007/s00221-005-0290-9
https://doi.org/10.1136/jnnp.2003.018127
https://doi.org/10.3389/fnhum.2015.00234
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0295
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0295
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0295
https://doi.org/10.1016/j.clinph.2009.07.045
https://doi.org/10.1016/j.clinph.2009.07.045
https://doi.org/10.1111/psyp.12876
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0310
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0310
https://doi.org/10.1016/j.biopsych.2014.03.032
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0320
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0320
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0320
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0325
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0325
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0325
https://doi.org/10.2174/1874440001307010015
https://doi.org/10.2174/1874440001307010015
https://doi.org/10.1371/journal.pone.0100221
https://doi.org/10.1371/journal.pone.0100221
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0340
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0340
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0340
https://doi.org/10.1016/j.nicl.2014.09.004
https://doi.org/10.1016/j.nicl.2014.09.004
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0350
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0350
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0360
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0360
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0360
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0365
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0365
https://doi.org/10.1007/s00213-008-1111-1
https://doi.org/10.1016/j.schres.2015.06.012
https://doi.org/10.1016/j.schres.2015.06.012
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0385
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0385
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0385
https://doi.org/10.3389/fnagi.2016.00133
https://doi.org/10.1177/155005941004100404
https://doi.org/10.1111/psyp.12043
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0405
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0405
https://doi.org/10.1016/j.clinph.2016.02.009
https://doi.org/10.1016/j.clinph.2016.02.009
https://doi.org/10.1016/j.schres.2016.07.007
https://doi.org/10.1016/j.schres.2016.07.007
https://doi.org/10.1177/1550059416645980
https://doi.org/10.1177/1550059416645980
https://doi.org/10.1007/s10519-006-9091-6
https://doi.org/10.1007/s10519-006-9091-6
https://doi.org/10.1016/j.schres.2015.02.016
https://doi.org/10.1159/000117446
https://doi.org/10.1159/000117446
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0440
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0440
https://doi.org/10.1177/1550059414550567
https://doi.org/10.1007/s00213-008-1129-4
https://doi.org/10.1111/j.1469-8986.2007.00638.x
https://doi.org/10.1111/j.1469-8986.2007.00638.x
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0460
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0460
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0460


Hinkley, L.B.N., Vinogradov, S., Guggisberg, A.G., Fisher, M., Findlay, A.M., Nagarajan,
S.S., 2011. Clinical symptoms and alpha band resting-state functional connectivity
imaging in patients with schizophrenia: implications for novel approaches to treat-
ment. Biol. Psychiatry 70, 1134–1142. https://doi.org/10.1016/j.biopsych.2011.06.
029.

Hirano, Y., Oribe, N., Kanba, S., Onitsuka, T., Nestor, P.G., Spencer, K.M., 2015.
Spontaneous gamma activity in schizophrenia. JAMA Psychiatry 72, 813–821.
https://doi.org/10.1001/jamapsychiatry.2014.2642.

Holmes, A., Nielsen, M.K., Green, S., 2008. Effects of anxiety on the processing of fearful
and happy faces: an event-related potential study. Biol. Psychol. 77, 159–173.
https://doi.org/10.1016/j.biopsycho.2007.10.003.

Holt, L.E., Raine, A., Pa, G., Schneider, L.S., Henderson, V.W., Pollock, V.E., 1995. P300
topography in Alzheimer’s disease. Psychophysiology 32, 257–265.

Hong, L.E., Summerfelt, A., McMahon, R., Adami, H., Francis, G., Elliott, A., Buchanan,
R.W., Thaker, G.K., 2004. Evoked gamma band synchronization and the liability for
schizophrenia. Schizophr. Res. 70, 293–302. https://doi.org/10.1016/j.schres.2003.
12.011.

Hornix, B.E., Havekes, R., Kas, M.J.H., 2018. Multisensory cortical processing and dys-
function across the neuropsychiatric spectrum. Neurosci. Biobehav. Rev 2018 Feb 26.
pii: S0149-7634(17)30713-3.

Howe, A.S., Bani-Fatemi, A., De Luca, V., 2014. The clinical utility of the auditory P300
latency subcomponent event-related potential in preclinical diagnosis of patients
with mild cognitive impairment and Alzheimer’s disease. Brain Cogn. 86, 64–74.
https://doi.org/10.1016/j.bandc.2014.01.015.

Huang, W.J., Chen, W.W., Zhang, X., 2015. The neurophysiology of P 300—an integrated
review. Eur. Rev. Med. Pharmacol. Sci. 19 (April (8)), 1480–1488.

Huffmeijer, R., Bakermans-Kranenburg, M.J., Alink, L.R.A., van IJzendoorn, M.H., 2014.
Reliability of event-related potentials: the influence of number of trials and elec-
trodes. Physiol. Behav. 130, 13–22. https://doi.org/10.1016/j.physbeh.2014.03.008.

Hughes, L.E., Rowe, J.B., 2013. The impact of neurodegeneration on network con-
nectivity: a study of change detection in frontotemporal dementia. J. Cogn. Neurosci.
25, 802–813. https://doi.org/10.1162/jocn_a_00356.

Hughes, C., Kumari, V., Soni, W., Das, M., Binneman, B., Drozd, S., O’Neil, S., Mathew, V.,
Sharma, T., 2003. Longitudinal study of symptoms and cognitive function in chronic
schizophrenia. Schizophr. Res. 59, 137–146.

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D.S., Quinn, K., Sanislow, C., Wang,
P., 2010. Research domain criteria (RDoC): toward a new classification framework
for research on mental disorders. Am. J. Psychiatry 167, 748–751. https://doi.org/
10.1176/appi.ajp.2010.09091379.

Itil, T.M., 1978. Qualitative and quantitative EEG-findings in schizophrenia (author's
transl). EEG. EMG. Z. Elektroenzephalogr. Elektromyogr. Verwandte Geb. 9, 1–13.

Itil, T.M., Saletu, B., Davis, S., 1972. EEG findings in chronic schizophrenics based on
digital computer period analysis and analog power spectra. Biol. Psychiatry 5, 1–13.

Jääskeläinen, I.P., Hirvonen, J., Saher, M., Pekkonen, E., Sillanaukee, P., Näätänen, R.,
Tiitinen, H., 1999. Benzodiazepine temazepam suppresses the transient auditory 40-
Hz response amplitude in humans. Neurosci. Lett. 268, 105–107. https://doi.org/10.
1016/S0304-3940(99)00393-6.

Jackson, C.E., Snyder, P.J., 2008. Electroencephalography and event-related potentials as
biomarkers of mild cognitive impairment and mild Alzheimer’s disease. Alzheimer’s
Demen. 4, S137–S143. https://doi.org/10.1016/j.jalz.2007.10.008.

Javitt, D.C., Sweet, R.A., 2015. Auditory dysfunction in schizophrenia: integrating clinical
and basic features. Nat. Rev. Neurosci. 16, 535–550. https://doi.org/10.1038/
nrn4002.

Jelic, V., Johansson, S.E., Almkvist, O., Shigeta, M., Julin, P., Nordberg, A., Winblad, B.,
Wahlund, L.O., 2000. Quantitative electroencephalography in mild cognitive im-
pairment: longitudinal changes and possible prediction of Alzheimer’s disease.
Neurobiol. Aging 21, 533–540.

Jelles, B., Scheltens, P., van der Flier, W.M., Jonkman, E.J., da Silva, F.H.L., Stam, C.J.,
2008. Global dynamical analysis of the EEG in Alzheimer’s disease: frequency-specific
changes of functional interactions. Clin. Neurophysiol. 119, 837–841. https://doi.
org/10.1016/j.clinph.2007.12.002.

Jeong, J., 2004. EEG dynamics in patients with Alzheimer’s disease. Clin. Neurophysiol.
115, 1490–1505. https://doi.org/10.1016/j.clinph.2004.01.001.

Jetha, M.K., Schmidt, L.A., Goldberg, J.O., 2009. Long-term stability of resting frontal
EEG alpha asymmetry and power in a sample of stable community outpatients with
schizophrenia. Int. J. Psychophysiol. 72, 228–233. https://doi.org/10.1016/j.
ijpsycho.2008.12.011.

Jobert, M., Wilson, F.J., Ruigt, G.S.F., Brunovsky, M., Prichep, L.S., Drinkenburg,
W.H.I.M., IPEG Pharmaco-EEG Guidelines Committee, 2012. Guidelines for the re-
cording and evaluation of Pharmaco-EEG data in man: the international Pharmaco-
EEG society (IPEG). Neuropsychobiology 66, 201–220. https://doi.org/10.1159/
000343478.

Kärgel, C., Sartory, G., Kariofillis, D., Wiltfang, J., Müller, B.W., 2014. Mismatch nega-
tivity latency and cognitive function in schizophrenia. PLoS One 9, e84536. https://
doi.org/10.1371/journal.pone.0084536.

Kas, M.J., Penninx, B., Sommer, B., Serretti, A., Arango, C., Marston, H., 2017. A quan-
titative approach to neuropsychiatry: The why and the how. Neurosci. Biobehav. Rev
Dec 12. pii: S0149-7634(17)30534-1.

Kasai, K., Shenton, M.E., Salisbury, D.F., Hirayasu, Y., Onitsuka, T., Spencer, M.H.,
Yurgelun-Todd, D.A., Kikinis, R., Jolesz, F.A., McCarley, R.W., 2003. Progressive
decrease of left Heschl gyrus and planum temporale gray matter volume in first-
episode schizophrenia: a longitudinal magnetic resonance imaging study. Arch. Gen.
Psychiatry 60 (Aug (8)), 766–775.

Katada, A., Hasegawa, S., Ohira, D., Kumagai, T., Harashima, T., Ozaki, H., Suzuki, H.,
2000. On chronological changes in the basic EEG rhythm in persons with Down
syndrome - with special reference to slowing of alpha waves. Brain Dev. 22, 224–229.

Katayama, J., Polich, J., 1999. Auditory and visual P300 topography from a 3 stimulus
paradigm. Clin. Neurophysiol. 110, 463–468.

Kathmann, N., Frodl-Bauch, T., Hegerl, U., 1999. Stability of the mismatch negativity
under different stimulus and attention conditions. Clin. Neurophysiol. 110, 317–323.

Keshavan, M.S., Kulkarni, S., Bhojraj, T., Francis, A., Diwadkar, V., Montrose, D.M.,
Seidman, L.J., Sweeney, J., 2009. Premorbid cognitive deficits in young relatives of
schizophrenia patients. Front. Hum. Neurosci. 3, 62. https://doi.org/10.3389/neuro.
09.062.2009.

Kiehl, K.A., Liddle, P.F., 2001. An event-related functional magnetic resonance imaging
study of an auditory oddball task in schizophrenia. Schizophr. Res. 48, 159–171.

Kikuchi, M., Hashimoto, T., Nagasawa, T., Hirosawa, T., Minabe, Y., Yoshimura, M., Strik,
W., Dierks, T., Koenig, T., 2011. Frontal areas contribute to reduced global co-
ordination of resting-state gamma activities in drug-naïve patients with schizo-
phrenia. Schizophr. Res. 130, 187–194. https://doi.org/10.1016/j.schres.2011.06.
003.

Kim, M.-S., Kang, S.-S., Youn, T., Kang, D.-H., Kim, J.-J., Kwon, J.S., 2003.
Neuropsychological correlates of P300 abnormalities in patients with schizophrenia
and obsessive-compulsive disorder. Psychiatry Res. 123, 109–123.

Kim, D.-W., Kim, H.-S., Lee, S.-H., Im, C.-H., 2013. Positive and negative symptom scores
are correlated with activation in different brain regions during facial emotion per-
ception in schizophrenia patients: a voxel-based sLORETA source activity study.
Schizophr. Res. 151, 165–174. https://doi.org/10.1016/j.schres.2013.10.025.

Kim, J.W., Lee, Y.S., Han, D.H., Min, K.J., Lee, J., Lee, K., 2015. Diagnostic utility of
quantitative EEG in un-medicated schizophrenia. Neurosci. Lett. 589, 126–131.
https://doi.org/10.1016/j.neulet.2014.12.064.

Knight, R.T., Scabini, D., Woods, D.L., Clayworth, C.C., 1989. Contributions of temporal-
parietal junction to the human auditory P3. Brain Res. 502, 109–116.

Knott, V., Bradford, L., Dulude, L., Millar, A., Alwahabi, F., Lau, T., Shea, C., Wiens, A.,
2003. Effects of stimulus modality and response mode on the P300 event-related
potential differentiation of young and elderly adults. Clin. Electroencephalogr. 34,
182–190.

Koenig, T., Prichep, L., Dierks, T., Hubl, D., Wahlund, L.O., John, E.R., Jelic, V., 2005.
Decreased EEG synchronization in Alzheimer’s disease and mild cognitive impair-
ment. Neurobiol. Aging 26, 165–171. https://doi.org/10.1016/j.neurobiolaging.
2004.03.008.

Kulhara, P., Chadda, R., 1987. A study of negative symptoms in schizophrenia and de-
pression. Compr. Psychiatry 28, 229–235. https://doi.org/10.1016/0010-440X(87)
90029-0.

Kutas, M., Hillyard, S.A., Volpe, B.T., Gazzaniga, M.S., 1990. Late positive event-related
potentials after commissural section in humans. J. Cogn. Neurosci. 2, 258–271.
https://doi.org/10.1162/jocn.1990.2.3.258.

Langdon, R., Connors, M.H., Connaughton, E., 2014. Social cognition and social judgment
in schizophrenia. Schizophr. Res. Cogn. 1, 171–174. https://doi.org/10.1016/j.scog.
2014.10.001.

LeDoux, J.E., 1995. Emotion: clues from the brain. Annu. Rev. Psychol. 46, 209–235.
https://doi.org/10.1146/annurev.ps.46.020195.001233.

Lee, K.H., Williams, L.M., Haig, A., Gordon, E., 2003. “Gamma (40 Hz) phase synchro-
nicity” and symptom dimensions in schizophrenia. Cogn. Neuropsychiatry 8 (Feb
(1)), 57–71.

Legget, K.T., Hild, A.K., Steinmetz, S.E., Simon, S.T., Rojas, D.C., 2017. MEG and EEG
demonstrate similar test-retest reliability of the 40Hz auditory steady-state response.
Int. J. Psychophysiol. 114, 16–23. https://doi.org/10.1016/j.ijpsycho.2017.01.013.

Leuchter, A.F., Cook, I.A., Mena, I., Dunkin, J.J., Cummings, J.L., Newton, T.F., Migneco,
O., Lufkin, R.B., Walter, D.O., Lachenbruch, P.A., 1994. Assessment of cerebral per-
fusion using quantitative EEG cordance. Psychiatry Res. 55, 141–152.

Lewis, D.A., Curley, A.A., Glausier, J.R., Volk, D.W., 2012. Cortical parvalbumin inter-
neurons and cognitive dysfunction in schizophrenia. Trends Neurosci. 35, 57–67.
https://doi.org/10.1016/j.tins.2011.10.004.

Light, G.A., Braff, D.L., 2005. Mismatch negativity deficits are associated with poor
functioning in schizophrenia patients. Arch. Gen. Psychiatry 62, 127–136.

Light, G.A., Naatanen, R., 2013. Mismatch negativity is a breakthrough biomarker for
understanding and treating psychotic disorders. Proc. Natl. Acad. Sci. 110,
15175–15176. https://doi.org/10.1073/pnas.1313287110.

Light, G.A., Swerdlow, N.R., Thomas, M.L., Calkins, M.E., Green, M.F., Greenwood, T.A.,
Gur, R.C.R.E., Gur, R.C.R.E., Lazzeroni, L.C., Nuechterlein, K.H., Pela, M., Radant,
A.D., Seidman, L.J., Sharp, R.F., Siever, L.J., Silverman, J.M., Sprock, J., Stone, W.S.,
Sugar, C.A., Tsuang, D.W., Tsuang, M.T., Braff, D.L., Turetsky, B.I., 2015. Validation
of mismatch negativity and P3a for use in multi-site studies of schizophrenia: char-
acterization of demographic, clinical, cognitive, and functional correlates in COGS-2.
Schizophr. Res. 163, 63–72. https://doi.org/10.1016/j.schres.2014.09.042.

Limon, A., Reyes-Ruiz, J.M., Miledi, R., 2012. Loss of functional GABA (A) receptors in
the Alzheimer diseased brain. Proc. Natl. Acad. Sci. 109, 10071–10076. https://doi.
org/10.1073/pnas.1204606109.

Linden, D.E.J., 2005. The p300: where in the brain is it produced and what does it tell us?
Neuroscience 11, 563–576. https://doi.org/10.1177/1073858405280524.

Lindín, M., Correa, K., Zurrón, M., Díaz, F., 2013. Mismatch negativity (MMN) amplitude
as a biomarker of sensory memory deficit in amnestic mild cognitive impairment.
Front. Aging Neurosci. 5. https://doi.org/10.3389/fnagi.2013.00079.

Luck, S., Woodman, G., Vogel, E., 2000. Event-related potential studies of attention.
Trends Cogn. Sci. 4, 432–440.

Malmivuo, J., 2012. Comparison of the properties of EEG and MEG in detecting the
electric activity of the brain. Brain Topogr. 25 (Jan (1)), 1–19.

Mathalon, D.H., Ford, J.M., Pfefferbaum, A., 2000. Trait and state aspects of P300 am-
plitude reduction in schizophrenia: a retrospective longitudinal study. Biol.
Psychiatry 47, 434–449.

McCarthy, G., Luby, M., Gore, J.C., Goldman-Rakic, P., 1997. Infrequent events

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

81

https://doi.org/10.1016/j.biopsych.2011.06.029
https://doi.org/10.1016/j.biopsych.2011.06.029
https://doi.org/10.1001/jamapsychiatry.2014.2642
https://doi.org/10.1016/j.biopsycho.2007.10.003
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0480
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0480
https://doi.org/10.1016/j.schres.2003.12.011
https://doi.org/10.1016/j.schres.2003.12.011
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0490
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0490
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0490
https://doi.org/10.1016/j.bandc.2014.01.015
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0500
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0500
https://doi.org/10.1016/j.physbeh.2014.03.008
https://doi.org/10.1162/jocn_a_00356
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0515
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0515
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0515
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1176/appi.ajp.2010.09091379
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0525
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0525
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0530
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0530
https://doi.org/10.1016/S0304-3940(99)00393-6
https://doi.org/10.1016/S0304-3940(99)00393-6
https://doi.org/10.1016/j.jalz.2007.10.008
https://doi.org/10.1038/nrn4002
https://doi.org/10.1038/nrn4002
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0550
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0550
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0550
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0550
https://doi.org/10.1016/j.clinph.2007.12.002
https://doi.org/10.1016/j.clinph.2007.12.002
https://doi.org/10.1016/j.clinph.2004.01.001
https://doi.org/10.1016/j.ijpsycho.2008.12.011
https://doi.org/10.1016/j.ijpsycho.2008.12.011
https://doi.org/10.1159/000343478
https://doi.org/10.1159/000343478
https://doi.org/10.1371/journal.pone.0084536
https://doi.org/10.1371/journal.pone.0084536
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0590
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0590
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0590
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0595
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0595
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0600
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0600
https://doi.org/10.3389/neuro.09.062.2009
https://doi.org/10.3389/neuro.09.062.2009
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0610
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0610
https://doi.org/10.1016/j.schres.2011.06.003
https://doi.org/10.1016/j.schres.2011.06.003
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0620
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0620
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0620
https://doi.org/10.1016/j.schres.2013.10.025
https://doi.org/10.1016/j.neulet.2014.12.064
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0635
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0635
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0640
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0640
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0640
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0640
https://doi.org/10.1016/j.neurobiolaging.2004.03.008
https://doi.org/10.1016/j.neurobiolaging.2004.03.008
https://doi.org/10.1016/0010-440X(87)90029-0
https://doi.org/10.1016/0010-440X(87)90029-0
https://doi.org/10.1162/jocn.1990.2.3.258
https://doi.org/10.1016/j.scog.2014.10.001
https://doi.org/10.1016/j.scog.2014.10.001
https://doi.org/10.1146/annurev.ps.46.020195.001233
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0670
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0670
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0670
https://doi.org/10.1016/j.ijpsycho.2017.01.013
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0680
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0680
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0680
https://doi.org/10.1016/j.tins.2011.10.004
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0690
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0690
https://doi.org/10.1073/pnas.1313287110
https://doi.org/10.1016/j.schres.2014.09.042
https://doi.org/10.1073/pnas.1204606109
https://doi.org/10.1073/pnas.1204606109
https://doi.org/10.1177/1073858405280524
https://doi.org/10.3389/fnagi.2013.00079
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0720
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0720
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0725
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0725
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0730
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0730
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0730
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0735


transiently activate human prefrontal and parietal cortex as measured by functional
MRI. J. Neurophysiol. 77, 1630–1634.

McFadden, K.L., Steinmetz, S.E., Carroll, A.M., Simon, S.T., Wallace, A., Rojas, D.C.,
2014. Test-retest reliability of the 40 hz EEG auditory steady-state response. PLoS
One 9, e85748. https://doi.org/10.1371/journal.pone.0085748.

Merrin, E.L., Floyd, T.C., 1996. Negative symptoms and EEG alpha in schizophrenia: a
replication. Schizophr. Res. 19, 151–161.

Mitra, S., Nizamie, S.H., Goyal, N., Tikka, S.K., 2015. Evaluation of resting state gamma
power as a response marker in schizophrenia. Psychiatry Clin. Neurosci. 69, 630–639.
https://doi.org/10.1111/pcn.12301.

Mitra, S., Nizamie, S.H., Goyal, N., Tikka, S.K., 2017. Electroencephalogram alpha-to-
theta ratio over left fronto-temporal region correlates with negative symptoms in
schizophrenia. Asian J. Psychiatr. 26, 70–76. https://doi.org/10.1016/j.ajp.2017.01.
013.

Miyauchi, T., Tanaka, K., Hagimoto, H., Miura, T., Kishimoto, H., Matsushita, M., 1990.
Computerized EEG in schizophrenic patients. Biol. Psychiatry 28, 488–494.

Moberg, P.J., Kamath, V., Marchetto, D.M., Calkins, M.E., Doty, R.L., Hahn, C.-G.,
Borgmann-Winter, K.E., Kohler, C.G., Gur, R.E., Turetsky, B.I., 2014. Meta-analysis of
olfactory function in schizophrenia, first-degree family members, and youths At-Risk
for psychosis. Schizophr. Bull. 40, 50–59. https://doi.org/10.1093/schbul/sbt049.

Moradi, A., Mehrinejad, S.A., Ghadiri, M., Rezaei, F., 2017. Event-related potentials of
bottom-up and top-down Pro- cessing of emotional faces. J. Basic Clin. Neurosci. 8,
27–36. https://doi.org/10.15412/J.BCN.03080104.

Moratti, S., Saugar, C., Strange, B.A., 2011. Prefrontal-occipitoparietal coupling underlies
late latency human neuronal responses to emotion. J. Neurosci. 31, 17278–17286.
https://doi.org/10.1523/JNEUROSCI.2917-11.2011.

Mori, K., Morita, K., Shoji, Y., Matsuoka, T., Fujiki, R., Uchimura, N., 2012. State and trait
markers of emotionally charged visual event-related potentials (P300) in drug-naïve
schizophrenia. Psychiatry Clin. Neurosci. 66, 261–269. https://doi.org/10.1111/j.
1440-1819.2012.02345.x.

Munk, A.J.L., Hermann, A., El Shazly, J., Grant, P., Hennig, J., 2016. The idea is good,
but…: failure to replicate associations of oxytocinergic polymorphisms with face-
inversion in the N170. PLoS One 11, e0151991. https://doi.org/10.1371/journal.
pone.0151991.

Musiek, F.E., Froke, R., Weihing, J., 2005. The auditory P300 at or near threshold. J. Am.
Acad. Audiol. 16, 698–707.

Näätänen, R., Alho, K., 1995. Generators of electrical and magnetic mismatch responses
in humans. Brain Topogr. 7, 315–320.

Näätänen, R., Kähkönen, S., 2009. Central auditory dysfunction in schizophrenia as re-
vealed by the mismatch negativity (MMN) and its magnetic equivalent MMNm: a
review. Int. J. Neuropsychopharmacol. 12, 125. https://doi.org/10.1017/
S1461145708009322.

Näätänen, R., Paavilainen, P., Rinne, T., Alho, K., 2007. The mismatch negativity (MMN)
in basic research of central auditory processing: a review. Clin. Neurophysiol. 118
(Dec (12)), 2544–2590.

Näätänen, R., Shiga, T., Asano, S., Yabe, H., 2015. Mismatch negativity (MMN) defi-
ciency: a break-through biomarker in predicting psychosis onset. Int. J.
Psychophysiol. 95, 338–344. https://doi.org/10.1016/j.ijpsycho.2014.12.012.

O’Connell, R.G., Balsters, J.H., Kilcullen, S.M., Campbell, W., Bokde, A.W., Lai, R., Upton,
N., Robertson, I.H., 2012. A simultaneous ERP/fMRI investigation of the P300 aging
effect. Neurobiol. Aging 33, 2448–2461. https://doi.org/10.1016/j.neurobiolaging.
2011.12.021.

O’Donnell, B.F., Vohs, J.L., Krishnan, G.P., Rass, O., Hetrick, W.P., Morzorati, S.L., 2013a.
The auditory steady-state response (ASSR): a translational biomarker for schizo-
phrenia. Suppl. Clin. Neurophysiol. 62, 101.

O’Donnell, B.F., Vohs, J.L., Krishnan, G.P., Rass, O., Hetrick, W.P., Morzorati, S.L.,
O’Donnell, B.F., Vohs, J.L., Krishnan, G.P., Rass, O., Hetrick, W.P., Morzorati, S.L.,
2013b. The auditory steady-state response (ASSR): a translational biomarker for
schizophrenia. Suppl. Clin. Neurophysiol. 62, 101–112. https://doi.org/10.1161/
CIRCRESAHA.116.303790.The.

Olbrich, S., Tränkner, A., Chittka, T., Hegerl, U., Schönknecht, P., 2014. Functional
connectivity in major depression: increased phase synchronization between frontal
cortical EEG-source estimates. Psychiatry Res. - Neuroimaging 222, 91–99. https://
doi.org/10.1016/j.pscychresns.2014.02.010.

Onisawa, N., Manabe, H., Mori, K., 2017. Temporal coordination of olfactory cortex
sharp-wave activity with up- and downstates in the orbitofrontal cortex during slow-
wave sleep. J. Neurophysiol. 117, 123–135. https://doi.org/10.1152/jn.00069.2016.

Oranje, B., van Berckel, B., Kemner, C., van Ree, J., Kahn, R., Verbaten, M., 2000. The
effects of a sub-anaesthetic dose of ketamine on human selective attention.
Neuropsychopharmacology 22, 293–302. https://doi.org/10.1016/S0893-133X(99)
00118-9.

Oribe, N., Hirano, Y., Kanba, S., Elisabetta, C., Seidman, L.J., Mesholam-gately, R.,
Spencer, K.M., Mccarley, R.W., Niznikiewicz, M.A., 2013. Early and late stages of
visual processing in individuals in prodromal state and first episode schizophrenia: an
ERP study. Schizophr. Res. 146, 95–102. https://doi.org/10.1016/j.schres.2013.01.
015.

Oribe, N., Hirano, Y., Kanba, S., Del Re, E., Seidman, L., Mesholam-Gately, R., Goldstein,
J.M., Shenton, M., Spencer, K.M., McCarley, R.W., Niznikiewicz, M., 2015.
Progressive reduction of visual P300 amplitude in patients with first-episode schi-
zophrenia: an ERP study. Schizophr. Bull. 41, 460–470. https://doi.org/10.1093/
schbul/sbu083.

Osipova, D., Pekkonen, E., Ahveninen, J., 2006. Enhanced magnetic auditory steady-state
response in early Alzheimer’s disease. Clin. Neurophysiol. 117, 1990–1995. https://
doi.org/10.1016/j.clinph.2006.05.034.

Pantev, C., Roberts, L.E., Elbert, T., Ross, B., Wienbruch, C., 1996. Tonotopic organization
of the sources of human auditory steady-state responses. Hear. Res. 101, 62–74.

Papadaniil, C.D., Kosmidou, V.E., Tsolaki, A., Tsolaki, M., Kompatsiaris, I. (Yiannis),
Hadjileontiadis, L.J., 2016. Cognitive MMN and P300 in mild cognitive impairment
and Alzheimer’s disease: a high density EEG-3D vector field tomography approach.
Brain Res. 1648, 425–433. https://doi.org/10.1016/j.brainres.2016.07.043.

Papousek, I., Aydin, N., Rominger, C., Feyaerts, K., Schmid-Zalaudek, K., Lackner, H.K.,
Fink, A., Schulter, G., Weiss, E.M., 2018. DSM-5 personality trait domains and
withdrawal versus approach motivational tendencies in response to the perception of
other people’s desperation and angry aggression. Biol. Psychol. 132, 106–115.
https://doi.org/10.1016/j.biopsycho.2017.11.010.

Park, Y.-M., Che, H.-J., Im, C.-H., Jung, H.-T., Bae, S.-M., Lee, S.-H., 2008. Decreased EEG
synchronization and its correlation with symptom severity in Alzheimer’s disease.
Neurosci. Res. 62, 112–117. https://doi.org/10.1016/j.neures.2008.06.009.

Parra, M.A., Ascencio, L.L., Urquina, H.F., Manes, F., Ibáñez, A.M., 2012. P300 and
neuropsychological assessment in mild cognitive impairment and Alzheimer de-
mentia. Front. Neurol. 3, 1–10. https://doi.org/10.3389/fneur.2012.00172.

Pascual-Marqui, R.D., Michel, C.M., Lehmann, D., 1994. Low resolution electromagnetic
tomography: a new method for localizing electrical activity in the brain. Int. J.
Psychophysiol. 18, 49–65. https://doi.org/10.1016/0167-8760(84)90014-X.

Pascual-Marqui, R.D., Biscay, R.J., Bosch-Bayard, J., Lehmann, D., Kochi, K., Kinoshita,
T., Yamada, N., Sadato, N., 2014. Assessing direct paths of intracortical causal in-
formation flow of oscillatory activity with the isolated effective coherence (iCoh).
Front. Hum. Neurosci. 8, 448. https://doi.org/10.3389/fnhum.2014.00448.

Pekkonen, E., 2000. Mismatch negativity in aging and in Alzheimer’s and Parkinson’s
diseases. Audiol. Neurootol. 5, 216–224 doi:13883.

Pekkonen, E., Jousmäki, V., Könönen, M., Reinikainen, K., Partanen, J., 1994. Auditory
sensory memory impairment in Alzheimer’s disease: an event-related potential study.
Neuroreport 5, 2537–2540.

Pekkonen, E., Rinne, T., Näätänen, R., 1995. Variability and replicability of the mismatch
negativity. Electroencephalogr. Clin. Neurophysiol. 96, 546–554.

Pekkonen, E., Rinne, T., Reinikainen, K., Kujala, T., Alho, K., Näätänen, R., 1996. Aging
effects on auditory processing: an event-related potential study. Exp. Aging Res. 22,
171–184. https://doi.org/10.1080/03610739608254005.

Pekkonen, E., Hirvonen, J., Jääskeläinen, I.P., Kaakkola, S., Huttunen, J., 2001. Auditory
sensory memory and the cholinergic system: implications for Alzheimer’s disease.
Neuroimage 14, 376–382. https://doi.org/10.1006/nimg.2001.0805.

Perez, A., Ziliotto, K., Pereira, L., 2016. Test-retest of long latency auditory evoked po-
tentials (P300) with pure tone and speech stimuli. Int. Arch. Otorhinolaryngol. 21,
134–139. https://doi.org/10.1055/s-0036-1583527.

Pijnenburg, Y.A.L., vd Made, Y., van Cappellen van Walsum, A.M., Knol, D.L., Scheltens,
P., Stam, C.J., 2004. EEG synchronization likelihood in mild cognitive impairment
and Alzheimer’s disease during a working memory task. Clin. Neurophysiol. 115,
1332–1339. https://doi.org/10.1016/j.clinph.2003.12.029.

Plourde, G., Garcia-Asensi, A., Backman, S., Deschamps, A., Chartrand, D., Fiset, P.,
Picton, T.W., 2008. Attenuation of the 40-hertz auditory steady state response by
propofol involves the cortical and subcortical generators. Anesthesiology 108,
233–242. https://doi.org/10.1097/01.anes.0000299839.33721.6d.

Polich, J., 1987. Task difficulty, probability, and inter-stimulus interval as determinants
of P300 from auditory stimuli. Electroencephalogr. Clin. Neurophysiol. 68, 311–320.
https://doi.org/10.1016/0168-5597(87)90052-9.

Polich, J., 2007. Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118, 2128–2148. https://doi.org/10.1016/j.clinph.2007.04.019.

Polich, J., Corey-Bloom, J., 2005. Alzheimer’s disease and P300: review and evaluation of
task and modality. Curr. Alzheimer Res. 2, 515–525.

Polich, J., Martin, S., 1992. P300, cognitive capability, and personality: a correlational
study of university undergraduates. Pers. Individ. Dif. 13, 533–543. https://doi.org/
10.1016/0191-8869(92)90194-T.

Polich, J., Howard, L., Starr, A., 1983. P300 latency correlates with digit span.
Psychophysiology 20, 665–669. https://doi.org/10.1111/j.1469-8986.1983.
tb00936.x.

Rass, O., Forsyth, J.K., Krishnan, G.P., Hetrick, W.P., Klaunig, M.J., Breier, A., O’Donnell,
B.F., Brenner, C.A., 2012. Auditory steady state response in the schizophrenia, first-
degree relatives, and schizotypal personality disorder. Schizophr. Res. 136, 143–149.
https://doi.org/10.1016/j.schres.2012.01.003.

Reichman, W.E., Negron, A., 2001. Negative symptoms in the elderly patient with de-
mentia. Int. J. Geriatr. Psychiatry 16 (Suppl. (1)), S7–S11.

Reichman, W.E., Coyne, A.C., Amirneni, S., Molino, B., Egan, S., 1996. Negative symp-
toms in Alzheimer’s disease. Am. J. Psychiatry 153, 424–426. https://doi.org/10.
1176/ajp.153.3.424.

Rellecke, J., Sommer, W., Schacht, A., 2012. Does processing of emotional facial ex-
pressions depend on intention? Time-resolved evidence from event-related brain
potentials. Biol. Psychol. 90, 23–32. https://doi.org/10.1016/j.biopsycho.2012.02.
002.

Rellecke, J., Sommer, W., Schacht, A., 2013. Emotion effects on the N170: A question of
reference? Brain Topogr. 26, 62–71. https://doi.org/10.1007/s10548-012-0261-y.

Rinne, T., Alho, K., Ilmoniemi, R.J., Virtanen, J., Näätänen, R., 2000. Separate time be-
haviors of the temporal and frontal mismatch negativity sources. Neuroimage 12,
14–19. https://doi.org/10.1006/nimg.2000.0591.

Rissling, A.J., Braff, D.L., Swerdlow, N.R., Hellemann, G., Rassovsky, Y., Sprock, J., Pela,
M., Light, G.A., 2012. Disentangling early sensory information processing deficits in
schizophrenia. Clin. Neurophysiol. 123, 1942–1949. https://doi.org/10.1016/j.
clinph.2012.02.079.

Rutter, L., Carver, F.W., Holroyd, T., Nadar, S.R., Mitchell-Francis, J., Apud, J.,
Weinberger, D.R., Coppola, R., 2009. Magnoencephalographic gamma power re-
duction in patients with schizophrenia during resting condition. Hum. Brain Mapp.
30, 3254–3264. https://doi.org/10.1002/hbm.20746.Magnetoencephalographic.

Sakkalis, V., Tollis, I., et al., 2011. Review of advanced techniques for the estimation of

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

82

http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0735
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0735
https://doi.org/10.1371/journal.pone.0085748
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0745
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0745
https://doi.org/10.1111/pcn.12301
https://doi.org/10.1016/j.ajp.2017.01.013
https://doi.org/10.1016/j.ajp.2017.01.013
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0760
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0760
https://doi.org/10.1093/schbul/sbt049
https://doi.org/10.15412/J.BCN.03080104
https://doi.org/10.1523/JNEUROSCI.2917-11.2011
https://doi.org/10.1111/j.1440-1819.2012.02345.x
https://doi.org/10.1111/j.1440-1819.2012.02345.x
https://doi.org/10.1371/journal.pone.0151991
https://doi.org/10.1371/journal.pone.0151991
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0790
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0790
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0795
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0795
https://doi.org/10.1017/S1461145708009322
https://doi.org/10.1017/S1461145708009322
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0805
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0805
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0805
https://doi.org/10.1016/j.ijpsycho.2014.12.012
https://doi.org/10.1016/j.neurobiolaging.2011.12.021
https://doi.org/10.1016/j.neurobiolaging.2011.12.021
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0820
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0820
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0820
https://doi.org/10.1161/CIRCRESAHA.116.303790.The
https://doi.org/10.1161/CIRCRESAHA.116.303790.The
https://doi.org/10.1016/j.pscychresns.2014.02.010
https://doi.org/10.1016/j.pscychresns.2014.02.010
https://doi.org/10.1152/jn.00069.2016
https://doi.org/10.1016/S0893-133X(99)00118-9
https://doi.org/10.1016/S0893-133X(99)00118-9
https://doi.org/10.1016/j.schres.2013.01.015
https://doi.org/10.1016/j.schres.2013.01.015
https://doi.org/10.1093/schbul/sbu083
https://doi.org/10.1093/schbul/sbu083
https://doi.org/10.1016/j.clinph.2006.05.034
https://doi.org/10.1016/j.clinph.2006.05.034
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0860
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0860
https://doi.org/10.1016/j.brainres.2016.07.043
https://doi.org/10.1016/j.biopsycho.2017.11.010
https://doi.org/10.1016/j.neures.2008.06.009
https://doi.org/10.3389/fneur.2012.00172
https://doi.org/10.1016/0167-8760(84)90014-X
https://doi.org/10.3389/fnhum.2014.00448
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0895
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0895
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0900
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0900
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0900
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0905
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0905
https://doi.org/10.1080/03610739608254005
https://doi.org/10.1006/nimg.2001.0805
https://doi.org/10.1055/s-0036-1583527
https://doi.org/10.1016/j.clinph.2003.12.029
https://doi.org/10.1097/01.anes.0000299839.33721.6d
https://doi.org/10.1016/0168-5597(87)90052-9
https://doi.org/10.1016/j.clinph.2007.04.019
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0945
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0945
https://doi.org/10.1016/0191-8869(92)90194-T
https://doi.org/10.1016/0191-8869(92)90194-T
https://doi.org/10.1111/j.1469-8986.1983.tb00936.x
https://doi.org/10.1111/j.1469-8986.1983.tb00936.x
https://doi.org/10.1016/j.schres.2012.01.003
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0965
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref0965
https://doi.org/10.1176/ajp.153.3.424
https://doi.org/10.1176/ajp.153.3.424
https://doi.org/10.1016/j.biopsycho.2012.02.002
https://doi.org/10.1016/j.biopsycho.2012.02.002
https://doi.org/10.1007/s10548-012-0261-y
https://doi.org/10.1006/nimg.2000.0591
https://doi.org/10.1016/j.clinph.2012.02.079
https://doi.org/10.1016/j.clinph.2012.02.079
https://doi.org/10.1002/hbm.20746.Magnetoencephalographic


brain connectivity measured with EEG/MEG. Comput. Biol. Med. 41, 1110–1117.
https://doi.org/10.1016/j.compbiomed.2011.06.020.

Sams, M., Hari, R., Rif, J., Knuutila, J., 1993. The human auditory sensory memory trace
persists about 10 sec: neuromagnetic evidence. J. Cogn. Neurosci. 5, 363–370.
https://doi.org/10.1162/jocn.1993.5.3.363.

Schadow, J., Lenz, D., Thaerig, S., Busch, N.A., Fründ, I., Herrmann, C.S., 2007. Stimulus
intensity affects early sensory processing: sound intensity modulates auditory evoked
gamma-band activity in human EEG. Int. J. Psychophysiol. 65, 152–161. https://doi.
org/10.1016/j.ijpsycho.2007.04.006.

Schiff, S., Valenti, P., Andrea, P., Lot, M., Bisiacchi, P., Gatta, A., Amodio, P., 2008. The
effect of aging on auditory components of event-related brain potentials. Clin.
Neurophysiol. 119, 1795–1802. https://doi.org/10.1016/j.clinph.2008.04.007.

Schupp, H.T., Flaisch, T., Stockburger, J., Junghöfer, M., 2006. Emotion and attention:
event-related brain potential studies. Prog. Brain Res. 156, 31–51. https://doi.org/
10.1016/S0079-6123(06)56002-9.

Seaton, B.E., Goldstein, G., Allen, D.N., 2001. Sources of heterogeneity in schizophrenia:
the role of neuropsychological functioning. Neuropsychol. Rev. 11, 45–67.

Sfärlea, A., Greimel, E., Platt, B., Bartling, J., Schulte-Körne, G., Dieler, A.C., 2016.
Alterations in neural processing of emotional faces in adolescent anorexia nervosa
patients – an event-related potential study. Biol. Psychol. 119, 141–155. https://doi.
org/10.1016/j.biopsycho.2016.06.006.

Smeland, O.B., Andreassen, O.A., 2018. How can genetics help understand the relation-
ship between cognitive dysfunction and schizophrenia? Scand. J. Psychol. 59, 26–31.
https://doi.org/10.1111/sjop.12407.

Sohal, V.S., Zhang, F., Yizhar, O., Deisseroth, K., 2009. Parvalbumin neurons and gamma
rhythms enhance cortical circuit performance. Nature 459, 698–702. https://doi.org/
10.1038/nature07991.

Solomon, B., Decicco, J.M., Dennis, T.A., 2012. Emotional picture processing in children:
an ERP study. Dev. Cogn. Neurosci. 2, 110–119. https://doi.org/10.1016/j.dcn.2011.
04.002.

Soltani, M., Knight, R.T., 2000. Neural origins of the P300. Crit. Rev. Neurobiol. 14, 26.
https://doi.org/10.1615/CritRevNeurobiol.v14.i3-4.20.

Spencer, K.M., Salisbury, D.F., Shenton, M.E., McCarley, R.W., 2008. Γ-band auditory
steady-state responses are impaired in first episode psychosis. Biol. Psychiatry 64,
369–375. https://doi.org/10.1016/j.biopsych.2008.02.021.

Spencer, K.M., Niznikiewicz, M.A., Nestor, P.G., Shenton, M.E., McCarley, R.W., 2009.
Left auditory cortex gamma synchronization and auditory hallucination symptoms in
schizophrenia. BMC Neurosci. 10, 85. https://doi.org/10.1186/1471-2202-10-85.

Sponheim, S.R., Clementz, B.A., Iacono, W.G., Beiser, M., 2000. Clinical and biological
concomitants of resting state EEG power abnormalities in schizophrenia. Biol.
Psychiatry 48, 1088–1097.

Sprengelmeyer, R., Rausch, M., Eysel, U.T., Przuntek, H., 1998. Neural structures asso-
ciated with recognition of facial expressions of basic emotions. Proc. R. Soc. Lond. B
Biol. Sci. 265, 1927–1931.

Stam, C.J., van der Made, Y., Pijnenburg, Y.A.L., Scheltens, P., 2003. EEG synchronization
in mild cognitive impairment and Alzheimer’s disease. Acta Neurol. Scand. 108,
90–96.

Stam, C.J., Jones, B.F., Nolte, G., Breakspear, M., Scheltens, P., 2007. Small-world net-
works and functional connectivity in Alzheimer’s disease. Cereb. Cortex 17, 92–99.
https://doi.org/10.1093/cercor/bhj127.

Steriade, M., Amzica, F., 1996. Intracortical and corticothalamic coherency of fast
spontaneous oscillations. Proc. Natl. Acad. Sci. U. S. A. 93, 2533–2538. https://doi.
org/10.1073/pnas.93.6.2533.

Sweet, R.A., Pierri, N.J., Auh, S., Sampson, A.R., Lewis, D.A., 2003. Reduced pyramidal
cell somal volume in auditory association cortex of subjects with schizophrenia.
Neuropsychopharmacology 28, 599–609. https://doi.org/10.1038/sj.npp.1300120.

Tan, B., Kong, X., Yang, P., Jin, Z., Li, L., 2013. The difference of brain functional con-
nectivity between eyes-closed and eyes-open using graph theoretical analysis.
Comput. Math. Methods Med. 2013, 976365. https://doi.org/10.1155/2013/
976365.

Tan, H.R.M., Gross, J., Uhlhaas, P.J., 2015. MEG-measured auditory steady-state oscil-
lations show high test-retest reliability: a sensor and source-space analysis.
Neuroimage 122, 417–426. https://doi.org/10.1016/j.neuroimage.2015.07.055.

Tartaglione, A., Spadavecchia, L., Maculotti, M., Bandini, F., 2012. Resting state in
Alzheimer’s disease: a concurrent analysis of Flash-Visual Evoked Potentials and
quantitative EEG. BMC Neurol. 12, 145. https://doi.org/10.1186/1471-2377-12-145.

Tempesta, D., Stratta, P., Marrelli, A., Aloisi, P., Arnone, B., Gasbarri, A., Rossi, A., 2014.
Facial emotion recognition in schizophrenia: an event-related potentials study. Riv.
Psichiatr. 49, 183–186. https://doi.org/10.1708/1600.17458.

Tervaniemi, M., Lehtokoski, A., Sinkkonen, J., Virtanen, J., Ilmoniemi, R.J., Näätänen, R.,
1999. Test-retest reliability of mismatch negativity for duration, frequency and in-
tensity changes. Clin. Neurophysiol. 110, 1388–1393.

Tikka, S.K., Yadav, S., Nizamie, S.H., Das, B., Tikka, D.L., Goyal, N., 2014. Schneiderian
first rank symptoms and gamma oscillatory activity in neuroleptic naïve first episode
schizophrenia: a 192 channel EEG study. Psychiatry Invest. 11, 467–475. https://doi.
org/10.4306/pi.2014.11.4.467.

Todd, J., Michie, P.T., Schall, U., Karayanidis, F., Yabe, H., Näätänen, R., 2008. Deviant
matters: duration, frequency, and intensity deviants reveal different patterns of
mismatch negativity reduction in early and late schizophrenia. Biol. Psychiatry 63,
58–64. https://doi.org/10.1016/j.biopsych.2007.02.016.

Tsolaki, A.C., Kosmidou, V., Kompatsiaris, I.Y., Papadaniil, C., Hadjileontiadis, L., Adam,
A., Tsolaki, M., 2017. Brain source localization of MMN and P300 ERPs in mild
cognitive impairment and Alzheimer's disease: a high-density EEG approach.
Neurobiol. Aging 55 (Jul), 190–201.

Turetsky, B.I., Kohler, C.G., Indersmitten, T., Bhati, M.T., Charbonnier, D., Gur, R.C.,
2007. Facial emotion recognition in schizophrenia:when and why does it go awry?

Schizophr. Res. 94, 253–263. https://doi.org/10.1016/j.schres.2007.05.001.
Turetsky, B.I., Dress, E.M., Braff, D.L., Calkins, M.E., Green, M.F., Greenwood, T.A., Gur,

R.E., Gur, R.C., Lazzeroni, L.C., Nuechterlein, K.H., Radant, A.D., Seidman, L.J.,
Siever, L.J., Silverman, J.M., Sprock, J., Stone, W.S., Sugar, C.A., Swerdlow, N.R.,
Tsuang, D.W., Tsuang, M.T., Light, G., 2015. The utility of P300 as a schizophrenia
endophenotype and predictive biomarker: clinical and socio-demographic mod-
ulators in COGS-2. Schizophr. Res. 163, 53–62. https://doi.org/10.1016/j.schres.
2014.09.024.

Uhlhaas, P.J., 2011. High-frequency oscillations in schizophrenia. Clin. EEG Neurosci. 42
(Apr (2)), 77–82.

Uhlhaas, P.J., Singer, W., 2015. Oscillations and neuronal dynamics in schizophrenia: the
search for basic symptoms and translational opportunities. Biol. Psychiatry 77,
1001–1009. https://doi.org/10.1016/j.biopsych.2014.11.019.

Umbricht, D., Krljes, S., 2005. Mismatch negativity in schizophrenia: a meta-analysis.
Schizophr. Res. 76, 1–23. https://doi.org/10.1016/j.schres.2004.12.002.

Umbricht, D.S.G., Bates, J.A., Lieberman, J.A., Kane, J.M., Javitt, D.C., 2006.
Electrophysiological indices of automatic and controlled auditory information pro-
cessing in first-episode, recent-onset and chronic schizophrenia. Biol. Psychiatry 59,
762–772. https://doi.org/10.1016/j.biopsych.2005.08.030.

van der Wee, N.J.A., Bilderbeck, A.C., Cabello, M., Ayuso-Mateos, J.L., Saris, I.M.J.,
Giltay, E.J., Penninx, B.W.J.H., Arango, C., Post, A., Porcelli, S., 2018. Working de-
finitions, subjective and objective assessments and experimental paradigms in a study
exploring social withdrawal in schizophrenia and Alzheimer's disease. Neurosci.
Biobehav. Rev Jun 24. pii: S0149-7634(17)30758-3.

van Deursen, J.A., Vuurman, E.F.P.M., van Kranen-Mastenbroek, V.H.J.M., Verhey,
F.R.J., Riedel, W.J., 2011. 40-Hz steady state response in Alzheimer’s disease and
mild cognitive impairment. Neurobiol. Aging 32, 24–30. https://doi.org/10.1016/j.
neurobiolaging.2009.01.002.

van Dinteren, R., Arns, M., Jongsma, M.L.A., Kessels, R.P.C., 2014. P300 development
across the lifespan: a systematic review and meta-analysis. PLoS One 9, e87347.
https://doi.org/10.1371/journal.pone.0087347.

Vecchio, F., Miraglia, F., Bramanti, P., Rossini, P.M., 2014a. Human brain networks in
physiological aging: a graph theoretical analysis of cortical connectivity from EEG
data. J. Alzheimers Dis. 41, 1239–1249. https://doi.org/10.3233/JAD-140090.

Vecchio, F., Miraglia, F., Marra, C., Quaranta, D., Vita, M.G., Bramanti, P., Rossini, P.M.,
2014b. Human brain networks in cognitive decline: a graph theoretical analysis of
cortical connectivity from EEG data. J. Alzheimers Dis. 41, 113–127. https://doi.org/
10.3233/JAD-132087.

Villeneuve, A., Hommet, C., Aussedat, C., Lescanne, E., Reffet, K., Bakhos, D., 2017.
Audiometric evaluation in patients with Alzheimer’s disease. Eur. Arch. Oto-Rhino-
Laryngol. 274, 151–157. https://doi.org/10.1007/s00405-016-4257-1.

Vita, A., De Peri, L., Deste, G., Sacchetti, E., 2012. Progressive loss of cortical gray matter
in schizophrenia: a meta-analysis and meta-regression of longitudinal MRI studies.
Transl. Psychiatry 2, e190. https://doi.org/10.1038/tp.2012.116.

Von Korff, M., Crane, P.K., Alonso, J., Vilagut, G., Angermeyer, M.C., Bruffaerts, R., de
Girolamo, G., Gureje, O., de Graaf, R., Huang, Y., Iwata, N., Karam, E.G., Kovess, V.,
Lara, C., Levinson, D., Posada-Villa, J., Scott, K.M., Ormel, J., 2008. Modified
WHODAS-II provides valid measure of global disability but filter items increased
skewness. J. Clin. Epidemiol. 61, 1132–1143. https://doi.org/10.1016/j.jclinepi.
2007.12.009.

Walhovd, K.B., Rosquist, H., Fjell, A.M., 2008. P300 amplitude age reductions are not
caused by latency jitter. Psychophysiology 45, 545–553. https://doi.org/10.1111/j.
1469-8986.2008.00661.x.

White, R.S., Siegel, S.J., 2016. Cellular and circuit models of increased resting-state
network gamma activity in schizophrenia. Neuroscience 321, 66–76. https://doi.org/
10.1016/j.neuroscience.2015.11.011.

White, L., Harvey, P.D., Opler, L., Lindenmayer, J.P., 1997. Empirical assessment of the
factorial structure of clinical symptoms in schizophrenia. A multisite, multimodel
evaluation of the factorial structure of the positive and negative syndrome scale. The
PANSS study group. Psychopathology 30, 263–274.

Williams, L.M., Simms, E., Clark, C.R., Paul, R.H., Rowe, D., Gordon, E., 2005. The test-
retest reliability of a standardized neurocognitive and neurophysiological test bat-
tery: “neuromarker.”. Int. J. Neurosci. 115, 1605–1630. https://doi.org/10.1080/
00207450590958475.

Winterer, G., Coppola, R., Goldberg, T.E., Egan, M.F., Jones, D.W., Sanchez, C.E.,
Weinberger, D.R., 2004. Prefrontal broadband noise, working memory, and genetic
risk for schizophrenia. Am. J. Psychiatry 161, 490–500. https://doi.org/10.1176/
appi.ajp.161.3.490.

Woodruff, D.S., Kramer, D.A., 1979. Eeg alpha slowing, refractory period, and reaction
time in aging. Exp. Aging Res. 5, 279–292. https://doi.org/10.1080/
03610737908257205.

Wynn, J.K., Jimenez, A.M., Roach, B.J., Korb, A., Lee, J., Horan, W.P., Ford, J.M., Green,
M.F., 2015. Impaired target detection in schizophrenia and the ventral attentional
network: findings from a joint event-related potential–functional MRI analysis.
Neuroimage Clin. 9, 95–102. https://doi.org/10.1016/j.nicl.2015.07.004.

Yener, G.G., Güntekin, B., Öniz, A., Basar, E., 2007. Increased frontal phase-locking of
event-related theta oscillations in Alzheimer patients treated with cholinesterase
inhibitors 64, 46–52. doi:10.1016/j.ijpsycho.2006.07.006.

Yener, G., Güntekin, B., Başar, E., 2008. Event-related delta oscillatory responses of
Alzheimer patients. Eur. J. Neurol. 15, 540–547. https://doi.org/10.1111/j.1468-
1331.2008.02100.x.

Yener, G.G., Emek-Savaş, D.D., Güntekin, B., Basar, E., 2014. The visual cognitive net-
work, but not the visual sensory network, is affected in amnestic mild cognitive
impairment: a study of brain oscillatory responses. Brain Res. 1585, 141–149.
https://doi.org/10.1016/j.brainres.2014.08.038.

Yoshiura, T., Zhong, J., Shibata, D.K., Kwok, W.E., Shrier, D.A., Numaguchi, Y., 1999.

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

83

https://doi.org/10.1016/j.compbiomed.2011.06.020
https://doi.org/10.1162/jocn.1993.5.3.363
https://doi.org/10.1016/j.ijpsycho.2007.04.006
https://doi.org/10.1016/j.ijpsycho.2007.04.006
https://doi.org/10.1016/j.clinph.2008.04.007
https://doi.org/10.1016/S0079-6123(06)56002-9
https://doi.org/10.1016/S0079-6123(06)56002-9
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1025
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1025
https://doi.org/10.1016/j.biopsycho.2016.06.006
https://doi.org/10.1016/j.biopsycho.2016.06.006
https://doi.org/10.1111/sjop.12407
https://doi.org/10.1038/nature07991
https://doi.org/10.1038/nature07991
https://doi.org/10.1016/j.dcn.2011.04.002
https://doi.org/10.1016/j.dcn.2011.04.002
https://doi.org/10.1615/CritRevNeurobiol.v14.i3-4.20
https://doi.org/10.1016/j.biopsych.2008.02.021
https://doi.org/10.1186/1471-2202-10-85
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1065
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1065
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1065
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1070
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1070
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1070
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1075
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1075
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1075
https://doi.org/10.1093/cercor/bhj127
https://doi.org/10.1073/pnas.93.6.2533
https://doi.org/10.1073/pnas.93.6.2533
https://doi.org/10.1038/sj.npp.1300120
https://doi.org/10.1155/2013/976365
https://doi.org/10.1155/2013/976365
https://doi.org/10.1016/j.neuroimage.2015.07.055
https://doi.org/10.1186/1471-2377-12-145
https://doi.org/10.1708/1600.17458
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1115
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1115
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1115
https://doi.org/10.4306/pi.2014.11.4.467
https://doi.org/10.4306/pi.2014.11.4.467
https://doi.org/10.1016/j.biopsych.2007.02.016
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1130
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1130
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1130
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1130
https://doi.org/10.1016/j.schres.2007.05.001
https://doi.org/10.1016/j.schres.2014.09.024
https://doi.org/10.1016/j.schres.2014.09.024
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1145
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1145
https://doi.org/10.1016/j.biopsych.2014.11.019
https://doi.org/10.1016/j.schres.2004.12.002
https://doi.org/10.1016/j.biopsych.2005.08.030
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1165
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1165
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1165
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1165
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1165
https://doi.org/10.1016/j.neurobiolaging.2009.01.002
https://doi.org/10.1016/j.neurobiolaging.2009.01.002
https://doi.org/10.1371/journal.pone.0087347
https://doi.org/10.3233/JAD-140090
https://doi.org/10.3233/JAD-132087
https://doi.org/10.3233/JAD-132087
https://doi.org/10.1007/s00405-016-4257-1
https://doi.org/10.1038/tp.2012.116
https://doi.org/10.1016/j.jclinepi.2007.12.009
https://doi.org/10.1016/j.jclinepi.2007.12.009
https://doi.org/10.1111/j.1469-8986.2008.00661.x
https://doi.org/10.1111/j.1469-8986.2008.00661.x
https://doi.org/10.1016/j.neuroscience.2015.11.011
https://doi.org/10.1016/j.neuroscience.2015.11.011
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1215
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1215
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1215
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1215
https://doi.org/10.1080/00207450590958475
https://doi.org/10.1080/00207450590958475
https://doi.org/10.1176/appi.ajp.161.3.490
https://doi.org/10.1176/appi.ajp.161.3.490
https://doi.org/10.1080/03610737908257205
https://doi.org/10.1080/03610737908257205
https://doi.org/10.1016/j.nicl.2015.07.004
https://doi.org/10.1111/j.1468-1331.2008.02100.x
https://doi.org/10.1111/j.1468-1331.2008.02100.x
https://doi.org/10.1016/j.brainres.2014.08.038
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1255


Functional MRI study of auditory and visual oddball tasks. Neuroreport 10,
1683–1688.

Zaytseva, Y., Garakh, Z., Gurovich, I.Y.A., Strelets, V.B., 2014. EPA-0702 – eeg alpha
reactivity on eyes opening in patients with schizophrenia and schizoaffective dis-
order. Eur. Psychiatry 29, 1. https://doi.org/10.1016/S0924-9338(14)78065-4.

Zou, L., Zhou, H., Lui, S.S.Y., Wang, Y., Wang, Y., Gan, J., Zhu, X., Cheung, E.F.C., Chan,
R.C.K., 2018. Olfactory identification deficit and its relationship with hedonic traits
in patients with first-episode schizophrenia and individuals with schizotypy. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry 83, 137–141. https://doi.org/10.1016/j.
pnpbp.2018.01.014.

P. Danjou et al. Neuroscience and Biobehavioral Reviews 97 (2019) 70–84

84

http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1255
http://refhub.elsevier.com/S0149-7634(17)30864-3/sbref1255
https://doi.org/10.1016/S0924-9338(14)78065-4
https://doi.org/10.1016/j.pnpbp.2018.01.014
https://doi.org/10.1016/j.pnpbp.2018.01.014

	Electrophysiological assessment methodology of sensory processing dysfunction in schizophrenia and dementia of the Alzheimer type
	Objectives
	Selected methods
	Resting state EEG
	Auditory mismatch negativity
	Auditory oddball
	Visual oddball
	Auditory steady state response
	Facial emotions processing

	General operational aspects
	Discussion
	Conclusions
	Acknowledgements
	References




