
Clinical Neurophysiology xxx (2015) xxx–xxx
Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier .com/locate /c l inph
A 15-day course of donepezil modulates spectral EEG dynamics related
to target auditory stimuli in young, healthy adult volunteers
http://dx.doi.org/10.1016/j.clinph.2015.11.018
1388-2457/� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Abbreviations: AD, Alzheimer’s disease; EEG, electroencephalographic; AChEI, acetylcholinesterase inhibitor; ERP, event-related potential; ITC, inter-trial coheren
event-related spectral perturbation; CSD, current source density; ERS, event-related-synchronization; ERD, event-related-desynchronization; PCA, principal co
analysis.
⇑ Corresponding author at: Department of Clinical Neurophysiology, Roger Salengro Hospital, 59037 Lille cedex, France. Tel.: +33 320 446 362; fax: +33 320 44

E-mail address: christopher.leroy87@gmail.com (C. Leroy).

Please cite this article in press as: Leroy C et al. A 15-day course of donepezil modulates spectral EEG dynamics related to target auditory stimuli in
healthy adult volunteers. Clin Neurophysiol (2015), http://dx.doi.org/10.1016/j.clinph.2015.11.018
Christopher Leroy a,b,⇑, Jean-Louis Bourriez a,b, Kathy Dujardin a,h, Behnam Molaee-Ardekani a,b,
Claudio Babiloni d,e, Dominique Deplanque a,c,j, Amélie Ponchel a,c, Sophie Hennion a,b, Lucie Plomhause a,b,
Hervé Devanne b,k, Julie Deguil a,c, Pierre Payoux g, Olivier Blin f, Déborah Méligne g, Joëlle Micallef f,
Nicolas Chauveau g, Laura Lanteaume f, Céline Vervueren g, François Guimont f, Claire Thalamas i,
Catherine Cassé-Perrot f, Franck Rouby f, Régis Bordet a,c, Philippe Derambure a,b, The PharmaCog
Consortium
a INSERM U1171, Lille University Medical Center, Lille, France
bDepartment of Clinical Neurophysiology, Lille University Medical Center, Lille, France
cDepartment of Medical Pharmacology, Lille University Medical Center, Lille, France
dDepartment of Physiology and Pharmacology, University of Rome ‘‘La Sapienza”, Rome, Italy
eDepartment of Neuroscience, IRCCS San Raffaele Pisana, Rome, Italy
fDepartment of Clinical Pharmacology, and CNRS UMR 7289, CIC-CPCET, Aix-Marseille University, Marseille, France
g INSERM UMR 825 Brain Imaging and Neurological Dysfunctions, Toulouse, France
hDepartment of Neurology and Movement Disorders, Lille University Medical Center, Lille, France
iDepartment of Medical Pharmacology, INSERM CIC 1436, Toulouse University Medical Center, Toulouse, France
jCIC 1403 INSERM-CHU, Lille University Medical Center, Lille, France
kULCO, Calais, France

a r t i c l e i n f o
Article history:
Accepted 20 November 2015
Available online xxxx

Keywords:
Donepezil
EEG markers
Event-related potential
Inter-trial coherence
Event-related spectral perturbation
h i g h l i g h t s

� Time–frequency analyses were used to identify dynamic electroencephalographic markers of donepe-
zil’s effect in healthy young adults.

� Inter-trial coherence and event-related spectral perturbation analyses can detect subtle changes
related to donepezil’s effects.

� Electroencephalography may be a valuable tool for predicting the efficacy of drug candidates prior to
Phase II/III clinical trials in Alzheimer’s disease.

a b s t r a c t

Objective: To identify possible electroencephalographic (EEG) markers of donepezil’s effect on cortical
activity in young, healthy adult volunteers at the group level.
Methods: Thirty subjects were administered a daily dose of either 5 mg donepezil or placebo for 15 days
in a double-blind, randomized, cross-over trial. The electroencephalogram during an auditory oddball
paradigm was recorded from 58 scalp electrodes. Current source density (CSD) transformations were
applied to EEG epochs. The event-related potential (ERP), inter-trial coherence (ITC: the phase consis-
tency of the EEG spectrum) and event-related spectral perturbation (ERSP: the EEG power spectrum rel-
ative to the baseline) were calculated for the target (oddball) stimuli.
Results: The donepezil and placebo conditions differed in terms of the changes in delta/theta/alpha/beta
ITC and ERSP in various regions of the scalp (especially the frontal electrodes) but not in terms of latency
and amplitude of the P300-ERP component.
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Conclusion: Our results suggest that ITC and ERSP analyses can provide EEG markers of donepezil’s effects
in young, healthy, adult volunteers at a group level.
Significance: Novel EEG markers could be useful to assess the therapeutic potential of drug candidates in
Alzheimer’s disease in healthy volunteers prior to the initiation of Phase II/III clinical studies in patients.
� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

The currently available pharmacological treatments for Alzhei-
mer’s disease (AD) lack long-term effectiveness (Clegg et al.,
2001; Hansen et al., 2008; Persson et al., 2009). Furthermore, the
cognitive tests generally used to rapidly assess the clinical benefit
of symptomatic drugs in AD patients (such as the Mini Mental
State Examination (Simard, 1998) and the cognitive subscale of
the Alzheimer Disease Assessment Scale (Schafer et al., 2011)) lack
the sensitivity required to reveal subtle changes in cognitive per-
formance. To circumvent these obstacles, there is a need for inno-
vative ways of evaluating the efficacy of AD drug candidates in
clinical trials. This might involve the incorporation of biomarkers
in early-phase clinical studies (Deguil et al., 2013). Innovative
strategies would save time and money and would reduce the num-
ber of participants needed to demonstrate the therapeutic benefit
of a new medication.

In this context, it has been hypothesized that the addition of
electrophysiological measurements of cortical activity to the cur-
rent battery of cognitive tests would provide new insight into
drug-related changes in neural functioning (Babiloni et al., 2006;
Balsters et al., 2011; Reches et al., 2013). Given the millisecond res-
olution of electroencephalography (Gosseries et al., 2008), this
technique may reveal subtle dynamic changes in the brain activity
underlying cognitive functions (Klimesch, 1999; Güntekin and
Bas�ar, 2010; Klimesch, 2012; Peng et al., 2012). Hence, electroen-
cephalography might constitute an additional tool for predicting
the efficacy of AD drug candidates in Phase I clinical trials (i.e.
those performed with healthy volunteers). Nevertheless, the value
of this type of tool must first be confirmed with currently marketed
AD drugs.

Donepezil is a potent, non-competitive, reversible, clinically
effective acetylcholinesterase inhibitor (AChEI) that is primarily
used to reduce cognitive impairments in mild-to-moderate AD
(Seltzer et al., 2004). Use of this medication is associated with
slower deterioration of electroencephalographic (EEG) activity in
AD in the resting state (Babiloni et al., 2006) and during cognitive
tasks (Katada et al., 2003; Chang et al., 2014). In particular, analy-
ses of event-related potentials (ERPs) have shown that donepezil
can significantly reduce the latency of the P300 component in AD
patients (Reeves et al., 1999; Katada et al., 2003; Chang et al.,
2014). However, these donepezil-induced changes in P300 are
not specific to AD and are also observed in vascular dementia
(Paci et al., 2006). Dynamic spectral analyses of theta-event-
related oscillations during a visual oddball paradigm have shown
that donepezil might modulate phase-locking in the frontal regions
in patients with mild AD (Yener et al., 2007). In contrast, another
study by the same researchers showed that untreated and AChEI-
treated AD patients displayed similar delta-event-related oscilla-
tions (with both patient groups differing significantly from healthy
controls) (Yener et al., 2012). Two studies performed by Yener et al.
(2007, 2012) suggest that (i) theta-event related oscillations are
EEG markers of cholinergic modulation by AChEIs in AD patients,
and (ii) delta-event-related oscillations are more sensitive to the
15-day course of donepezil m
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cognitive decline caused by AD than the cholinergic modulation
caused by AChEIs.

In studies of healthy subjects, donepezil has been found to
influence cognitive processes in general and attentional mecha-
nisms, executive functions and memory in particular (Gron et al.,
2005; Zaninotto et al., 2009). Resting-state EEGmarkers of donepe-
zil’s action have been identified in healthy elderly participants, as
attested to by an increase in delta power, a decrease in alpha
power, an increase in hippocampus activity and a decreased activ-
ity of the default mode network (Balsters et al., 2011). However,
little is known about donepezil’s effect on dynamic EEG patterns
in healthy volunteers. To date, only one EEG study has investigated
the dynamic effect of donepezil during a delayed recognition para-
digm; the drug appeared to modulate a frontal-posterior theta-
alpha attentional network whose activation was positively corre-
lated with working memory performances. In contrast, there was
no difference between the placebo and donepezil groups in terms
of cognitive performance during the task (Reches et al., 2013).
The investigation of dynamic electrophysiological patterns in
healthy subjects might reflect subtle drug-related changes in neu-
ronal processes directly related to the performance of a cognitive
task.

The primary objective of the present study was therefore to
identify possible dynamic EEG markers of donepezil’s effect in
young, healthy, adult volunteers. In general, the brain’s electrical
activity changes with age. Recordings of the resting EEG activity
indicate that there is a gradual, age-related change in the power
spectral profile, with (i) a pronounced decrease in power in the
alpha band (8–13 Hz), (ii) an overall slowdown of the background
EEG activity and (iii) an increase in delta (2–4 Hz) and theta (4–
7 Hz) slow activity (Klimesch, 1999). We therefore chose to track
these markers in healthy young adults, in order to reduce the
inter-individual variability in age-related cognitive function. Fur-
thermore, we wanted to ensure that any observed changes were
attributable to the effects of the drugs and not to age-related elec-
trophysiological changes. We employed an auditory oddball para-
digm that is conventionally used to study the dynamics of neural
processes involved in cognitive function (Sutton et al., 1965;
Katayama and Polich, 1999; Spencer and Polich, 1999; Sutoh
et al., 2000; Yordanova et al., 2001; Höller et al., 2013). We focused
on two advanced mathematical parameters in EEG analysis: inter-
trial coherence (ITC, reflecting the phase consistency of the EEG
spectrum) and event-related spectral perturbation (ERSP, reflect-
ing the EEG power spectrum with respect to the baseline). ITC
and ERSP are sensitive enough to detect subtle changes in human
cortical activity during an oddball paradigm (Ko et al., 2012;
Güntekin et al., 2013). Indeed, some changes in stimulus-induced
ongoing EEG activity contain important information on cognitive
processes (Makeig et al., 2004) that cannot be extracted by averag-
ing the EEG voltage–time data (Pfurtscheller and Lopes da Silva,
1999). Thus, we hypothesized that ERP, ITC and ERSP analyses of
EEG signals during an auditory oddball paradigm could provide
dynamic markers of the effect of donepezil. Furthermore, we
sought to reduce the effect of brain volume conduction (and thus
odulates spectral EEG dynamics related to target auditory stimuli in young,
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improve the detection of any subtle differences) by calculating the
current source densities (CSDs) of the EEG data; this method is
known to improve the spatial distribution of scalp EEG signals
(Babiloni et al., 2001; Kayser and Tenke, 2006).
2. Methods

2.1. Participants

Thirty male, right-handed, young, healthy adults aged between
19 and 30 (mean ± SD age: 24.6 ± 3.1) were included in the study.
None of the participants had known neurological or psychiatric
disorders, smoked or was taking chronic treatment or psychoactive
drugs. All participants gave their written, informed consent to par-
ticipation. The study was approved by both the local independent
ethics committee and the French drug safety authorities (Agence
Nationale de Sécurité du Médicament et des Produits de Santé). The
study also complied with good clinical practice guidelines, the Dec-
laration of Helsinki, and local legislation. It was registered under
the European policy number EudraCT 2010-023989-51 and the
Clinicaltrial.gov identifier NCT01487395.

The study had a double-blind, randomized, cross-over design
(Fig. 1). Each participant was randomly allocated to receive either
(i) donepezil in the first session and placebo in the second session
or (ii) with placebo in the first session and donepezil in the second
session. Donepezil (5 mg/day) or placebo was administrated orally
in the morning over a 15-day period. The two sessions were sepa-
rated by a one-month wash-out period (given the 70-h half-life of
donepezil (Noetzli and Eap, 2013)). EEG recording was performed
at the end of each session.

2.2. The experimental task

The auditory oddball paradigm included 200 frequent auditory
tones (80%) with a frequency of 500 Hz and 50 intermingled, target
auditory tones (20%) with a frequency of 1000 Hz. Each tone was
presented for 50 ms, with a fixed inter-stimulus interval of
1550 ms. Participants were comfortably seated, and auditory tones
were displayed binaurally in a random manner. Participants were
instructed to press a joystick button with the index of their domi-
nant (i.e. right) hand immediately after the onset of a target tone.
The EEG session lasted approximately seven minutes.

2.3. EEG recordings

The electroencephalogram was recorded from 58 electrodes
placed according to the 10/10 international standard system
d
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(Oostenveld and Praamstra, 2001) with a linked mastoid reference
(M1–M2). The positioning of the electrode cap was guided by fidu-
cial points: nasion, inion and preauricular points. Electrode impe-
dances were kept below 10 kX. We used Brain Vision Recorder
software (version 1.20.0701, Brain Products GmbH, Munich, Ger-
many) for data acquisition. The EEG was recorded with an analog
band-pass filter set to 0.1 to 100 Hz and digitized with a sampling
rate of 500 Hz. Horizontal and vertical eye movements were
recorded via four reference electrodes (bipolar montage) for the
further correction of EEG recordings.
2.4. Pre-processing

Brain Vision Analyzer software (version 2.0.4, Brain Products
GmbH) was used to pre-process the EEG recordings. First, EEG data
were filtered with a 50 Hz notch filter to remove residual noise.
Ocular artifacts were then semi-automatically detected and cor-
rected according to Gratton and Coles’ method (Gratton et al.,
1983). The EEG signals were then segmented from �450 ms (rela-
tive to the stimulus onset) to 1300 ms. Epochs were classified as
‘‘frequent” and ‘‘target”, according to the type of stimulus pre-
sented. A non-automated, visual inspection was used to reject
epochs containing EEG artifacts and those not related to the correct
behavioral response (i.e. false positives for the frequent stimuli and
omissions for the target stimuli). On this basis, six participants
were excluded because of the low number of valid epochs (less
than 25) for the target stimulus. Hence, analyses were performed
for 24 of the 30 participants. All additional analyses on EEG epochs
were performed with MATLAB� (version R2010a, MathWorks, Nat-
ick, MA, USA).
2.5. Processing

2.5.1. CSD transformations
CSD transformations are known to improve the spatial resolu-

tion of scalp EEG signals; they yield sharper scalp topographies
(Tenke et al., 1998). Furthermore, the CSD-EEG measurements
are independent of the recording reference (Kayser et al., 2010,
2014). This approach also reduces the impact of brain volume con-
duction on the results (Hjorth, 1975; Babiloni et al., 2001; Kayser
and Tenke, 2006). In the present study, the CSD was calculated
by using the spherical spline Laplacian method developed by
Perrin et al. (1989), with the same suggested parameter values
(50 iterations; m = 4; k = 10�5). These estimations were performed
at each electrode in a unit sphere (radius r = 1.0). Lastly, the values
were scaled to Laplacian units (lV/cm2) on the basis of a more real-
istic head radius (10 cm). CSD transformations were applied to the
onepezil placebo
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single-trial EEG epochs associated with the target stimuli on one
hand and the frequent stimuli on the other.

2.5.2. ERPs
For the target stimulus, CSD-EEG epochs were averaged in order

to obtain ERPs. Baseline corrections were applied between
�150 ms and �50 ms (relative to the stimulus onset). CSD-P300
was identified as the largest positive deflection between 250 ms
and 450 ms. For each of the two drug conditions (i.e. donepezil
and placebo), the CSD-P300 peak amplitude and peak latency (in
the 250–450 ms interval) were calculated for the target stimulus
at Fz, Cz, CPz, Pz, POz and Oz locations.

2.5.3. ITC and ERSP
Time–frequency variations of the CSD-EEG epochs induced by

the auditory oddball task were assessed in ITC and ERSP analyses
(Delorme and Makeig, 2004).

2.5.3.1. ITC. ITC is a measure of the degree of phase synchronization
between EEG activities across trials at a given time and frequency,
in response to a stimulus. It quantifies the extent to which the
post-stimulus phase value remains constant from one trial to
another, and thus reflects stable dynamic neural processing of each
stimulus (Tallon-Baudry et al., 1996; Makeig et al., 2004).

Mathematically, ITC is calculated as follows:

ITCðf ; tÞ ¼ 1
n

Xn

k¼1

Fkðf ; tÞ
jFkðf ; tÞj

where n is the number of trials, and Fk(f,t) is the spectral estimate of
the kth trial at frequency f and time t.

ITC ranges from 0 (random phase distribution across trials) to 1
(perfect EEG phase reproducibility across trials).

2.5.3.2. ERSP. The ERSP is a measure of the average dynamic
changes in the amplitude of EEG spectra across trials at a given fre-
quency and time. It provides a normalized measure of EEG power
spectrum variation in response to stimulation with respect to the
baseline power spectrum (i.e. prior to the stimulus). In other
words, ERSP enables one to track event-related synchronization
(ERS) and event-related desynchronization (ERD) in the EEG power
spectrum. ERD corresponds to amplitude attenuation or the block-
ing of rhythmic components of the EEG in certain event-related
frequency bands. It reflects a state of cortical activation (Steriade
and Llinás, 1988). Conversely, ERS corresponds to an increase in
the amplitude of the event-related rhythmic components of the
EEG and is associated with a state of cortical inactivation
(Pfurtscheller, 1992).

Mathematically, the ERSP is calculated as follows:

ERSPð f ; tÞ ¼ 20 log
Pn

k¼1jFkð f ; tÞjP
t�baseline

Pn
k¼1jFkð f ; tÞj

where n is the number of trials and Fk(f,t) is the spectral estimate of
the kth trial at frequency f and time t.

2.5.4. Time–frequency analyses
The ITC and ERSP parameters were calculated separately for

the target stimulus and the frequent stimulus at 29 spectral fre-
quencies (from 2 to 14 Hz in 1 Hz increments, and from 15 to
45 Hz in 2 Hz increments) and 150 time-points (-150 ms to
1300 ms) for each subject, condition (donepezil and placebo),
and recording site. Thus, frequency-by-time (29-by-150) ITC and
ERSP matrices were obtained. ERSP and ITC were calculated with
Morlet wavelet decomposition (with a zero-padding ratio of 4 and
150 time points, 2.5 cycles at the lowest frequency band and 22.5
Please cite this article in press as: Leroy C et al. A 15-day course of donepezil m
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cycles at the highest frequency band). Next, for ERSP analyses, a
baseline reference was taken between �150 ms and �50 ms
(relative to the stimulus onset) in order to yield normalized
measures. ITC and ERSP analyses were performed with MATLAB�

software (version R2010a, MathWorks, Natick, MA, USA) using (i)
equations developed in house and (ii) some of the core functions
provided in the EEGLAB toolbox (version 12.0.0.0b; Delorme and
Makeig, 2004).

Evoked activities are time-locked and phase-locked with
respect to the stimulus onset; in contrast, induced activities are
time-locked but not phase-locked (Klimesch, 1999; Pfurtscheller
and Lopes da Silva, 1999; Tallon-Baudry and Bertrand, 1999). The
ITC analysis enabled us to track the phase-locking values across tri-
als related to the target stimulus. In other words, high values of ITC
reflect ERP in the time–frequency domain. Furthermore, the ERSP
analysis enabled us to detect ERS and ERD in the EEG power spec-
trum in response to the target stimulus. Therefore, ITC and ERSP
results are complementary. At a given time and frequency, the
presence of both ERSP and ITC activities is indicative of evoked
activity, whereas ERSP activity with an ITC close to 0 reflects an
induced activity. This is why we chose not remove the ERP from
the EEG segment, i.e. so that we could analyze evoked and induced
activities in the time–frequency domain.
2.6. Statistical analysis

2.6.1. Behavioral data and CSD-ERPs
Student’s paired t-test was used to study the effect of substance

(donepezil vs. placebo) on behavioral data from the oddball task
(the response time and numbers of hits, false positives and
omissions).

The latency and amplitude of the CSD-P300 component related
to the target stimulus were compared in both conditions and at
electrode midlines. A repeated-measures analyses of variance
(ANOVA) was applied, with the treatment type (donepezil and pla-
cebo) as a between-group factor and the electrode location (Fz, Cz,
CPz, Pz, POz and Oz) as a within-group factor. Greenhouse-Geisser
correction was performed when the assumption of sphericity was
violated. The threshold for statistical significance was set to
p < 0.05.
2.6.2. Time–frequency results
In order to reduce the size of ERSP matrix, a principal compo-

nent analysis (PCA) (Bernat et al., 2005) was applied for each type
of stimulus (i.e. the target stimulus and the frequent stimulus). The
frequency-by-time (29-by-150) matrix was first reduced to a 29-
by-20 matrix (from �150 to 700 ms in 50 ms increments and from
700 to 1300 ms in 100 ms increments) and then reorganized into a
single vector by concatenating the time vectors for each frequency.
The time–frequency PCA was computed using 580 variables (29
frequencies � 20 time epochs) and 2784 observations arising from
24 participants, 2 conditions (donepezil and placebo) and 58 elec-
trode sites. These data (i.e. 580 variables for 2784 observations)
were factorized using the covariance matrix and then modified
by unscaled Varimax rotation (Kayser and Tenke, 2003). The eigen-
functions corresponding to the highest eigenvalues in the PCA (i.e.
those accounting for more 5% of the total variance) were selected
for representation in ERSP topographic maps. For each component,
the CSD factor scores were pooled across all 24 participants for
each condition and each electrode. Next, these values were used
to display topographies in which the sign of the factor scores cor-
responded directly to ERS or ERD. The CSD factor scores associated
with the donepezil and placebo conditions were compared by
using Student’s paired t-test. The threshold for statistical signifi-
cance was set to p < 0.05.
odulates spectral EEG dynamics related to target auditory stimuli in young,
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3. Results

3.1. Behavioral data

The behavioral data from the oddball task are summarized in
Table 1. The donepezil and placebo conditions did not differ signif-
icantly in terms of the mean response time or the numbers of hits,
false positives and omissions (p > 0.05).

3.2. Averaged CSD-ERPs

Fig. 2 shows the grand average CSD-ERPs at 58 electrodes for
the target stimulus under both conditions (donepezil and placebo).
Along the central axis, the CSD-ERP waveforms were similar under
the two conditions. In agreement with the results of previous stud-
ies of auditory oddball paradigms (Tenke et al., 2008; Kayser et al.,
2014), the CSD-P300 waveform was prominent at parietal sites.
Table 2 shows the latency and peak amplitude of the CSD-P300
produced at scalp electrodes located on the midline (Fz, Cz, CPz,
Pz, POz and Oz) for the target stimulus in the donepezil and pla-
cebo conditions. For the latency, an ANOVA did not reveal a signif-
icant overall effect of the type of treatment (F(1,46) = 0.81, p = 0.37)
or the electrode location (F(5,46) = 1.41, p = 0.23). No effect of a
treatment � electrode interaction was observed.

For the amplitude, an ANOVA revealed a main effect of elec-
trode location (F(5,46) = 25.09, p < 0.05). The amplitude increased
according to an anteroposterior gradient (Fz < Cz < Pz). However,
no significant overall effect was observed for the type of treatment
(F(1,46) = 1.01, p = 0.32). Again, no effect of a treatment � electrode
interaction was observed.

3.3. ITC- and ERSP-target topographic maps

Time–frequency values of the ITC and ERSP were displayed as
scalp topographies maps for both the donepezil and placebo condi-
tions (Figs. 3 and 4). Each map represents the average ITC and ERSP
values from 150 ms before the target stimulus to 1300 ms after (in
20 time epochs). In order to present the results more clearly, we
divided the frequency axis into the conventional EEG frequency
bands: delta (2–4 Hz), theta (5–7 Hz), alpha (8–14 Hz), beta
(15–30 Hz) and gamma (31–45 Hz).

At about 100 ms (and in all frequency bands), our ITC analysis
revealed two synchronized foci at the left and right frontotemporal
electrodes; these features appeared to be stronger in the donepezil
condition (see the green box in Fig. 3). At about 300 ms, phase syn-
chronizations (in delta and theta bands) at the parietal electrodes
appeared to be similar under both donepezil and placebo condi-
tions (see the blue box in Fig. 3). For all the other time-epochs
and for all the frequency bands, ITC was close to 0 under both con-
ditions (see the red box in Fig. 3).

In the ERSP analysis, ERS appeared to be stronger in the donepe-
zil condition at around 100 ms (in all frequency bands) at the left
and right frontotemporal electrodes (see the green box in Fig. 4)
Table 1
Mean response time and performance rates for the target stimulus in the donepezil
and placebo conditions. The data are expressed as the mean and standard deviation
(SD). Paired t-tests were used in the statistical analysis (n = 24 participants). NS:
non-significant to p 6 0.05.

donepezil placebo p value

Mean SD Mean SD

Response time (ms) 339.42 71.77 328.81 50.24 0.45 (NS)
Hit targets (%) 99.75 0.89 99.75 0.66 0.98 (NS)
False positives (%) 0.18 0.31 0.07 0.14 0.10 (NS)
Omissions (%) 0.04 0.21 0.13 0.34 0.33 (NS)
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and at around 300 ms (in delta and theta bands) at the frontal elec-
trodes (see the blue box in Fig. 4). A greater alpha/beta ERS at fron-
tal electrodes was observed at about 400 ms in the donepezil
condition (see the orange box in Fig. 4). Furthermore, an alpha
ERD was observed (at around 400 ms) at the centroparietal elec-
trodes in both conditions (see the orange box in Fig. 4). Similarly,
delta/theta ERS from 450 ms to 1300 ms was weaker at frontal
electrodes in the donepezil condition (see the gray box in Fig. 4).
At about 900 ms, beta ERS at the frontal, parietal and occipital elec-
trodes appeared to be weaker in the donepezil condition (see the
purple box in Fig. 4). However, beta ERD at temporoparietal
electrodes appeared to be stronger in the donepezil condition
(see the purple box in Fig. 4).

Statistical analyses of the above-mentioned topographies would
have lacked power because of the large number of variables
involved (58 electrodes and 20 time-epochs). We performed a
PCA of the CSD-ERSP-target data (using the method previously
implemented by Kayser et al. (2014)), in order to focus on relevant
information contained in the scalp topography maps.

Scalp ITC (Supplementary Fig. S1) and ERSP (Supplementary
Fig. S2) topographies for the frequent stimulus are shown as
Supplementary material.

3.4. PCA for determining the most relevant CSD-ERSP-target
localizations

Fig. 5 shows the ERSP matrices of factor loadings (Fig. 5A) and
associated factor score topographies for the first five CSD factors
(i.e. PCAs 1, 2, 3, 4, and 5, accounting for 58.67% of the total vari-
ance after rotation). It should be noted that the fifth factor loading
accounted for less than 5% of the total variance (i.e. 4.3%). However,
we chose to retain this factor because it reflected relevant neuro-
physiologic mechanisms.

For each selected PCA component (and for each electrode), the
factor score topographies associated with the donepezil and
placebo conditions (Fig. 5B) were compared in a Student’s paired
t-test (Fig. 5C). Statistically significant values are indicated by a
red dot on a topographic map for each PCA component. Fig. 5C
shows the results of the statistical comparison of the ERSP topo-
graphic maps (for the target stimulus) generated under donepezil
vs. placebo conditions.

In general, there was a reasonable degree of agreement between
the CSD-ERSP-target activities observed in the descriptive analysis
(see Section 3.3 and the various colored boxes in Fig. 4) and those
identified by the PCA (Fig. 5). PCA 1 (Fig. 5B) may be associated
with the purple box in Fig. 4. In fact, PCA 2 may be related to the
orange box, with PCA 3 related to the gray box, PCA 4 related to
the green box and PCA 5 related to the blue box.

For the sake of clarity, we have chosen to describe these results
in the conventional EEG frequency bands.

3.4.1. The delta (2–4 Hz) and theta (5–7 Hz) bands
At about 300 ms after the onset of the target stimulus, delta/

theta ERS was observed at frontocentroparietal electrodes under
both conditions (see PCA 5 in Fig. 5B). In the donepezil condition,
this delta/theta ERS was weaker at the left parietal electrodes
(see PCA 5 in Fig. 5C) (p < 0.05). Later on (at about 700 ms), delta/
theta ERSs appeared at both the frontal and occipital electrodes
and were weaker in the donepezil condition – especially at the
frontal electrodes (see PCA 3 in Fig. 5B and C) (p < 0.05).

As observed in the Section 3.3, our descriptive ITC analysis
revealed delta/theta ITC at about 300 ms at the parietal electrodes
(see the box blue in Fig. 3). However, no delta/theta ITC activity
was observed at about 700 ms (see the red box in Fig. 3). This
suggests that PCA 5 and PCA 3 are related to evoked and induced
activities, respectively.
odulates spectral EEG dynamics related to target auditory stimuli in young,
.clinph.2015.11.018

http://dx.doi.org/10.1016/j.clinph.2015.11.018


+

40 μV/cm²
0 650 1300

Latency (ms)

-

donepezil
placebo

FP1 FP2

Fz

Cz

CPz

Pz

POz

Oz

AF7

AF3 AF4
AF8

F7
F5 F3

2F1F F4 F6
F8

FT7
FC5 FC3 FC1 FC2 FC4 FC6

FT8

2O1O

PO7
PO3 PO4

PO8

P7
P5

P3 P1 P2 P4
P6

P8

CP2
CP4 CP6 TP8

TP7
CP5 CP3

CP1

C2 C4 C6 T8T7 C5 C3 C1

Fig. 2. Grand average surface Laplacian (CSD) waveform (�150 to 1300 ms, with �150 to �50 ms as the pre-stimulus baseline) for the target stimulus under the donepezil
and placebo conditions (n = 24 participants).

Table 2
Characteritsics of the latency and amplitude of the CSD-P300 component in the
donepezil and placebo conditions for the target stimulus (250–450 ms). The data are
expressed as the mean and standard deviation (SD) of the grand average for
electrodes on the central axis (Fz, Cz, CPz, Pz, POz and Oz); n = 24 participants.

Electrode Condition Mean (SD) peak
latency (ms)

Mean (SD) peak
amplitude (lV/cm2)

Fz donepezil 322.75 (50.25) 7.89 (18.03)
placebo 311.92 (54.02) 9.77 (12.67)

Cz donepezil 295.75 (65.49) 27.81 (15.57)
placebo 309.50 (76.31) 24.63 (17.74)

CPz donepezil 296.58 (54.57) 32.33 (11.88)
placebo 309.58 (59.29) 29.73 (12.89)

Pz donepezil 314.42 (43.19) 36.21 (17.01)
placebo 321.25 (44.09) 33.30 (11.90)

POz donepezil 313.58 (34.44) 33.54 (20.87)
placebo 329.08 (50.89) 29.72 (22.08)

Oz donepezil 345.75 (64.90) 18.30 (14.53)
placebo 347.75 (70.74) 12.36 (14.26)
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3.4.2. The alpha band (8–14 Hz)
At about 100 ms, an alpha ERS was observed at the left and right

temporal electrodes under the donepezil and placebo conditions
(see PCA 4 in Fig. 5B). The perturbation was greater at a left tempo-
Please cite this article in press as: Leroy C et al. A 15-day course of donepezil m
healthy adult volunteers. Clin Neurophysiol (2015), http://dx.doi.org/10.1016/
ral electrode in the donepezil condition (see PCA 4 in Fig. 5C)
(p < 0.05). Moreover, this alpha ERS was associated with a high
ITC value (see the green box in Fig. 3). Therefore, PCA 4 (Fig. 5B)
might be associated with an evoked activity. Furthermore, an
alpha/beta-ERD was observed at the centroparietal electrode; it
was most prominent on the left side at about 400 ms (i.e. just after
the motor response on the contralateral side; see PCA 2 in Fig. 5B).
Although this ERD appeared to be more intense in the placebo
condition, the inter-condition difference was not statistically
significant (see PCA 2 in Fig. 5C). This alpha ERD was not associated
with a high ITC value and might therefore reflect induced activity
(see the red box in Fig. 3).
3.4.3. The beta band (15–30 Hz)
At about 400 ms, a beta ERS at frontal electrodes was observed

under both conditions (see PCA 2 in Fig. 5B) but was greater in the
donepezil condition (see PCA 2 in Fig. 5C) (p < 0.05). At about
900 ms (see PCA 1 in Fig. 5B), ERSP analyses showed that in the
donepezil condition, there was weaker beta ERS at frontal and
parieto-occipital electrodes and stronger beta ERD at temporal-
parietal electrodes (see PCA 1 in Fig. 5C) (p < 0.05). These activities
(i.e. PCAs 2 and 1) were not associated with noticeable ITC (see the
red box in Fig. 3) and may therefore be attributable to induced
activities.
odulates spectral EEG dynamics related to target auditory stimuli in young,
j.clinph.2015.11.018
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Fig. 3. Scalp ITC topographies for the target stimulus. Each frequency band has its own color scale, which is the same in the donepezil and placebo conditions. Time windows
(in milliseconds, ms) are shown on the x-axis and frequency bands are shown on the y-axis. ITC ranges from 0 (in blue, representing a random phase distribution across trials)
to 1 (in red, representing perfect EEG phase reproducibility across trials).
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3.4.4. The gamma band (31–45 Hz)
No gamma band components emerged from the PCA (Fig. 5A).
The PCA used to determine the most relevant CSD-ERSP local-

izations for the frequent stimulus is shown as Supplementary
material (Supplementary Fig. S3).

4. Discussion

The present study’s primary objective was to identify possible
sensitive, specific EEG markers of cholinergic modulation in
donepezil-treated, young, healthy, adult volunteers. Our analysis
of changes in spectral EEG variables induced by the target stimulus
(i.e. CSD-ERSP and CSD-ITC) revealed differences between the
donepezil and placebo conditions and thus were suggestive of dif-
ferences in functional cortical networks. However, analyses of the
target CSD-P300 ERP’s latency and amplitude failed to show any
significant differences between the donepezil and placebo condi-
tions. One previous study has shown that acute (one-month) done-
pezil administration was associated with a shorter P300 latency
during an auditory oddball paradigm in AD patients (Reeves
et al., 1999). In turn, a shorter P300 latency is known to be related
to improvements in cognitive functions such as short- and long-
term memory, attention and orientation in AD (Chang et al.,
2014). In the present study, there was no significant difference in
behavioral responses when comparing the donepezil and placebo
conditions. It is likely that analysis of the P300 component was
not sensitive enough to reveal differences in young, healthy, adult
Please cite this article in press as: Leroy C et al. A 15-day course of donepezil m
healthy adult volunteers. Clin Neurophysiol (2015), http://dx.doi.org/10.1016/j
subjects. ERP analysis provides an overall representation of EEG
activity by including all frequency bands. Time–frequency-based
methods decompose this activity and can therefore provide a
detailed representation of the EEG-ERP signals (Mazaheri and
Picton, 2005). Our ERSP and ITC analyses enabled us to distinguish
between evoked activities and induced activities.

4.1. Evoked activities

4.1.1. The delta and theta bands
A delta/theta ERS was observed at frontocentroparietal elec-

trodes under both conditions (at about 300 ms) for the target stim-
ulus. On left parietal electrodes, the delta/theta ERS was weaker in
the donepezil condition. An EEG study of a visual oddball paradigm
had already shown that during target detection (from 0 to 500 ms),
delta ERS (0.5–3.5 Hz) in centroparietal regions is weaker in elderly
subjects than in young, healthy controls (Xu et al., 2011). The latter
researchers suggested that low delta ERS was related to greater
involvement of cortical areas and thus greater recruitment of
attentional resources during the cognitive task. In the present
study, our observation of less delta/theta ERS in the donepezil con-
dition means that more neurons were activated in parietal regions
during the detection of the target stimulus (Steriade and Llinás,
1988; Pfurtscheller, 1992; Pfurtscheller et al., 1996). Acetylcholine
is known to inhibit neural networks in the posterior parietal cor-
tex; this inhibition may help to remove information from working
memory and thus promote the more efficient processing of new
odulates spectral EEG dynamics related to target auditory stimuli in young,
.clinph.2015.11.018
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Fig. 4. Scalp ERSP topographies for the target stimulus. Each frequency band has its own color scale, which is the same in the donepezil and placebo conditions. Time
windows (in milliseconds, ms) are shown on the x-axis and the frequency bands on the y-axis. Relative to the baseline activity, stronger power spectrum (in decibels, dB)
(ERS) are shown in red and weaker power (ERD) are shown in blue.
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information (Broussard, 2012). Moreover, it has been shown (in
resting-state experiments) that donepezil can decrease delta activ-
ity in AD patients (Balkan et al., 2003). In the present study, the
weaker delta/theta ERS in the donepezil condition for the target
stimulus might have been linked to more efficient attentional pro-
cesses following inhibition of the posterior parietal cortex. We also
found that the parietal delta/theta ERS at about 300 ms was related
to strong ITC (i.e. an evoked activity) for the target stimulus. In the
auditory oddball paradigm, delta and theta ERSs are known to
underlie the activity of the P300-ERP component (Basar-Eroglu
and Demiralp, 2001; Mazaheri and Picton, 2005; Bernat et al.,
2007). The frontal theta ERS arising at about 300 ms is known to
be related to memory and attentional processes (Mazaheri and
Picton, 2005; Missonnier et al., 2006). A magnetoencephalographic
study of an auditory oddball paradigm has shown that the delta
ERS in frontocentroparietal areas may be involved in auditory
attention and memory updating processes (Ishii et al., 2009). In
the present study, the classical analysis of P300 CSD-ERP (i.e.
latency and amplitude) failed to highlight differences between
donepezil and placebo conditions for the target stimulus. Time–
frequency analyses based on CSD-ITC and -ERSP confirmed the lit-
erature results – namely that P300-ERP was present in the delta/
theta frequency bands. Moreover, the inter-condition differences
Please cite this article in press as: Leroy C et al. A 15-day course of donepezil m
healthy adult volunteers. Clin Neurophysiol (2015), http://dx.doi.org/10.1016/
in delta/theta ERS at parietal electrodes suggested that attentional
resources required for detection of the target stimulus also dif-
fered. The fact that a topography explaining at least 5% of variance
did not emerge from the PCA analysis for the frequent stimulus (in
the low frequency bands at about 300 ms; see the Supplementary
Fig. S3B) confirms that the electrophysiological patterns observed
for the target stimulus (i.e. delta/theta ERS at about 300 ms) might
be linked to attentional processes in general and to P300 in partic-
ular. Furthermore, the differences observed for the target stimulus
were located at left parietal electrodes (i.e. on the hemisphere con-
tralateral to the response hand) at about the same time as the
motor response (i.e. around 330 ms). An EEG study has already
shown that theta ERS (4–7 Hz) over left frontal and parietal cortex
(for right-handed subjects) has a role in movement-target detec-
tion (Rawle et al., 2012). In the present study, the left parietal
delta/theta ERS for the target stimulus suggested a complex
response combining motor component and cognitive processes,
which differed when comparing the two conditions. This phase-
locked delta/theta ERS may be associated with the resetting of
prior auditory information processing (i.e. a rebound in initial
cortical activation related to attention, and perception-motor
processing); this would fit with P300’s putative physiological role
(i.e. cortical relaxation). Therefore, weaker delta/theta ERS in the
odulates spectral EEG dynamics related to target auditory stimuli in young,
j.clinph.2015.11.018
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donepezil condition for the target stimulus is suggestive of
prolonged, active auditory information processing (attention and
perception) and sensorimotor transformation.

4.1.2. The alpha band
By performing a PCA on CSD-ERSP measurements during an

auditory oddball task in young healthy subjects, Kayser et al.
(2014) observed an ERS in the low-frequency band (delta/theta)
at about 130 ms and at the centrotemporoparietal electrodes. This
ERS was observed for both frequent and target stimuli and has
been linked to N100-ERP. In our study, we found an alpha-band
ERS at about 100 ms for target stimuli and a theta-/alpha-band
ERS for frequent stimuli (see the Supplementary material, PCA 2
in Supplementary Fig. S3B). Our results are similar to those
observed by Kayser et al. (2014) and suggest that these ERSs in
theta/alpha bands (evoked activities) are associated with the
N100 component. For the target stimulus, we also found a greater
alpha ERS (at about 100 ms) at the left temporal electrode in the
donepezil condition. For auditory stimuli, the N100-ERP compo-
nent is generated by a neural network located in the primary and
association temporal auditory cortices (Zouridakis et al., 1998;
Godey et al., 2001). Alpha phase synchronicity is known to be
involved in the generation of the N100 component (Haig and
Gordon, 1998). Moreover, a study has already shown that alpha-
phase locking values in left and right temporal regions were
related to detection of the auditory stimulus in the human auditory
cortex (Hsiao et al., 2009). In the present study, the observation of
early differences in alpha ERS for the target stimulus suggested
that donepezil improves the primary auditory processes (and par-
ticularly the detection of a target auditory stimulus) by increasing
the acetylcholine concentration in frontotemporal regions
(Bressler et al., 2008; Ko et al., 2012). This is corroborated by the
results of animal studies. For example, in a study in the rat,
increased acetylcholine release was observed in the frontal cortex
and hippocampus during the detection of a new sensory stimulus
(Acquas et al., 1996; Miranda et al., 2000). Furthermore, that done-
pezil improves auditory sensory gating mechanisms in the rat
(Klinkenberg et al., 2013). Furthermore, a functional magnetic res-
onance imaging study of AD patients has shown that donepezil can
improve perceptual responses and increase encoding abilities in
working memory (Kircher et al., 2005). It has also been shown that
the AChEI physostigmine can improve visual working memory per-
formance in healthy volunteers by increasing the selectivity of
neural responses in the visual cortex during the encoding phase
(Furey et al., 2000). The cholinergic modulation that we observed
in the alpha frequency band might be related to modifications of
the selectivity of perceptual processing, which in turn would result
in changes in working memory performance (Furey et al., 2000).
Thus, donepezil might increase selectivity and efficiency of neural
information processing, with greater inhibition of irrelevant infor-
mation processing and cortical activity. This might result in less
cortical activation and equivalent behavioral performance (when
comparing the donepezil and placebo conditions).

4.2. Induced activities

4.2.1. The delta and theta bands
At about 700 ms (for the target stimulus), a delta/theta ERS

related to an induced activity was weaker in the donepezil condi-
tion – especially at the frontal electrodes. An increase in acetyl-
cholinesterase inhibition in frontal regions (the anterior cingulate
cortex, and dorsolateral prefrontal and posterior cingulate cortices)
has been observed by positron emission tomography in donepezil-
treated AD patients (Bohnen et al., 2005). Otherwise, assessment of
an auditory oddball paradigm in the rat showed that lesions of
the nucleus basalis of Meynert were associated with greater
Please cite this article in press as: Leroy C et al. A 15-day course of donepezil m
healthy adult volunteers. Clin Neurophysiol (2015), http://dx.doi.org/10.1016/
delta/theta ERS in the frontal cortex (from 100 ms to 700 ms after
the onset of the target stimulus) (Sanchez-Alavez et al., 2014). In
the present study, the weaker frontal delta/theta ERS in the done-
pezil condition suggests the blockage of rhythmic EEG components
in the low-frequency bands – reflecting a cortical activation state
(Steriade et Llinás, 1988). These effects might be related to the
drug’s inhibition of acetylcholinesterase. However, this delta/theta
ERS appeared in regions near to eyes and had a long latency rela-
tive to the onset of the target stimulus. It is possible that these
activities correspond to low-amplitude eye movements
(Cordones et al., 2013). If so, this would explain why these electro-
physiological patterns are also observed for the frequent stimulus
in the donepezil and placebo conditions (see the Supplementary
material, PCA 4 in Supplementary Fig. S3B). Alternatively, these
factor score topographies (for target and frequent stimuli) may
reflect ERD that is widely distributed over the scalp after a decrease
in alertness has reactivated slow rhythms.

4.2.2. The alpha band
For the target stimulus, an alpha/beta ERD was observed at the

centroparietal electrode – especially on the left side and at about
400 ms. Alpha ERD is related to the P300 wave (Peng et al., 2012)
and is known to reflect attentional and memory processes during
an oddball paradigm (Klimesch, 1999). Another recently study
using an auditory oddball task in healthy young adults has shown
that CSD-ERSP measures are suitable for highlighting alpha ERD
(350–600 ms) for the target stimulus. This ERD has been linked
to a decrease with respect to the prestimulus baseline (Tenke
et al., 2015). Moreover, by performing a PCA on CSD-ERSP data
from healthy young adults, Kayser et al. (2014) found an alpha
ERD (9 Hz) after about 600 ms at the centroparietal electrodes. This
ERD was observed for target stimulus but not for the frequent
stimulus (Kayser et al., 2014). The present study used the same
methodology (i.e. a PCA of CSD-ERSP data) and found similar elec-
trophysiological patterns in the donepezil and placebo conditions
for both the frequent stimulus (see the Supplementary material,
PCA 3 in Supplementary Fig. S3B) and the target stimulus. Further-
more, we did not find a statistically significance inter-condition
difference for the ERD after the target stimulus. Event-related
oscillations in the alpha band are thought to reflect inhibitory cor-
tical control processing (Uhlhaas and Singer, 2010). More particu-
larly, alpha ERD corresponds to the release of cortical inhibition
and the synchronized activation of cortical networks that are
dependent on the cognitive task (Klimesch et al., 2007). In the pre-
sent study, the similarity of the alpha ERD in both conditions for
the target stimulus suggests that donepezil does not recruit more
neurons for promoting more efficient attentional mechanisms. In
other words, donepezil does not seem to modulate top-down pro-
cessing (Koh et al., 2011).

Furthermore, alpha ERD may be also associated with activation
of the cortical areas involved in sensory processing and the produc-
tion of motor behavior (Pfurtscheller, 1992). The presence of left-
lateralized alpha ERD for the right-handed responses just after
the motor response (for the target stimulus) corroborates this
hypothesis. It has been established that acetylcholine blocks slow
oscillations and contributes to the desynchronization of EEG
rhythms (Steriade, 1993). Moreover acetylcholine axons project
from the basal forebrain to the thalamus and neocortex
(Mesulam, 2004). Given that induced activities are reflected by
thalamocortical interactions, it is therefore surprising that the
donepezil condition was not associated with greater alpha ERD
for the target stimulus.

4.2.3. The beta band
For the target stimulus, induced activity (reflected by a beta ERS

at frontal electrodes at about 400 ms) was stronger in the
odulates spectral EEG dynamics related to target auditory stimuli in young,
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donepezil condition. This activity was observed just after the
motor response (i.e. at about 330 ms). It is well accepted that beta
activities are related to the motor response (Pfurtscheller et al.,
1998; Houdayer et al., 2006; Jurkiewicz et al., 2006). Moreover,
acetylcholine may have a role in movement because many cholin-
ergic afferents from the nucleus basalis of Meynert project to the
entire cortex (including the motor cortex) (Conner et al., 2003;
Berg et al., 2005). Alternatively, an increase in beta ERS for a target
stimulus might be related to more efficient high-level cognitive
functions (such as attention) (Güntekin et al., 2013). However, con-
flicting results have been reported. Some EEG studies of attentional
paradigms have observed beta ERS (Onton et al., 2005; Kukleta
et al., 2009), whereas others have observed beta ERD (Cacace and
McFarland, 2003; Mazaheri and Picton, 2005).

Although the factor score topography for the donepezil condi-
tion was not easy to interpret, our ERSP analyses appear to evi-
dence several induced activities in the beta band at about 900 ms
for the target stimulus. Beta ERS at the frontal and parieto-
occipital electrodes was weaker in the donepezil condition.
Conversely, beta ERD at the temporoparietal electrodes was greater
in the donepezil condition (at about 900 ms). A study of an audi-
tory oddball task showed that late beta ERS in frontotemporal
regions (from 750 to 1000 ms) and occipital regions (from 500 to
750 ms) was significantly weaker in patients with schizophrenia
than in young, healthy subjects (Fujimoto et al., 2012). The latter
researchers also observed stronger beta ERD (from 750 to
1000 ms) in the posterior frontal, temporal and parietal regions
in patients with schizophrenia. However, in this previous study,
all the patients were being treated with antipsychotic drugs, the
effects of which might also have contributed to changes in neural
oscillations (Fehr et al., 2001). Alterations of functional brain con-
nectivity in large-scale networks have been observed in patients
with schizophrenia (Uhlhaas, 2013). Furthermore, reductions in
the amplitude of neural oscillations and lower phase synchroniza-
tion in induced oscillatory activity have been observed in patients
with schizophrenia during cognitive tasks (Uhlhaas and Singer,
2010). Other studies of patients with schizophrenia have shown
a reduction in phase synchronization in the beta band during a
visuoperceptive task (Uhlhaas et al., 2006). Although it is not easy
to compare the electrophysiological patterns of healthy subjects
with those of patients, our present results suggest that ERS and
ERD patterns in donepezil-treated healthy subjects for the target
stimulus are associated with modulation of neuronal synchroniza-
tion in various cortical networks. However, these late beta activi-
ties occurred almost 1000 ms after the onset of the target
stimulus, and so this hypothesis remains to be confirmed. In con-
trast to the present study, the auditory oddball paradigm studied
by Fujimoto et al. (2012) did not require a motor response. The
beta ERS/ERD patterns observed in the present study might also
be related to the so-called post-movement beta rebound, which
is related to the resetting of cortical information processing of
movement-related somatosensory afferents (Pfurtscheller and
Lopes da Silva, 1999; Houdayer et al., 2006; Jurkiewicz et al.,
2006). Given that donepezil reduced the induced frontal-parieto-
occipital beta ERS at about 900 ms for the target stimulus, we
assume that it prolonged active information processing of somato-
motor afferents. The increase in the induced temporoparietal beta
ERD in the donepezil condition for the target stimulus also sug-
gests that the drug prolonged active information processing of
somatosensory afferents.

4.2.4. The gamma band
Our PCA did not identify relevant CSD-ERSPs in the gamma

band for either the target stimulus or the frequent stimulus (see
the Supplementary material, Supplementary Fig. S3A). We chose
to analyze this frequency band because an EEG study of an
Please cite this article in press as: Leroy C et al. A 15-day course of donepezil m
healthy adult volunteers. Clin Neurophysiol (2015), http://dx.doi.org/10.1016/j
auditory oddball task had shown that gamma band oscillatory
responses were strongly correlated with the P300 wave
(Gurtubay et al., 2001). Moreover, cholinergic modulation has an
important role in gamma oscillations and response synchroniza-
tion (Rodriguez et al., 2004).

4.3. Study limitations

In the present study, we sought to identify dynamic EEG mark-
ers in young healthy adults. This population was chosen in order to
reduce the age-related inter-individual variability in cognitive
functioning. However, AD is a disease that occurs mainly in older
adults, and so our study should be replicated in healthy elderly
adults. Otherwise, some of the results described above were based
on data from border electrodes (i.e. frontal, temporal and occipital
electrodes). It is known that spline Laplacian estimations may be
erroneous for border electrodes (Babiloni et al., 1995). Therefore,
one must interpret these results with caution. Use of a larger num-
ber of scalp electrodes (up to 256) could significantly reduce these
estimation errors (Babiloni et al., 1995). Furthermore, the present
study used a spherical spline Laplacian computed with a moder-
ately intermediate flexible spline (m = 4). It was recently shown
that a spherical spline Laplacian computed with rigid splines
(mP 5) can maintain activity at border electrodes (Tenke and
Kayser, 2015). Another limitation concerned our choice of method-
ology (an oddball paradigm that required a motor response). The
interpretation of some of our results was complicated by the fact
that it is difficult to distinguish between EEG activities related to
cognitive processes and those associated with the motor finger
response. It would be interesting to study a paradigm in which par-
ticipants are asked to mentally count the target stimuli (Fujimoto
et al., 2012).

4.4. Conclusion

CSD transformations of the ERSP and ITC data revealed signifi-
cant differences between the donepezil and placebo conditions in
young, healthy, adult participants. Whereas the CSD-P300 ERP
and behavioral analyzes did not reveal any inter-condition differ-
ences, the evoked activities observed in the time–frequency
domain (i.e. ERSP and ITC) for the target stimulus showed that
donepezil modulates (i) delta/theta ERS underlying the P300 wave-
form and (ii) alpha ERS involved in generation of the N100 wave-
form. Our ERSP data also revealed that donepezil was associated
with some late changes (with respect to the onset of the target
stimulus) in induced activities in the delta/theta (ERS) and beta
(ERS/ERD) frequency bands for the target stimulus.

Lastly, the present study identified a number of group-level EEG
biomarkers of donepezil’s effect on young, healthy, adult volun-
teers. There is a need to develop AD drugs that are more effective
than donepezil. EEG markers generated by CSD-ERSP and CSD-ITC
analyses show that electroencephalography might be a useful
additional tool for assessing the therapeutic potential of drug can-
didates in AD prior to Phase II/III clinical trials. However, the pre-
sent study needs to be replicated so that the EEG methods
described here can be validated for use in drug trials.
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