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HIGHLIGHTS

® The resting-state sensorimotor activities were examined in AD and MCL.

® Increased delta coherences within the sensorimotor network were found in AD.
® No significant difference of spectral powers was observed between AD and MCI.
e Enhanced cortical coupling at delta band characterizes the alterations in AD.
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Although the altered coherence between cortical areas in Alzheimer’s disease (AD) has been widely stud-
ied, itremains unclear whether the source-based coherence measures within sensorimotor network show
significant difference between mild cognitive impairment (MCI) and AD. In the present study, resting-
state electroencephalographic signals were recorded from 21 MCI and 21 mild AD patients. The spectral
power and coherence in the sensorimotor areas were analyzed using the minimum norm estimate (MNE)
combined with fast Fourier transform and coherence analysis in delta (1-4 Hz), theta (4-8 Hz), alpha
(8-13 Hz), beta (13-25Hz), and gamma (25-40 Hz) bands. Our results indicated that source-based coher-
ence in AD showed increased delta coherences between the bilateral precentral, left supplementary motor
area (SMA) and right precentral, and left SMA and right postcentral areas. However, no significant differ-
ence of spectral powers was observed between AD and MCI. To conclude, the phenotype conversion from
MCI to AD may be associated with an altered connectivity of the sensorimotor cortical network. This is a
promising finding; however, further large-scale studies are needed.

© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that
is characterized by cognitive deficits and behavioral disturbances,
as well as pathological changes as shown by the senile plaques,
neurofibrillary tangles, and neuronal loss in the frontal, temporal
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and parietal neocortical association areas [4]. Although, in the early
stages of AD, motor cortex was found to be relatively spared of
pathological change [36], deteriorated fine motor skill performance
[24] and subclinical motor slowing of reaction and movement time
[20] were found for the disease. Transcranial magnetic stimulation
(TMS) studies also demonstrated that early-stage AD exhibited the
motor hyperexcitability and subclinical motor cortical reorganiza-
tion [21]. It is feasible that the early changes of motor cortex in
AD reflect a functional, but not structural, alteration of the cortical
motor network [33].

The sensorimotor network, which is crucial for the execution
of voluntary movements and comprised of postcentral, precentral
and supplementary motor areas, is one of the resting state networks
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Fig. 1. (a) Distributions of averaged cortical activation during resting-state condition in 21 AD and 21 MCI patients, respectively. Cortical areas encircled by dashed circles
indicate the sensorimotor areas. The strength of cortical sources is color coded; large values are represented in red, and small values are in blue. (b) Upper: Map of sensorimotor
network on the axial and coronal MR images is shown. Lower: The bar plots show the power values in each frequency band in AD and MCI. §, delta; 6, theta; «, alpha; B, beta;
y, gamma. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[28]. The neural activities within the network significantly coacti-
vated without any sensory, cognitive or motor task. In the previous
functional magnetic resonance imaging (fMRI) studies, compared
with mild cognitive impairment (MCI), mild AD was associated with
decreased [14] or rewired [1] sensorimotor network connections.
In a recent fMRI study, Vidoni et al. [41] found that early-stage AD
more recruited multiple motor association and execution areas to
maintain the motor performance. Though these fMRI studies dis-
played altered activation within sensorimotor network in AD, the
changes of resting-state electrophysiological activities, reflecting
the motor functions with high temporal resolution and providing
a relevant picture of summated neural activities, remain unclear.

Previous studies using EEG source-based spectral power
analysis [6-8,10,12] and sensor-based synchronization analysis
[5,8,9,11] suggested that EEG could provide an useful measure
to investigate the alterations of the local cortical activities and
cortico-cortical connections in MCI and AD. Of note, analysis of
frontoparietal or frontomedial cortical couplings in MCI or AD
yielded contradictory results, which may be enhanced [4,10] and
reduced [7,8]. These findings illuminate the need for further inves-
tigations exploring the source-based EEG functional connectivity
within resting state network. The findings from these investigations
could potentially elucidate the functional changes that underlie the
pathologic mechanisms of neurodegeneration, especially impor-
tant as the conversion from MCI to AD.

It is well known that treatment at the early stage of AD may
delay the onset and progression of this disease. The present study
aimed to measure the source-based rhythmic activities and coher-
ence within the sensorimotor network via the resting-state EEG
recording in MCI and mild AD subjects.

2. Methods
2.1. Subjects

This study recruited 21 AD patients and 21 MCI patients, which
were diagnosed according to NINCDS-ADRDA [30] and DSM IV
criteria, and previous published guidelines [34], respectively. Each
subject was first visit to the neurological institute of Taipei City Hos-
pital. An experienced neurologist (YJW) excluded any subject with
brain lesions or other abnormalities that can lead to atypical AD
symptoms, such as frontotemporal dementia, vascular dementia,
extrapyramidal syndromes, reversible dementias, and Lewy body
dementia.

The inclusion criteria for AD and MCI were clinical dementia rat-
ing (CDR) score of 1 and 0.5, respectively. According to the rule of
CDR [32], the level of severity in all AD enrolled in this study was
mild. The exclusion criteria were (1) no daily use of medications
prior to EEG recording; (2) evidence of other neurological or psychi-
atric diseases characterized by the cognitive impairment; and (3)
uncontrolled or complicated systemic diseases or traumatic brain
injuries. This study was approved by the Institutional Review Board
of Taipei City Hospital.

2.2. EEG recordings and preprocessing

Resting-state EEG data were recorded using a Nihon-Kohden
system (Nihon-Kohden Inc., Tokyo, Japan) with 19 electrodes,
which were positioned according to the International 10-20 Sys-
tem and consisted of Fp1, Fp2, F3, F4, C3, C4, P3, P4, 01, 02, F7,
F8, T3, T4, T5, T6, Fz, Cz, and Pz. All EEG data were commonly
referenced to the average of the two linked mastoid electrodes,
sampled at 200 Hz, and filtered offline between 1 and 40 Hz. To
ensure that subjects remained awake and alert, eyes-closed and
eyes-opened conditions were performed for 20-30s alternately,

and totally each condition was recorded about 3 min. The EEG
data of the eyes-closed condition were extracted and fragmented
into consecutive epochs of 2s for further analysis. To eliminate
the ocular, muscular, heart and other types of artifacts, three pro-
cesses were used including: (1) the data were reviewed, and the
epochs with aberrant waveforms were manually discarded by an
expert EEG technician; (2) automatic detection and rejection of
artifacts were completed using the EEGLAB toolbox (available at
scen.ucsd.edu/eeglab); (3) independent component analysis (ICA)
was applied to the recordings to effectively remove noise [15]. For
each subject, 30 artifact-free epochs were randomly selected for
further analysis.

2.3. Data analysis

2.3.1. Minimum norm estimate analysis

Depth-weighted minimum-norm estimation (MNE) was used
to obtain the current strength dynamics of cortical sources of the
EEG data [22]. This method offers greater spatial accuracy than it
without depth weighting [26] and is able to detect simultaneous
current sources that are distributed along the entire cortical sur-
face [22]. The details of MNE parameters could be found in our
previous work [23]. In the present study, the activation at each
vertex (an equilateral triangle in the tessellation of the cortical
surface) was estimated every 5 ms. Cortical maps of distributed cur-
rent activity in each subject were displayed on the same source
space: the cortex from Colin27 anatomy. Six regions of interest
(ROIs), which included the precental, postcentral, and supple-
mentary motor area (SMA) in the bilateral hemispheres, were
selected from the cortical surface of default anatomy (MNI/Colin27)
according to the automatic anatomical labeling template [40].
The time-varying current source strengths at these ROIs were
extracted from each epoch. MNE analysis was performed with
Brainstorm [37], which is a documented program that is avail-
able for free download online under the GNU general public license
(http://neuroimage.usc.edu/brainstorm).

2.3.2. Spectral power and coherence analysis

To obtain the source-based spectral power of cortical activity,
fast Fourier transformed (FFT) spectral analysis was used to trans-
form the time-varying current source strength of each ROI, in each
epoch, into power spectrums of 0.5 Hz frequency resolution from
1 to 40Hz. The spectral power was derived from the averaged
spectrum across epochs. The coherence between two ROIs at each
frequency was obtained from the ratio of squared cross-spectrum
to the product of the two auto-spectra, taking on a value between
0 and 1. In this study, coherence was typically estimated by aver-
aging over 30 epochs. Coherence values were calculated for all 15
possible combinations between the 6 ROIs. To minimize the spuri-
ous coherence due to volume conduction, the coherence between
paired ROIs with anatomical distance <5 cm was excluded from fur-
ther analysis. A high coherence can be associated with a highly
functional coupling between the linked brain regions. The spec-
tral powers and coherences are defined as the mean values within
delta(1-4 Hz), theta(4-8 Hz), alpha (8-13 Hz),beta(13-25Hz),and
gamma (25-40 Hz) bands.

2.4. Statistical analysis

An ANOVA was performed to examine significant differences
for the effect of Group (AD and MCI), Region (6 ROIs) and Band
(5 frequency bands) on the spectral power of cortical sources.
Coherences were tested using ANOVA with the covariate of spec-
tral power for the effect of Group (AD and MCI). The Bonferroni
correction was used for multiple comparisons. Statistical analysis
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Fig. 2. The difference of coherence at delta band for the ROI pairs between AD and
MCL. *, corrected p<0.05; **, corrected p<0.01.

was carried out using SPSS software package (SPSS Inc., Chicago).
A corrected p-value < 0.05 was considered statistically significant.

3. Results

There was no significant difference with age between the AD and
MCI groups (AD, 82.7 +7.5; MCI, 80.4 + 5.6). MMSE scores were sig-
nificantly lower in AD than in MCI (AD, 14.9 +5.4; MCI, 22.7 +£2.2;
p<0.0001); the scores of both groups were below normal (MMSE
cutoff value > 25/30).

Fig. 1(a) depicts grand-averaged activation distributions on cor-
tical surfaces with upper view across the AD and MCI, respectively.
The activation maps distributing over the frontal, parietal, tempo-
ral, occipital and midline regions are similar between two groups.
The current strength of underlying cortical sources is color coded;
large activation is denoted with red. Sensorimotor areas are encir-
cled by dashed circles. These activated brain regions are mapped
onto the axial and coronal MR images and located over the bilateral
precentral, postcentral and SMA areas (upper part of Fig. 1(b)). The
bar plots in Fig. 1(b) show the spectral powers of the cortical activa-
tion in the bilateral precentral, postcentral and SMA areas in AD and
MCIL. For the spectral powers, ANOVA tests exhibited no main effect
for Group x ROI x Band interaction (F=0.604, p=0.912). It indicates
that no significant difference was observed between AD and MCI
(all p>0.1), although the averaged power values in AD were larger
for delta and theta bands and smaller alpha and beta bands.

Fig. 2 illustrates the plots reporting the significant difference
of coherence between AD and MCI. Left part of the plots dis-
plays the ROI pairs; right exhibits the mean and standard error of

the coherence values in AD and MCI. ANOVA examinations with
covariant of spectral power did not showed significant interac-
tion between Group and spectral power (all p>0.2). Regarding the
effect for Group, larger coherences at delta band in AD than in MCI
were observed between bilateral precentral (AD, 0.217 4+0.009;
MCI, 0.18+0.006; p<0.05), left SMA and right precentral (AD,
0.359+0.025; M(I, 0.242 4+ 0.015; p<0.01), and left SMA and right
postcentral areas (AD, 0.271+0.016; MCI, 0.196 +0.009; p<0.01).
There was no correlation between coherences and the spectral
power. No significance was found with other frequency bands and
ROI pairs, either.

4. Discussion

Using EEG recording combined with MNE analysis to assess
the sensorimotor activities during resting state condition, source-
based spectral power and coherence were obtained to compare
the difference between MCI and mild AD. This study demonstrates
that altered coherences within the sensorimotor network could be
correlated with the transition from MCI to AD. Such alteration is
characteristic of, augmented delta coherences between the bilat-
eral precentral, left SMA and right precentral, and left SMA and right
postcentral areas. In early AD, gray matter loss and its rates were
asymmetry and greater in the left hemisphere [38,39]. It might
explain that, with relatively intact functions, coherences in right
SMA exhibited no difference between early-stage AD and MCI.

With or without simple motor task, the alteration of sensor-
imotor system was reported by fMRI [1,14,41] and EEG [5,11],
suggesting that the reorganization of sensorimotor cortical cou-
pling characterized the functional change in early-state AD. In this
study, the altered and augmented coherences in mild AD may not
only show the adaptation of sensorimotor network, but reflect the
increased recruitments of association areas. This fits with previous
AD studies reporting (i) in EEG, high frontoparietal or frontomedial
cortical coupling [5,11], (ii) in fMRI, the greater cingulum activa-
tion and connection [ 1], and increased bilateral motor coactivation
[41], (iii) in TMS, cortical hyperexcitability in motor cortex, and
the shift of main motor cortical output toward the frontal and
medial regions [16]. Consequently, a compensatory mechanism
in AD has been proposed for maintaining the motor performance
despite the disease-related impairment [16,41]. Another possibility
is that cortical recruitment in AD may be caused by aberrant den-
dritic arborization with functional enlargement of motor-related
circuitries [3] and a loss of transcallosal inhibition [25].

Prominent coherence magnification for AD was noted at delta
band. Delta activities have been treated as one of the diagnos-
tic markers of AD [13,29]. Previous studies have interpreted the
increased delta coherence for the intra- and inter-hemispheric con-
nections as being due mainly to an impairment of the cholinergic
pathways [27]. In addition, AD has been ascribed to a defect of
cholinergic innervation [16]. The loss of intracortical inhibition
[16,21] and the functional unbinding with association cortex [17]
could cause the increases of delta connectivity in the sensorimotor
network. It is possible to speculate the relationship between the
delta coherence within sensorimotor network and the dysfunction
of cholinergic structures in AD.

Various studies report that EEG spectral power increases at delta
and theta bands could characterize the manifestation and progres-
sion of AD [13,29]. In this study, larger delta and theta activities
but not significant were observed in AD in comparison with MCI
(Fig. 1). It could be because of relatively spared of pathological
change in motor cortex [36] and large inter-individual variability
[8], as well as the methodological discrepancies including the med-
ication effect (drug-naive patients enrolled in the study) and the
EEG analysis (source-based analysis in the study). In this early stage
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of the disease, the absolute power changes could be partly corre-
lated with the progression. On the other hand, coherence measures
probably act an important hallmark.

Several methodological considerations: (1) in the present study,
using MNE analysis, the solutions of EEG inverse problem were
underdetermined and ill-conditioned. As a result, this model dis-
entangled the cortical sources of these ROIs with low spatial
resolution and distinction of cortical sources between two neigh-
boring ROIs (i.e. MI and SI) could not be guaranteed. Nevertheless,
the patterns of spectral activities and coherence among ROIs were
notably dissimilar to each other. (2) Goldman et al. [20] have
reported that slowed motor responses, including the gait velocity,
reaction time and movement time, represent the motor dysfunc-
tion of mild AD. Unfortunately, the present study which lacked
motor measures cannot examine the correlation between behav-
ioral and EEG data; nevertheless, the findings inspire the further
investigations with regard to the interplay of resting-state neuro-
physiological alterations and motor dysfunction in AD. (3) Resting
state network with significant and dynamic interaction among dis-
tributed brain regions was observed when subjects rest with their
eye closed [28]. In contrast, eye opened condition often require
attentional demand that could deactivate the resting state network
[35]. Therefore, the measure of altered resting state network in
mental disorders has been performed during eye closed condition
[6-10,12,18]. Moreover, Franciotti and colleagues [19] exhibited
that the spectral change in the closed eye condition with respect
to opened eye condition distinguished the control group from the
AD group. The experimental design could be a good candidate
to obtain the spectral difference of sensorimotor cortex between
groups in the future work. (4) One caveat of the present study
is lack of neuropsychiatric assessment and it may be of concern
whether the findings here reflect the extent of neuropsychiatric
involvement. However, the prevalence of neuropsychiatric symp-
toms in MCI and in AD did not differ significantly [2,31]. Moreover,
it remains undetermined whether neuropsychiatric factors may
affect the electrophysiological trait in patients with MCI or AD.

In order to obtain the cortical activities with less confound-
ing factors, such as medication and aging effect, small sample size
was enrolled using strict criteria in this study. Regarding the cor-
tical deterioration for the disease, recruitment of elder controls
may contribute to a better understanding of the neuropathological
changes. Further studies in a larger population are needed to con-
firm and extend these findings. In addition, comparisons between
groups with varying severity of cognitive impairment, and longitu-
dinal follow-up studies probing into the effect of progression in MCI
patients, may advance the understanding of dementing processes.

5. Conclusions

In conclusion, resting-state cortical EEG coherence within the
sensorimotor network may characterize the pathological changes
in mild AD. It exhibited the cortical recruitment as enhanced corti-
cal coupling at delta band. Our findings also demonstrate the need
to further investigations through longitudinal studies.
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