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Abstract
Background: EEG studies have shown that patients with Alzheimer’s disease (AD) have weaker functional
connectivity than controls, especially in higher frequency bands. Furthermore, active regions seem more prone to
AD pathology. How functional connectivity is affected in AD subgroups of disease severity and how network hubs
(highly connected brain areas) change is not known. We compared AD patients with different disease severity and
controls in terms of functional connections, hub strength and hub location.
Methods: We studied routine 21-channel resting-state electroencephalography (EEG) of 318 AD patients (divided into
tertiles based on disease severity: mild, moderate and severe AD) and 133 age-matched controls. Functional
connectivity between EEG channels was estimated with the Phase Lag Index (PLI). From the PLI-based connectivity
matrix, the minimum spanning tree (MST) was derived. For each node (EEG channel) in the MST, the betweenness
centrality (BC) was computed, a measure to quantify the relative importance of a node within the network. Then we
derived color-coded head plots based on BC values and calculated the center of mass (the exact middle had x and y
values of 0). A shifting of the hub locations was defined as a shift of the center of mass on the y-axis across groups.
Multivariate general linear models with PLI or BC values as dependent variables and the groups as continuous variables
were used in the five conventional frequency bands.
Results: We found that functional connectivity decreases with increasing disease severity in the alpha band. All, except
for posterior, regions showed increasing BC values with increasing disease severity. The center of mass shifted from
posterior to more anterior regions with increasing disease severity in the higher frequency bands, indicating a loss of
relative functional importance of the posterior brain regions.
Conclusions: In conclusion, we observed decreasing functional connectivity in the posterior regions, together with a
shifted hub location from posterior to central regions with increasing AD severity. Relative hub strength decreases in
posterior regions while other regions show a relative rise with increasing AD severity, which is in accordance with the
activity-dependent degeneration theory. Our results indicate that hubs are disproportionally affected in AD.

Background
Alzheimer’s disease (AD) is a progressive neurodegenerative disease and a growing public health concern. At
the cognitive level, AD is mainly characterized by memory impairment but it also affects other cognitive domains [1]. Meanwhile, AD patients show microscopic
alterations in their brain, such as amyloid depositions
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and cell loss, which eventually may lead to macroscopic
EEG changes. Cognition results from an optimal combination of local information processing and interregional integration of this information [2]. This communication can
be macroscopically approximated by the measurement of
functional connectivity using time series that reflect brain
activity. A functional brain network can be constructed by
taking all functional connections (i.e., edges of the network) between all regions (i.e., nodes of the network). In
these networks, nodes that have a central position within
the network and therefore are important to the network
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structure and integrity, are called hubs. Previous research
has shown that the parietal brain region, including the
precuneus and posterior cingulate gyrus, is an important
hub region in the healthy brain [3]. In AD, this parietal
hub region seems to be particularly affected [4]. Electroencephalography (EEG) measures electrical brain activity
and is used to study functional connectivity and networks
in AD. In a group of early-onset AD patients, we observed
reduced hub status in the posterior- and occipital brain regions with EEG [5].
Studies of functional connections have revealed ADrelated changes, in which functional connectivity is
generally lower in AD [6, 7], specifically in the higher
frequency bands [8, 9]. On the other hand, network
characteristics seem to be altered in AD (e.g., [9–11]). It
is however not known how the severity of the disease influences both functional connections and brain networks
in AD.
In this EEG study, we studied the hub strength and location and evaluated functional connectivity as a function of disease severity. Furthermore, we subdivided the
EEG electrodes into frontal, central and posterior regions.
Our hypotheses are three-fold. Firstly, we hypothesize that
functional connectivity is reduced in mild stages of the
disease and decreases further with increasing disease severity. Secondly, we expect hub strength to decrease in
the same areas as the functional connectivity disruptions.
Lastly, we expect hub strength to decrease (most likely in
regions with decreasing functional connectivity) and
therefore, we expect that other regions will become relatively more hub-like (a shifted hub location).

Methods
Subjects

We included 318 patients with probable AD and 133 nondemented controls with available EEG [12, 13]. The AD
group was classified into tertiles based on Mini Mental
State Examination (MMSE) (mild, moderate and severe,
Table 1). The participants are a subset of the Amsterdam
Dementia Cohort [14]. Standardized dementia screening
included patient history (including an informant based
history of the patient, if available), neurological and cognitive examination, EEG, magnetic resonance imaging
(MRI) of the brain, and laboratory tests. Patients were diagnosed with probable AD according to the National
Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) criteria during a multidisciplinary consensus meeting [1, 15]. The
non-demented control group consisted of age-matched
patients with subjective cognitive complains but without
abnormalities on formal testing (i.e., criteria for mild cognitive impairment or any psychiatric disorder were not
fulfilled). All participants gave written informed consent
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Table 1 Subject characteristics
Controls

AD patients
Severe

Moderate Mild

133

117

96

105

Age, Years

67.8(6.3)

68.1(8.5)

70.7(8.8)

69.9(9.6)

Sex, Female

59(63 %)b 62(53 %)

52(54 %)

40(38 %)

N
a

MMSE-score

a

c

28.5(1.3)

Disease duration, yearsa n.a.

15.4(3.5)

21.5(1.1)

25.8(1.6)

4.1(2.5)

3.5(2.1)

3.2(1.9)

Using AChEIa

1(0.8 %)

8(6.8 %)

5(5.2 %)

5(4.8 %)

Educationa d

5.4 (1.2)

4.2 (1.5)

4.8 (1.3)

5.3 (1.2)

The data is represented as mean (SD) or number (percentage)
AChEI Acetyl-cholinesterase inhibitor, MMSE mini mental-state examination
a
These variables where tested using ANOVA. We corrected the results for
multiple comparison using a post-hoc Bonferroni test
b
gender differences of p < 0.01 were found between mild AD and
severe/moderate AD
c
MMSE differences of p < 0.01 were found between all group combinations
d
Level of education was rated according to Verhage [51]

for the use of their clinical data for research purposes [14].
The ethical review board of the VU University Medical
Center approved this procedure.
EEG recording

Details about EEG recordings and technical aspects have
been previously described [5, 12, 13]. In short, we recorded EEG with 21 electrodes at the positions of the
10–20 system with a sample frequency of 500 Hz and
the electrode impedance of below 5kΩ (BrainLab, OSG
b.v., Rumst, Belgium). Initial filter settings were: time
constant 1 s; low pass filter at 70 Hz. Patients sat with
eyes closed in a slightly reclined chair in a sound attenuated room. EEG technicians were alert on keeping the
participants awake. Four epochs of 4096 samples were
found to represent a stable EEG measure in a subset of
our dataset (see Additional file 1). Therefore, we selected
four artifact free epochs (containing as little as possible
eye blinks, slow eye-movements, excess muscle activity,
ECG artifacts, etc.) of 4096 samples and a common average reference were selected from each EEG (by HdW).
EEG channels were clustered into three different regions
to perform regional analysis: anterior (Fp1, Fp2, F7, F3,
Fz, F4, F8), central (T3, C3, Cz, C4, T4), and posterior
(T5, P3, Pz, P4, T6, O1, O2).
Functional connectivity

Functional connectivity was assessed using the Phase
Lag Index (PLI), which is a measure of statistical interdependencies between time series based upon the
asymmetry in the distribution of instantaneous phase
differences [16]. The PLI ranges between zero and one
in which zero indicates no coupling strength and one
refers to maximal coupling strength. The PLI is less
sensitive to volume conduction than most other frequently used measures for functional connectivity [17].
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BrainWave software version 0.9.125 (available at http://
home.kpn.nl/stam7883/brainwave.html) was used to calculate PLI in five frequency bands (delta band 0.5–4 Hz,
theta band 4–8 Hz, lower alpha band 8–10 Hz, upper
alpha band 10–13 Hz, beta band 13–30 Hz). We did not
take into account the gamma band (>30 Hz) because this
fast activity cannot reliably be distinguished from muscle
artefacts [18]. In every subject, the mean PLI was calculated by taking the mean of four epochs. In addition to the
mean whole-brain PLI, we computed regional PLI by averaging the PLI values of the electrodes in the anterior, central and posterior clusters.
Hub status

From the adjacency matrix containing the PLI values, we
constructed the minimum spanning tree (MST), which
is a unique subgraph that connects all nodes (EEG electrodes in our study) of a network by the strongest connections (defined as the links with the highest PLI
values) without forming cycles (i.e., loopless) [2] using
Kruskal’s algorithm [19]. From the MST and for each
node, its importance in the functional network was
established with the betweenness centrality (BC). This is
a measure of the hub-status and is defined as the number of paths between node-pairs that run through a specific node, divided by the total number of paths from
any node to all other nodes in the MST. A network node
with a relatively high BC-value compared to other network nodes is suggestive for a hub-region in that
network.
Hub visualization plots

Color-coded BC values of the MST per electrode
were plotted on a 2-D head model using biharmonical
spline interpolation in MatLab® 2012b (The mathworks,
Massachussets, USA) [20]. In addition, using the MatLab
dot product function, we calculated a vector based upon
BC values of the MST over both the x- and y-axis (taken
the 10–20 system channel locations into account). The acquired x- and y-vectors were then plotted onto the head
model to visualize the “center of mass” of the BC. This
vector is based upon the BC values of all nodes and is located on the spot where the surrounding BC values are
balanced (for example: if the BC values of all network
nodes are equal, the center of mass vector will be located
exactly in the middle of the brain while if one node in the
network has a higher BC value, the center of mass vector
will shift towards that specific node). Hereby, the hub status of the three patient groups (mild, moderate and severe
AD) and the control group can be displayed both visually
(i.e., both the color-coding of the BC values and the
displayed center of mass vector on a head model)
and quantitatively (i.e., y-value of the mass center).
The y- values, representing the front-to-back direction,
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were used for statistical analyses. Note that an x- and
y value of 0 represent the exact middle of the graph
(c.q. EEG electrode Cz).
Statistical analysis

IBM SPSS Statistics version 20 for Mac was used for
statistical analyses. Differences between baseline group
characteristics were tested with χ2-tests and one-way
ANOVA with post-hoc Bonferroni tests. Natural log
transformation [y = ln(x)] was applied on PLI and BC
values to obtain normal distributions of these measures
with an addition of 1•10−24 to avoid zeros in the data.
To test PLI and BC group differences, we used multivariate general linear models in four regions (anterior, central,
posterior and global) and five frequency bands (delta,
theta, lower alpha, upper alpha and beta). We tested the
influence of the severity of the disease (entered as continuous independent variable: controls – mild – moderate- severe AD) in the multivariate general linear model
with gender as covariate in order to obtain the p for trend
(note that this p for trend represents a significant gradual
change over the groups). The multivariate general linear
models were conducted in 3 sessions: (1) log-transformed
PLI values as dependent variables with the group as continuous independent variable; (2) log-transformed BC
values as dependent variables with the group as continuous independent variable; (3) x- and y values of the center
of mass (as described in the previous paragraph) as
dependent variables with the groups as continuous independent variables. We used a Bonferroni correction in
order to correct for the number of groups. Statistical
significance was set at p < 0.05 for PLI and BC values and
p < 0.01 for subject characteristics. A two-tailed Spearman
correlation analysis was performed across and within the
AD groups with MMSE-scores. Statistical significance was
corrected for the number of tests by dividing the preferred
p-value (P < 0.05) by the number of tests.

Results
Subject characteristics

Subject characteristics of the four groups (controls,
mild AD, moderate AD and severe AD) are presented
in Table 1. Mean age did not differ between groups.
The mild AD group contained more females than the
severe AD and moderate AD groups. There was no
difference in education and the use of cholinesterase
inhibitors between groups. The estimated disease duration was not different within the three AD groups.
We did not find differences between the amplitudes of
the EEG signals in any of the regions between groups.
Functional connectivity

We found an association between increasing disease severity and decreasing PLI in the lower alpha band in the
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posterior region (PLI-values: controls 0.274 ± 0.107, mild
AD 0.249 ± 0.091, moderate AD 0.236 ± 0.083, severe
AD 0.238 ± 0.095; p for trend = 0.03). This indicates that
functional connectivity reduction is associated with increasing disease severity. Other regions and bands did
not show any associations with disease severity.
Hub location and strength

The BC values of the nodes in the MST, as an indication
of the node importance, are shown in Table 2 (raw
values, p for trend). We found increasing BC values in
the lower alpha band global and in the anterior region;
in the upper alpha band global, in anterior and central
regions; and in the beta band in the anterior region. We
observed decreasing BC values in the beta band in the
posterior region. Figure 1 presents head plots of BC
values with the center of mass marked in all frequency
bands and groups to visualize the changing location of
the center of mass of the BC values. In the delta and
theta bands, the center of mass of the controls is located
in the anterior and central regions respectively while in
the alpha bands and beta bands it is located in the posterior regions. The y-values of the center of mass of the

AD patients are located centrally in all frequency bands.
The back-to-front shifting of the center of mass from
the posterior to the central regions, as indicated by the
y-values, increased with increasing disease severity in
the alpha and beta bands (p for trend = 0.011 in alpha1;
p for trend = 0.025 in alpha2; and p for trend < 0.000 in
beta). Generally, in the higher frequency bands the most
important nodes (as indicated by a high BC value) were
located in the posterior brain regions in controls and,
with increasing disease severity, were becoming relatively less important. The left-to-right shifting of the
center of mass was significant only in the beta band (p
for trend = 0.012) indicating a shift to the right side of
the brain in the most severely affected AD patients.
Correlation with MMSE scores

Since we measure 5 frequency bands, 4 regions and
3 AD groups, we set the p-value threshold for significance to 0.00042. We found no significant correlations
with MMSE. Next, we merged the 3 AD groups into 1
group containing all AD patients. For this analysis, we
set the p-value threshold for significance to 0.00125.
We found a positive significant correlation with

Table 2 Minimum spanning tree-based betweenness centrality differences between groups
Frequency band
Delta

Theta

Lower alpha

Upper alpha

Beta

Region

Control

Severe AD

Moderate AD

Mild AD

Mean BC (SD)

Mean BC (SD)

Mean BC (SD)

Mean BC (SD)

P for trend

global

0.154 (0.014)

0.154 (0.013)

0.155 (0.012)

0.154 (0.014)

N.S.

anterior

0.206 (0.043)

0.188 (0.050)

0.199 (0.045)

0.209 (0.047)

N.S.

central

0.120 (0.045)

0.122 (0.054)

0.129 (0.047)

0.121 (0.046)

N.S.

posterior

0.126 (0.039)

0.144 (0.043)

0.130 (0.039)

0.123 (0.043)

N.S.

global

0.158 (0.028)

0.157 (0.013)

0.157 (0.016)

0.157 (0.014)

N.S.

anterior

0.153 (0.057)

0.157 (0.053)

0.154 (0.049)

0.155 (0.054)

N.S.

central

0.142 (0.049)

0.149 (0.046)

0.142 (0.047)

0.142 (0.043)

N.S.

posterior

0.174 (0.044)

0.162 (0.049)

0.171 (0.040)

0.170 (0.044)

N.S.

global

0.154 (0.015)

0.159 (0.014)

0.156 (0.012)

0.158 (0.013)

0.02

anterior

0.120 (0.039)

0.144 (0.045)

0.134 (0.044)

0.136 (0.045)

0.04

central

0.133 (0.048)

0.145 (0.049)

0.142 (0.047)

0.142 (0.044)

N.S.

posterior

0.202 (0.039)

0.184 (0.046)

0.189 (0.043)

0.193 (0.038)

N.S.

global

0.156 (0.013)

0.161 (0.012)

0.160 (0.014)

0.161 (0.014)

0.01

anterior

0.118 (0.052)

0.140 (0.046)

0.133 (0.044)

0.129 (0.041)

0.01

central

0.150 (0.056)

0.157 (0.054)

0.160 (0.049)

0.163 (0.053)

0.02

posterior

0.200 (0.045)

0.186 (0.042)

0.188 (0.042)

0.192 (0.040)

N.S.

global

0.142 (0.015)

0.142 (0.017)

0.146 (0.018)

0.145 (0.016)

N.S.

anterior

0.082 (0.053)

0.127 (0.055)

0.120 (0.060)

0.117 (0.058)

0.00

central

0.185 (0.059)

0.170 (0.066)

0.178 (0.069)

0.185 (0.061)

N.S.

posterior

0.172 (0.054)

0.138 (0.058)

0.148 (0.054)

0.143 (0.057)

0.03

The data are presented as raw minimum spanning tree-based betweenness centrality (BC). Note that raw data are presented, while analyses were performed on
log-transformed data. Significance was obtained by a multivariate general linear model and Bonferroni post-hoc analysis. Significant differences between the
patient groups and the control group are printed in bold. AD Alzheimer’s disease, BC betweenness centrality, SD standard deviation
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Fig. 1 Betweenness centrality values of the minimum spanning tree. Betweenness centrality values plotted on a 2-D head model for different
groups and frequency bands. y-values represented the location of the mass center on the y-axis in which zero represent the exact center of the
head plot ± standard deviation. The p for trend value represents the p-value of the multivariate general linear model with Bonferroni
post-hoc analysis

MMSE in the BC-values in frontal region in the delta
band (Spearman’s r = 0.199; p < 0.001) and a negative
correlation with MMSE in the BC-values in the posterior region in the delta band (Spearman’s r = −0.210;
p < 0.001), as represented in Fig. 2.

Discussion
In this study on topological patterns of physiological
brain activity, we found that a decrease in the functional
connectivity in the posterior brain regions was associated with increasing disease severity in the lower alpha
band. In addition, the locations of the hubs in the functional networks of AD patients were located towards anterior brain regions compared to the hubs of the control
networks, with a significant shift to a more anterior location in the more severely affected patients. The relative node importance of the frontally and centrally

located brain areas, as quantified with the BC of the
MST, increased with disease severity in AD.
Lower functional connectivity in AD has previously
been reported in studies using different modalities, but
the pattern of this functional connectivity and the methodology varied considerably between studies. In studies
with high temporal resolution time series (EEG and
magnetoencephalography (MEG)), functional connectivity in AD was found to be decreased in the higher frequency bands (alpha and beta) [9, 21–26] as well as the
lower frequency bands (theta) [22, 23] and involving
mainly brain regions that are connected by long (corticocortical) fibers [24, 27]. In addition, the location of the
largest decrease in patients compared to controls varied
over the studies: main differences between groups were
found in the anterior and central regions [18, 28, 29] as
well as the posterior regions [21] and in one study, both
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Fig. 2 Correlation plots with cognition. This figure represents Spearman’s correlations between MMSE-scores and the delta band in the frontal
region (left panel) and posterior region (right panel)

regional increases and decreases were found [30]. Functional connectivity increases of slower oscillations (theta
band) were also reported [8, 31]. In studies with lower
temporal but high spatial resolution (functional magnetic resonance imaging (fMRI) and positron emission
tomography (PET)), a similar pattern has been found
with regionally dependent increases as well as decreases
in functional connectivity but with a tendency for a general decrease in AD (for a review see: [32]). These results
indicate that the interpretation of functional connectivity
changes in AD is, at least to some extent, dependent on
the method used for the analysis. In addition, it can be
conceived that during the course of the disease the functional connectivity is fluctuating, with a possible initial
increase [33] and a later decrease. Therefore, differences
in inclusion criteria of AD patients across studies could
partly account for the differences in the results [4]. We
included patient groups of different disease severity and
studied the gradual effect of the AD severity on functional connectivity. Our results indicate that AD severity
correlates with a functional connectivity decrease in the
posterior brain areas in the lower alpha band. These results give rise to the hypothesis that loss of functional
networks might be more valuable than increasing amyloid burden, which is supposed to have plateau’d at the
stage of dementia [34].
The posterior brain areas are main hub regions, and
are known to be involved in AD [35]. In healthy subjects, the posterior brain areas, including the precuneus and the posterior cingulate gyrus, contain hubs
with many functional connections to other brain areas
[36–38] and are important for intellectual performance [39]. Also, hubs seem electrically more active, as
shown in an EEG simulation study [4, 40]. Meanwhile,
these hubs are more likely to be abnormal in a brain

disorder like AD [41]. Previously, the amyloid depositions were found to have a predilection for high activity brain areas [42]. In addition, glucose metabolism in
AD showed reduced activity in the cortex of the posterior cingulate gyrus [43, 44] and precuneus [45, 46].
We reported a shifted hub region, from posterior in
controls, to more central regions in AD patients.
However, since EEG has a low spatial resolution, any
assumptions about regional effects should be made
with caution. The functional meaning of the relocation
of hubs to more anterior regions (i.e., EEG sensors)
might have it’s origin in the heterochronicity of the
pathophysiological processes in AD. This means that
the pathological pattern is different in patients early in
the disease as compared to later stages of the disease.
This causes that the gradually degrading posterior region with rising disease pathology in this region to
eventually be incapable of effectively conducting electrical activity.
Patients were diagnosed with AD based on clinical
criteria using a standardized diagnostic protocol and
international criteria [1, 15]. The control subjects presented at the clinic with subjective memory complaints and can therefore not strictly be considered
healthy. However, this group is clinically relevant since
they represent daily practice in the memory clinic.
The choice for the functional connectivity measure influences the results. In this study, we used the PLI.
This measure might be biased towards long distance
connectivity, because all zero-lag (mostly short distance) connections are discarded. However, the main
advantage of this approach is the reduction of bias due
to volume conduction and activity from common
sources [16]. Thus, the PLI may be an underestimation
of functional connectivity and therefore, in our study of a
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large cohort, would show an underestimation of the real
disease-effect.
The number of epochs used for analyses may influence
the PLI results. In our analyses, we used 4 epochs of
8.192 s (4096 samples). We found that 4 epochs give as reliable PLI values as 5,6,7 or 8 epochs (see Additional file 1).
When comparing networks, several choices have to be
made to handle networks of different sizes (number of
nodes) and connection strengths. These choices influence the results of the network analysis and are arbitrary
[47]. The MST has the advantage of giving a unique representation of a connectivity matrix since no arbitrary
choices have to be made. It is the minimal connected
sub-network consisting of the strongest connections
without forming cycles. Therefore, the MST can be considered as a backbone of the network that likely includes
most of the important connections in the network
[28, 48].
Different centrality indices result in different values for
the same graph. We choose the betweenness centrality
as a measure for centrality in brain networks. It has previously been proposed to be robust to measure centrality
of nodes in networks [49]. Another often-applied centrality measure is the node degree that indicates the
number of connection of a node in the network. Although the number of shortest paths through a node
and the number of connections of that node are likely to
be related, node degree is not sensitive to so-called connector hubs [50]. Connector hubs are thought to connect high degree hubs to each other and therefore have
a relatively low degree but at the same time include
many shortest paths (e.g., a high betweenness centrality).

Conclusions
In conclusion, we observed that functional connectivity in
AD decreases in the posterior brain regions in the lower
alpha band in a disease severity dependent fashion. Second,
we described a more widespread disease severity related
relative increase in anterior hub strength compared to the
posterior brain areas. Third, we found that the hub location shifts gradually from posterior regions in controls, towards more central regions in AD. All findings were
specific for the higher frequency ranges (lower alpha, upper
alpha and beta bands). Changes in hub status were more
outspoken than the functional connectivity changes, which
suggest that hubs are disproportionally affected in AD.
Additional file
Additional file 1: The influence of the number of epochs. The
number of epochs used for analyses influences the PLI outcomes. This
supplement, including 1 figureand 1 table show that the PLI values
become stable after 4 epochs of 8.192 seconds (4096 samples). (ZIP
66 kb)

Page 7 of 8

Competing interests
Dr Scheltens has received grant support (for the institution) from GE
Healthcare, Danone Research, Piramal and MERCK. In the past 2 years he has
received consultancy/speaker fees (paid to the institution) from Lilly, GE
Healthcare, Novartis, Forum, Sanofi, Nutricia.
Research programs of dr van der Flier have been funded by ZonMW, NWO,
EU-FP7, Alzheimer Nederland, CardioVascular Onderzoek Nederland, stichting
Dioraphte, Gieskes-Strijbis fonds, Boehringer Ingelheim, Piramal Neuroimaging,
Roche BV, Janssen Stellar. All funding is paid to her institution.
The remaining authors have no conflicts of interest to report. The medical
ethical committee of the VU University Medical Center approved the study.
Authors’ contributions
ME made substantial contributions to acquisition of data and analysis and
drafted the manuscript. CS participated in the design of the study and
revised the manuscript for important intellectual content and made
substantial contributions to the interpretation of the data. WF participated in
the design and coordination of the study and revised the manuscript for
important intellectual content. PS participated in the design of the study and
revised the manuscript for important intellectual content. HW participated in
the design of the study and revised the manuscript for important intellectual
content. ES participated in the design of the study and revised the manuscript
for important intellectual content and made substantial contributions to the
interpretation of the data. All authors read and approved the final manuscript.
Acknowledgements
Research of the VUmc Alzheimer center is part of the neurodegeneration
research program of the Neuroscience Campus Amsterdam. The VUmc
Alzheimer Center is supported by Stichting Alzheimer Nederland and
Stichting VUmc fonds. The clinical database structure was developed with
funding from Stichting Dioraphte.
Author details
1
Alzheimer Center and Department of Neurology, Neuroscience Campus
Amsterdam, VU University Medical Center, Amsterdam, The Netherlands.
2
Department of Clinical Neurophysiology and MEG center, Neuroscience
Campus Amsterdam, VU University Medical Center, Amsterdam, The
Netherlands. 3Department of Epidemiology and Biostatistics, Neuroscience
Campus Amsterdam, VU University Medical Center, Amsterdam, The
Netherlands. 4Nutricia Advanced Medical Nutrition, Nutricia Research,
Utrecht, The Netherlands.
Received: 12 March 2015 Accepted: 7 August 2015

References
1. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM.
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work
Group under the auspices of Department of Health and Human Services
Task Force on Alzheimer’s Disease. Neurology. 1984;34(7):939–44.
2. Stam CJ. Modern network science of neurological disorders. Nat Rev
Neurosci. 2014;15(10):683–95.
3. Buckner RL, Snyder AZ, Shannon BJ, LaRossa G, Sachs R, Fotenos AF, et al.
Molecular, structural, and functional characterization of Alzheimer’s disease:
evidence for a relationship between default activity, amyloid, and memory.
J Neurosci. 2005;25(34):7709–17.
4. de Haan W, Mott K, van Straaten EC, Scheltens P, Stam CJ. Activity
dependent degeneration explains hub vulnerability in Alzheimer’s disease.
PLoS Comput Biol. 2012;8(8):e1002582.
5. de Waal H. Understanding heterogeneity in Alzheimer’s disease: a
neurophysiological perspective. Amsterdam: Ipskamp Drukkers; 2014.
6. Wang K, Liang M, Wang L, Tian L, Zhang X, Li K, et al. Altered functional
connectivity in early Alzheimer’s disease: a resting-state fMRI study. Hum
Brain Mapp. 2007;28(10):967–78.
7. Zhang HY, Wang SJ, Xing J, Liu B, Ma ZL, Yang M, et al. Detection of PCC
functional connectivity characteristics in resting-state fMRI in mild
Alzheimer’s disease. Behav Brain Res. 2009;197(1):103–8.
8. Stam CJ, Jones BF, Manshanden I, van Cappellen van Walsum AM, Montez T,
Verbunt JP, et al. Magnetoencephalographic evaluation of resting-state
functional connectivity in Alzheimer’s disease. Neuroimage. 2006;32(3):1335–44.

Engels et al. BMC Neurology (2015) 15:145

9.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Stam CJ, de Haan W, Daffertshofer A, Jones BF, Manshanden I, van
Cappellen van Walsum AM, et al. Graph theoretical analysis of
magnetoencephalographic functional connectivity in Alzheimer’s disease.
Brain. 2009;132(Pt 1):213–24.
de Haan W, van der Flier WM, Wang H, Van Mieghem PF, Scheltens P, Stam
CJ. Disruption of functional brain networks in Alzheimer’s disease: what can
we learn from graph spectral analysis of resting-state
magnetoencephalography? Brain Connect. 2012;2(2):45–55.
Sanz-Arigita EJ, Schoonheim MM, Damoiseaux JS, Rombouts SA, Maris E, Barkhof
F, et al. Loss of ‘small-world’ networks in Alzheimer’s disease: graph analysis of
FMRI resting-state functional connectivity. PLoS One. 2010;5(11):e13788.
de Waal H, Stam CJ, de Haan W, van Straaten EC, Scheltens P, van der Flier
WM. Young Alzheimer patients show distinct regional changes of oscillatory
brain dynamics. Neurobiol Aging. 2012;33(5):1008. e25-31.
de Waal H, Stam CJ, de Haan W, van Straaten EC, Blankenstein MA,
Scheltens P, et al. Alzheimer’s disease patients not carrying the
apolipoprotein E ε4 allele show more severe slowing of oscillatory brain
activity. Neurobiol Aging. 2013;34(9):2158–63.
van der Flier WM, Pijnenburg YA, Prins N, Lemstra AW, Bouwman FH,
Teunissen CE, et al. Optimizing patient care and research: the Amsterdam
Dementia Cohort. J Alzheimers Dis. 2014;41(1):313–27.
McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack Jr CR, Kawas CH,
et al. The diagnosis of dementia due to Alzheimer’s disease:
recommendations from the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011;7(3):263–9.
Stam CJ, Nolte G, Daffertshofer A. Phase lag index: assessment of functional
connectivity from multi channel EEG and MEG with diminished bias from
common sources. Hum Brain Mapp. 2007;28(11):1178–93.
Porz S, Kiel M, Lehnertz K. Can spurious indications for phase synchronization
due to superimposed signals be avoided? Chaos. 2014;24(3):033112.
Whitham EM, Pope KJ, Fitzgibbon SP, Lewis T, Clark CR, Loveless S, et al.
Scalp electrical recording during paralysis: quantitative evidence that EEG
frequencies above 20 Hz are contaminated by EMG. Clin Neurophysiol.
2007;118(8):1877–88.
Kruskal Jr JB. On the shortest spanning subtree of a graph and the traveling
salesman problem. Proc Amer Math Soc. 1956;7:48–50.
Sandwell DT. Biharmonic Spline Interpolation of Geos-3 and Seasat
Altimeter Data. Geophys Res Lett. 1987;14:139–42.
Stam CJ, van Cappellen van Walsum AM, Pijnenburg YA, Berendse HW, de
Munck JC, Scheltens P, et al. Generalized synchronization of MEG recordings
in Alzheimer’s Disease: evidence for involvement of the gamma band. J Clin
Neurophysiol. 2002;19(6):562–74.
Besthorn C, Förstl H, Geiger-Kabisch C, Sattel H, Gasser T, Schreiter-Gasser U.
EEG coherence in Alzheimer disease. Electroencephalogr Clin Neurophysiol.
1994;90(3):242–5.
Berendse HW, Verbunt JP, Scheltens P, van Dijk BW, Jonkman EJ.
Magnetoencephalographic analysis of cortical activity in Alzheimer’s disease:
a pilot study. Clin Neurophysiol. 2000;111(4):604–12.
Franciotti R, Iacono D, Della Penna S, Pizzella V, Torquati K, Onofrj M, et al.
Cortical rhythms reactivity in AD, LBD and normal subjects: a quantitative
MEG study. Neurobiol Aging. 2006;27(8):1100–9.
Stam CJ, Montez T, Jones BF, Rombouts SA, van der Made Y, Pijnenburg YA,
et al. Disturbed fluctuations of resting state EEG synchronization in
Alzheimer’s disease. Clin Neurophysiol. 2005;116(3):708–15.
Wada Y, Nanbu Y, Kikuchi M, Koshino Y, Hashimoto T, Yamaguchi N.
Abnormal functional connectivity in Alzheimer’s disease: intrahemispheric
EEG coherence during rest and photic stimulation. Eur Arch Psychiatry Clin
Neurosci. 1998;248(4):203–8.
Leuchter AF, Newton TF, Cook IA, Walter DO, Rosenberg-Thompson S,
Lachenbruch PA. Changes in brain functional connectivity in Alzheimer-type
and multi-infarct dementia. Brain. 1992;115(Pt 5):1543–61.
Stam CJ, Tewarie P, Van Dellen E, van Straaten EC, Hillebrand A, Van Mieghem
P. The trees and the forest: characterization of complex brain networks with
minimum spanning trees. Int J Psychophysiol. 2014;92(3):129–38.
Watts DJ, Strogatz SH. Collective dynamics of ‘small-world’ networks. Nature.
1998;393(6684):440–2.
Knyazeva MG, Carmeli C, Khadivi A, Ghika J, Meuli R, Frackowiak RS.
Evolution of source EEG synchronization in early Alzheimer’s disease.
Neurobiol Aging. 2013;34(3):694–705.

Page 8 of 8

31. Adler G, Brassen S, Jajcevic A. EEG coherence in Alzheimer’s dementia. J
Neural Transm. 2003;110(9):1051–8.
32. Dennis EL, Thompson PM. Functional brain connectivity using fMRI in aging
and Alzheimer’s disease. Neuropsychol Rev. 2014;24(1):49–62.
33. Sperling RA, Dickerson BC, Pihlajamaki M, Vannini P, LaViolette PS, Vitolo OV,
et al. Functional alterations in memory networks in early Alzheimer’s
disease. Neuromolecular Med. 2010;12(1):27–43.
34. Jack Jr CR, Knopman DS, Jagust WJ, Shaw LM, Aisen PS, Weiner MW, et al.
Hypothetical model of dynamic biomarkers of the Alzheimer’s pathological
cascade. Lancet Neurol. 2010;9(1):119–28.
35. Greicius MD, Srivastava G, Reiss AL, Menon V. Default-mode network activity
distinguishes Alzheimer’s disease from healthy aging: evidence from
functional MRI. Proc Natl Acad Sci U S A. 2004;101(13):4637–42.
36. Supekar K, Menon V, Rubin D, Musen M, Greicius MD. Network analysis of
intrinsic functional brain connectivity in Alzheimer’s disease. PLoS Comput
Biol. 2008;4(6):e1000100.
37. Damoiseaux J, Prater K, Miller B, Greicius M. Functional connectivity tracks clinical
deterioration in Alzheimer’s disease. Neurobiol Aging. 2012;33(4):828. e19-30.
38. Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, Wedeen VJ, et al.
Mapping the structural core of human cerebral cortex. PLoS Biol. 2008;6(7):e159.
39. van den Heuvel MP, Stam CJ, Kahn RS, Hulshoff Pol HE. Efficiency of functional
brain networks and intellectual performance. J Neurosci. 2009;29(23):7619–24.
40. Dai Z, Yan C, Li K, Wang Z, Wang J, Cao M, et al. Identifying and mapping
connectivity patterns of brain network hubs in Alzheimer’s disease. Cereb
Cortex. 2014
41. Crossley NA, Mechelli A, Scott J, Carletti F, Fox PT, McGuire P, et al. The
hubs of the human connectome are generally implicated in the anatomy of
brain disorders. Brain. 2014;137(Pt 8):2382–95.
42. Spires-Jones TL, Hyman BT. The intersection of amyloid beta and tau at
synapses in Alzheimer’s disease. Neuron. 2014;82(4):756–71.
43. Minoshima S, Giordani B, Berent S, Frey KA, Foster NL, Kuhl DE. Metabolic
reduction in the posterior cingulate cortex in very early Alzheimer’s disease.
Ann Neurol. 1997;42(1):85–94.
44. Protas HD, Chen K, Langbaum JB, Fleisher AS, Alexander GE, Lee W, et al.
Posterior cingulate glucose metabolism, hippocampal glucose metabolism,
and hippocampal volume in cognitively normal, late-middle-aged persons at 3
levels of genetic risk for Alzheimer disease. JAMA Neurol. 2013;70(3):320–5.
45. Mosconi L, Mistur R, Switalski R, Tsui WH, Glodzik L, Li Y, et al. FDG-PET changes
in brain glucose metabolism from normal cognition to pathologically verified
Alzheimer’s disease. Eur J Nucl Med Mol Imaging. 2009;36(5):811–22.
46. Pascual B, Prieto E, Arbizu J, Marti-Climent J, Olier J, Masdeu JC. Brain
glucose metabolism in vascular white matter disease with dementia:
differentiation from Alzheimer disease. Stroke. 2010;41(12):2889–93.
47. van Wijk BC, Stam CJ, Daffertshofer A. Comparing brain networks of
different size and connectivity density using graph theory. PLoS One.
2010;5(10):e13701.
48. Boersma M, Smit DJ, Boomsma DI, De Geus EJ, Delemarre-van de Waal HA,
Stam CJ. Growing trees in child brains: graph theoretical analysis of
electroencephalography-derived minimum spanning tree in 5- and 7-yearold children reflects brain maturation. Brain Connect. 2013;3(1):50–60.
49. Seo EH, Lee DY, Lee JM, Park JS, Sohn BK, Lee DS, et al. Whole-brain
functional networks in cognitively normal, mild cognitive impairment, and
Alzheimer’s disease. PLoS One. 2013;8(1):e53922.
50. de Haan W, van der Flier WM, Koene T, Smits LL, Scheltens P, Stam CJ.
Disrupted modular brain dynamics reflect cognitive dysfunction in
Alzheimer’s disease. Neuroimage. 2012;59(4):3085–93.
51. Verhage F. Intelligence and age: study with dutch people aged 12 to 77 [in
Dutch]. Assen: van Gorcum; 1964.

