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Abstract
 
Objective
 Changes in communication between different brain regions, functional con-
nectivity, may play an important in Alzheimer’s disease (AD). Aim of this study 
was to examine the combined effect of AD diagnosis and age on functional 
connectivity measured by electroencephalography (EEG). 

Methods
We examined resting state EEGs of 319 probable AD patients and 245 non-de-
mented controls, categorized into young (≤65 years, age: AD 59(5); controls 
55(7)) and old (>65 years, age: AD 75(5); controls 72(4)). Phase Lag Index (PLI) 
as a measure of functional connectivity was calculated in four frequency bands. 
The influence of diagnosis and age on PLI was examined by two-way analysis 
of variance (ANOVA) and linear regression analyses. All analyses were adjusted 
for sex and apolipoprotein E (APOE) genotype.

Results
ANOVA showed that compared to controls, AD patients had a lower PLI in the 
alpha band and higher PLI in the theta band. We also found a main effect of 
age with older subjects having a higher theta band PLI than younger subjects. 
Linear regression using age as continuous variable confirmed these results. In 
addition, a main effect of age in the beta band was shown, as a higher age was 
associated with a lower PLI. 

Conclusions
Changes of resting-state EEG functional connectivity due to aging occurred in 
both AD patients and controls. Furthermore, we observed specific changes of 
functional connectivity in AD patients compared to controls.
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Introduction
 
Functional connectivity refers to the idea that statistical correlations between 
neural activity recorded from different brain regions reflect functional associ-
ations responsible for cognitive processing.1,2 Electroencephalography (EEG) 
is frequently used to measure functional connectivity as well as more local 
neural activation. Disruptions in communication between brain areas may lead 
to disorders like Alzheimer’s disease (AD), which has therefore been consid-
ered a ‘disconnection syndrome’.3 EEG studies on functional connectivity have 
consistently shown that AD patients have lower alpha band connectivity.4-10 In 
other frequency bands results are less clear-cut.5,6,10,11 Functional connectivity 
can be characterized by various measures, each with their own qualities.2 The 
Phase Lag Index (PLI) is a measure of functional connectivity that is hardly af-
fected by spurious connections due to volume conduction, making it a reliable 
measure of functional connectivity.12

The influence of aging on functional connectivity in EEG and magnetoenceph-
alography (MEG) has not been thoroughly explored yet.13-15 From these studies 
it is hard to make inferences whether the effect of aging on EEG functional con-
nectivity is similar to the effect that AD has on functional connectivity.  In other 
modalities the effect of healthy aging on functional connectivity received more 
attention. Most work has been done in functional Magnetic Resonance Imaging 
(fMRI). A consistent finding in these studies is decreased functional connectiv-
ity especially within the Default Mode Network, a network also implicated in 
AD.16-18

The aim of this study was to explore the combined effect of AD diagnosis and 
age on functional connectivity, with a focus on early onset AD.
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Methods
 
Subjects
 We included 319 AD patients and 245 non-demented controls from the memo-
ry-clinic based Amsterdam Dementia Cohort, similar to the dataset used in our 
previous study on quantitative EEG analysis.19 All subjects have been referred 
to the Alzheimer center of the VU University Medical Center, Amsterdam, the 
Netherlands, between September 2003 and June 2009. 

Standardised dementia screening included a history, and when available, an 
informant based history, a standard neurological examination, a cognitive ex-
amination including mini mental state examination (MMSE), neuropsycholog-
ical examination, EEG, Magnetic Resonance Imaging (MRI) of the brain and 
screening laboratory tests. Patients were diagnosed with probable AD during 
a multidisciplinary consensus meeting, according to the NINCDS-ADRDA cri-
teria.20 All patients also met core clinical criteria of the National Institute on 
Aging-Alzheimer’s Association (NIA-AA).21 The control group consisted of pa-
tients who presented at our memory clinic with subjective complaints, but who 
had normal clinical investigations and did not have significant cognitive deficits 
(i.e. Mild Cognitive Impairment criteria were not fulfilled)22 or major psychiatric 
disorder. 

Both AD patients and controls were categorized according to age in a young 
group (65 years or younger at time of diagnosis) and an old group (older than 
65 years at time of diagnosis). The ethical review board of the VU University 
Medical Center has approved the study. All subjects or their formal represent-
atives gave written informed consent for the storage of the results of the exam-
inations in a local database and for the use of the data for research purposes.

APOE genotyping
APOE genotyping was performed after DNA isolation from 10 ml ethylenedi-
aminetetra-acetic blood, with the Light Cycler APOE mutation detection meth-
od (Roche Diagnostics GmbH, Mannheim, Germany). APOE ε4 carrier ship was 
dichotomized in APOE ε4 carriers (at least one ε4 allele) and non-carriers. 
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EEG recording: All EEGs were recorded using the OSG digital equipment 
(Brainlab®; OSG b.v.,  Rumst, Belgium) at the positions of the 10-20 system: Fp2, 
Fp1, F8 F7, F4, F3, A2, A1, T4, T3, C4, C3, T6, T5, P4, P3, O2, O1, Fz, Cz, Pz, with 
an average reference which included all electrodes, except Fp2, Fp1, A2 and 
A1. Sample frequency was 500 Hz. Electrode impedance was below 5kW. Initial 
filter settings were: time constant 1s; low pass filter, 70 Hz. Patients were seated 
in a slightly reclined chair in a sound attenuated room. Patients sat mainly with 
eyes closed, EEG technicians were alert on keeping patients awake by sound 
stimuli.

From each EEG 4 epochs of each 4096 samples of artefact free data (containing 
no eye blinks, slow eye movement, excess muscle activity, ECG artefacts, etc.) 
were selected. 

Functional connectivity
 Functional connectivity was assessed with the Phase Lag Index (PLI).12 The PLI is 
a measure of statistical interdependencies between time series based upon the 
asymmetry in the distribution of instantaneous phase differences. It reflects the 
strength of the phase coupling, and has the advantage to be, due to discarding 
the (near-)zero phase differences, less sensitive to volume conduction and the 
influence of active reference electrodes than most other frequently used meas-
ures for functional connectivity, such as the Imaginary component of Coheren-
cy (IC) and Phase Coherence (PC).12 The PLI ranges between 0 and 1, a PLI value 
of zero indicates no coupling and a PLI of 1 means perfect coupling. The PLI 
was calculated in Brainwave software version 0.9.76 (in house developed by CS; 
further information and free available software: http://home.kpn.nl/stam7883/
brainwave.html), in four frequency bands (alpha band 8-13 Hz, beta band 13-30 
Hz, theta band 4-8 Hz and delta band 0.5-4 Hz). For each epoch a PLI value for 
every electrode is calculated, representing the mean PLI of a single electrode 
with all other electrodes, and the mean PLI of all electrodes together is calculat-
ed. Since PLI values were not normally distributed, they were log transformed 
to obtain a more Gaussian distribution. These values were averaged over the 
four epochs for each subject. 

Statistics
IBM SPSS Statistics version 20 for Mac was used for statistical analysis. Differ-
ences between groups in baseline characteristics were tested with χ2-tests and 
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t-tests where appropriate. We performed two-way Analyses of Variance (ANO-
VA) to test the effect of diagnosis and age (young: age ≤ 65 years vs. old: age > 
65 years) on PLI. Sex and APOE genotype (APOE ε4 carrier or non-carrier) were 
entered as covariates.  Furthermore, to test the influence of age as a continuous 
variable, we used multiple linear regression analyses with age and diagnosis as 
independent variables, sex and APOE genotype as covariates and PLI in four 
frequency bands as dependent variables. As there were no significant inter-
actions between age and diagnosis, we report models without the interaction 
term. We reported standardized betas. In general, a significance level of α < 
0.05 was used. 

 
Results

Subject characteristics are summarized in table 1. Young AD patients were old-
er than young controls and old AD patients were older than old controls (both 
p < 0.05). Gender distribution and MMSE score did not differ between young 
and old AD patients and also between young and old controls. Disease did not 
differ between young and old AD patients. 

The results of the two-way ANOVA to assess the effect of age and diagnosis 
on PLI values are shown in figure 1 (see table 2 for raw PLI values). In the alpha 
band we found a main effect of diagnosis as AD patients had a lower PLI than 
controls (p < 0.001). There was no main effect of age, or an interaction between 
age and diagnosis. In the beta band we found no significant effects of diagnosis 
or age on PLI. There was a trend towards an interaction between age and diag-
nosis (p = 0.079). Older controls had a lower beta band PLI than young controls, 
while both young and old AD patients had a PLI value similarly low as the old 
controls. In the theta band we found that AD patients and older subjects had a 
higher PLI (main effect diagnosis p = 0.004; main effect age p < 0.001). In addi-
tion, there was a trend towards an interaction between age and diagnosis (p = 
0.076), reflecting that old AD patients and controls had a higher PLI than young 
AD patients and controls; the difference between young and old was highest in 
AD patients. Two-way ANOVA did not show any effects in the delta band. 



8585

Next, we performed linear regression analyses to assess the effects of diagnosis 
and age as continuous variable on PLI in four frequency bands (see table 3 for 
all standardized betas). In the alpha band we found a main effect of diagnosis 
on PLI (p < 0.001) (figure 2A). AD patients had a lower PLI than controls. There 
was no main effect of age. In the beta band we found a main effect of age (p = 
0.041), but no main effect of diagnosis (figure 2B). With increasing age, there 
was a decrease of PLI for both patients and controls. In the theta band we found 
main effects of diagnosis and age on PLI (p = 0.017 and p < 0.001) (figure 2C). 
AD patients had a higher PLI than controls and in both groups PLI increased 
with increasing age. The delta band did not show any associations between age 
or diagnosis and PLI. There were no interactions between age and diagnosis in 
any of the frequency bands.

 
Discussion

Our results confirm the notion of AD as a disconnection syndrome and show an 
association between increasing age and changes in functional connectivity in 
both AD patients and controls. Taken together the results provide evidence for 
a relationship between a diagnosis of AD and decreased alpha band connec-
tivity, a relationship between higher age and decreased beta band connectivity 
and independent relationships between both AD diagnosis and higher age and 
increased theta band connectivity. 

This study extends on previous studies on functional connectivity in AD, by ex-
amining the association between age at onset and functional connectivity in 
a large sample of AD patients and controls and by using a reliable, non-linear 
measure of functional connectivity, the PLI. When interpreting EEG studies, one 
must take into account that neighbouring electrodes might pick up a signal 
from a common source, instead of an interaction between separate sources, 
so-called volume conduction. The PLI is a measure that is less sensitive to this 
volume conduction than other measures of connectivity.12,23 Comparing AD pa-
tients with controls we found a lower alpha band connectivity in AD patients, 
which is in agreement with previous studies.4-10 We further found an increased 
connectivity in the theta band, which coincides with findings of a recent EEG 
study in a small group of AD patients and controls.10 Studies using phase co-
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herence as connectivity measure reported a decrease in theta band connectiv-
ity,5,11 while a study using a non-linear measure found no effect in theta band 
connectivity.6 Differences between these studies could be due to differences in 
sample size, to variable amounts of volume conduction of different connectivity 
measures or because linear measures of connectivity, like phase coherence, 
might capture the complex nature of interactions in brain activity differently. 
The increase in theta band connectivity in AD patients in this study was found 
with a relatively strict measure, which is less sensitive to volume conduction. 
Additionally, it takes into account not only linear but also non-linear interac-
tions, which are likely to be present to a large extent in brain activity. This makes 
us more certain of the true nature of connectivity changes in AD patients.

Strengths of this study are the large sample size of both AD patients and con-
trols and the use of PLI as measure of connectivity. A possible limitation of PLI is 
that it is quite a conservative measure. By discarding the near-zero phase differ-
ences, because they might be based on volume conduction, some connectivity 
might not be taken into account. The remaining connectivity is more certain to 
be genuine however. It has been suggested that AD influences not only con-
nectivity strength but also network topology.7,24 Further studies are needed to 
explore variability in AD patients on different network measures.

While the association between aging and functional connectivity in other mo-
dalities has been studied quite extensively,16 there are only a few studies on 
this topic using EEG or MEG.13-15 Results of these former studies are inconsist-
ent and hard to summarize, due to vast differences in used methodology and 
relatively small sample sizes. In the current study including both controls and 
patients with AD we found that with aging, functional connectivity increased in 
the theta band and decreased in the beta band. When studying functional con-
nectivity in AD it is important to take the influence of normal aging into account. 
Our study adds to the knowledge of EEG functional connectivity in normal ag-
ing and during AD and illustrates that although there is overlap in age- and 
diagnosis- related connectivity changes there are also specific changes related 
to these determinants.

In previous EEG studies we showed that young AD patients had more pro-
nounced slowing of their background rhythm than old AD patients, with also 
a different regional distribution.25 In this study we only founds a trend towards 
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significance for an interaction between diagnosis and age in the beta and the-
ta band, contrary to our expectations. Perhaps in AD a decrease in functional 
connectivity precedes slowing of the background rhythm. This would explain 
why we did not find differences in functional connectivity according to age in 
AD patients, while in our former study we did find differences in background 
activity. Interactions between age and diagnosis in the beta and theta bands 
seemingly suggested that the difference in PLI between older AD patients and 
controls is smaller than the difference between younger AD patients and con-
trols. In a neural mass modelling study it was shown that a higher neuronal 
activity level ultimately leads to disrupted functional connectivity.26 Perhaps 
patients developing AD at a younger age have a higher vulnerability for this 
activity dependent degeneration. Alternatively they might, due to an as yet un-
known reason, have an initially higher level of neuronal activity, causing activity 
dependent degeneration at a younger age.
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Table 1. Subject characteristics

Data are mean (SD) or n (%). aYoung controls vs. young AD: p < 0.05. bOld 
controls vs. old AD: p < 0.05

Control AD

Young Old Young Old

n 172 73 113 206

Age, years 55(7)
a

72(4)
b

59(5) 75(5)

Sex, female 77(45%) 34(47%) 62(55%) 93(45%)

Disease 
duration, years

n.a. n.a. 3.8(2) 3.5(2)

MMSE 28(2) 29(1) 20(5) 21(5)

Table 2. Raw PLI values

Data are mean (SD). Please note that raw data are shown, while statistical 
analyses were performed on log-transformed data.

Frequency band

Alpha Beta Theta Delta

Young 
control

0.213(0.10) 0.081(0.02) 0.138(0.04) 0.151(0.03)

Old control 0.210(0.09) 0.076(0.01) 0.160(0.07) 0.151(0.03)

Young AD 0.171(0.07) 0.076(0.01) 0.152(0.04) 0.152(0.03)

Old AD 0.191(0.08) 0.076(0.01) 0.162(0.05) 0.151(0.03)
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Table 3. Standardized betas

Figure 1

Results of linear regression analyses. Data are standardized betas. The model 
contains diagnosis and age as independent variables and APOE ε4 and sex as 
covariates. *p < 0.05, **p < 0.01

Frequency band

Alpha Beta Theta Delta

Diagnosis -0.188** -0.078 0.113* -0.039

Age 0.012 -0.095* 0.181** 0.090

Alpha
Diagnosis p = 0.000
Age p = 0.323
Diagnosis*Age p = 0.227

Beta
Diagnosis = p= 0.060
Age p =0.098
Diagnosis*Age p = 0.079

Theta
Diagnosis p = 0.004
Age p = 0.000
Diagnosis*Age p = 0.076

Delta
Diagnosis p = 0.0787
Age p = 0.591
Diagnosis*Age p = 0.104

Young control Young AD Old ADOld control
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Figure 1 (p. 91). Raw PLI values in four frequency bands for young and 
old controls and young and old AD patients.
Error bars are SD. Please note that raw data are shown, while statistical analyses 
were performed on log-transformed data. With two-way ANOVA we found a 
main effect of diagnosis in the alpha and theta band. We found an interaction 
between diagnosis and age in the alpha band and a main effect of age in the 
theta band. 

 
Figure 2 (p. 92). Scatterplots of log transformed PLI values by age. 
Squares and dotted line represent controls, triangles and straight line represent 
AD patients. A) Alpha band: AD patients had a lower PLI value than controls for 
all ages (main effect Diagnosis p < 0.01). B) Beta band: in both AD patients and 
controls there was a decrease of PLI with increasing age (main effect age p < 
0.05). C) Theta band: AD patients had a higher PLI than controls and in both 
groups PLI increased with increasing age (main effect diagnosis p < 0.05; main 
effect age p < 0.01


