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Changes in functional connectivity of cortical networks have been observed in resting-state EEG studies in
healthy aging as well as preclinical and clinical stages of AD. Little information, however, exists on associations
between EEG connectivity and cortical amyloid load in people with subjective memory complaints. Here, we
determined the association of global cortical amyloid load, as measured by ﬂorbetapir-PET, with functional
connectivity based on the phase-lag index of resting state EEG data for alpha and beta frequency bands in 318
cognitively normal individuals aged 70–85 years with subjective memory complaints from the INSIGHT-preAD
cohort. Within the entire group we did not ﬁnd any signiﬁcant associations between global amyloid load and
phase-lag index in any frequency band. Assessing exclusively the subgroup of amyloid-positive participants, we
found enhancement of functional connectivity with higher global amyloid load in the alpha and a reduction in
the beta frequency bands. In the amyloid-negative participants, higher amyloid load was associated with lower
connectivity in the low alpha band. However, these correlations failed to reach signiﬁcance after controlling for
multiple comparisons. The absence of a strong amyloid eﬀect on functional connectivity may represent a selection eﬀect, where individuals remain in the cognitively normal group only if amyloid accumulation does not
impair cortical functional connectivity.

1. Introduction
Evidence from combined functional MRI and amyloid-sensitive PET
studies suggests that the cortical accumulation of amyloid may lead to
reduced functional connectivity in cognitively unimpaired older people,
including but not restricted to the default mode network (Drzezga et al.,
⁎
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2011; Lim et al., 2014).
Due to its high temporal resolution EEG provides information on
synchronization of neuronal activity, a potential constitutive mechanism of functional network integration (Fries, 2015). Diﬀerent to
fMRI EEG provides a high temporal resolution across diﬀerent frequency bands, however, with smaller spatial resolution. So far, only one
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2.2. Cognitive testing

previous study determined associations between EEG measures of
functional connectivity and amyloid status (based on CSF examination)
in cognitively normal older people (Stomrud et al., 2010). In a previous
study in MCI, 142 CSF amyloid positive patients had more global
slowing of oscillatory brain activity than 101 amyloid negative patients,
indicated by a lower relative alpha and beta power (Gouw et al., 2017).
Recent developments in computational analysis of EEG signals, including connectivity measures such as coherence or phase lag and
graph analysis characteristics in combination with data driven machine
learning classiﬁcation have shown promising discrimination between at
risk groups for Alzheimer's disease (AD) (for example homozygote
ApoE4 carriers) and healthy people (Cuesta et al., 2015), however,
based on small samples. Only few studies with small sample sizes have
so far assessed EEG alterations, including functional connectivity
measures, in people with subjective memory complaints (SMC)
(Babiloni et al., 2010; Prichep, 2007) a potential at risk group for
cognitive decline of the AD type (Jessen et al., 2014).
Here, we investigated the association of cortical amyloid load,
measured by ﬂorbetapir-PET, with interhemispheric functional connectivity based on the phase-lag index of resting state EEG data (Stam
et al., 2007) in a large sample of 318 people with SMC from the INSIGHT-preAD cohort. We decided to use functional connectivity rather
than local power as primary outcome based on previous evidence from
fMRI studies on the negative eﬀect of amyloid on functional connectivity in cognitively healthy people (Hedden et al., 2009), and we
selected the phase-lag index as primary outcome for functional connectivity due to its lower sensitivity towards volume conduction eﬀects
((Cohen, 2014), page 346) (that may lead to spurious connectivity effects) compared with more widely used measures such as coherence.
We hypothesized that high amyloid load would be associated with
decreased functional connectivity in the alpha and beta frequencies and
that a possible association between amyloid load and cognitive function
would partly be mediated by the eﬀects of amyloid load on EEG functional connectivity. Determining the associations of EEG based functional connectivity with amyloid load in potentially preclinical stages of
AD may give access to a low-invasive, widely available and inexpensive
biomarker of AD.

A comprehensive neuropsychological battery was administered to
all participants of the INSIGHT-preAD cohort including the Mini-Mental
State Examination (MMSE) (Folstein et al., 1975; Kalafat et al., 2003),
the Digit span (forward and backward) (Wechsler, 1997) and the Free
and Cue Selective Reminding Tests (Buschke, 1984); Letter and Category Verbal Fluency test(Benton, 1968), the Rey-Osterrieth Complex
Figure Copy (Fastenau et al., 1999); and the Trail Making Test
(Tombaugh, 2004). To reduce the number of comparisons, we a priori
decided to explore associations of amyloid load and structural covariance only with measures of global cognition, episodic memory and
executive function, respectively. Therefore, we selected performance in
the MMSE, the delayed recall of the Free and Cued Selective Reminding
Test (FCSRT), and the ratio of the TMT-B to TMT-A performance (time
TMT-B divided by time TMT-A) (Drane et al., 2002) as measure of executive function (Arbuthnott and Frank, 2000).
2.3. MRI acquisition
MRI acquisitions of the brain were conducted using a 3 Tesla
scanner with parallel imaging capabilities (Siemens Magnetom Verio,
Siemens Medical Solutions, Erlangen, Germany). The scanner used a
quadrature detection head coil with 12 channels (transmit-receive circularly polarized CP-head coil).
For the anatomical study, 3D TurboFLASH sequences were performed (orientation sagittal; repetition time 2300 ms; echo time
2.98 ms; inversion time 900 ms; ﬂip angle 9°; 176 slices; slice thickness
1 mm; ﬁeld of view 256 ∗ 240 mm; matrix 256 ∗ 240; bandwidth
240 Hz/Px).
2.4. PET acquisition
All ﬂorbetapir-PET scans were acquired in a single session on a
Philips Gemini GXL CT-PET scanner 50 ( ± 5) minutes after injection of
approximately 370 MBq (333–407 MBq) of Florbetapir. PET acquisition
consisted of 3 × 5 min frames, a 128 × 128 acquisition matrix and a
voxel size of 2 × 2 × 2 mm3. Images were then reconstructed using
iterative LOR-RAMLA algorithm (10 iterations), with a smooth postreconstruction ﬁlter. All corrections (attenuation, scatter, and random
coincidence) were integrated in the reconstruction. Lastly, frames were
realigned, averaged and quality-checked by the CATI team (http://catineuroimaging.com).

2. Participants and methods
2.1. Participants
Participants were recruited in the INSIGHT-preAD study, a monocentric academic university based cohort derived from the Institute for
Memory and Alzheimer's Disease (IM2A) at the Pitié-Salpêtrière
University Hospital in Paris, France, with the objective to investigate
the earliest preclinical stages of AD and its development including inﬂuencing factors and markers of progression (Dubois et al., in preparation).
The INSIGHT-preAD study currently includes baseline data of 318
cognitively normal Caucasian individuals from the Paris area, between
70 and 85 years old, with subjective memory complaints and with deﬁned brain amyloid status. The study aims at 7-years of follow-up.
Demographic, cognitive, functional, nutritional, biological, genetic,
genomic, imaging, electrophysiological and other assessments were
performed at baseline. Subjective memory complaints were conﬁrmed
by an aﬃrmative answer to both of the following questions: (i) “Are you
complaining about your memory?”, and (ii) “Is it a regular complaint
which lasts more than 6 months?”.
Each participant had a total recall at the Free and Cued Selective
Reminding Test in the normal range (mean 46.1 ± 2.0).
Written informed consent was provided by all participants. The
study was approved by the local Institutional Review Board, and has
been conducted in accord with the Helsinki Declaration of 1975.

2.5. EEG acquisition
The neurophysiological EEG data were recorded using a high-density 256 channel EGI system (Electrical Geodesics Inc., USA) with a
sampling rate of 250 Hz. The electrodes used are sponge-based in order
to have a quick application time (10–20 min) necessary due to the elderly population. The impedances of all electrodes were kept below
50 kΩ (Ferree et al., 2001). During the recording, patients were instructed to keep awake and relaxed, with their eyes closed in a quiet
room. 60 s of eyes-closed resting-state were selected for analysis.
2.6. PET processing
Reconstructed PET images were analyzed with a pipeline developed
by the CATI, a neuroimaging platform funded by the French Plan
Alzheimer (http://cati-neuroimaging.com). Structural MRI images
were co-registered to Florbetapir-PET images using SPM8 with visual
inspection to detect any co-registration errors. Using inverse deformation ﬁelds and matrix transformation from MRI data processing, composite cortical ROIs (left and right precuneus, posterior and anterior
cingulate, parietal, temporal and orbitofrontal cortex) derived from
(Clark et al., 2012) and a reference region (in pons and whole
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Parietal, Temporal, Occipital); and for the average of PLI values between all pairs of inter-hermispheric and intra-hemispherical regions.

cerebellum) were placed in the individual native PET space. After
correcting for partial volume eﬀect with the RBV-sGTM method
(Thomas et al., 2011), parametric PET images were created for each
individual, by dividing each voxel with the mean activity extracted
from the reference region. Finally, standard uptake value ratios (SUVR)
were calculated by averaging the mean activity of all cortical ROIs in
the individual PET native space.
The SUVR threshold to determine amyloid positivity was extracted
performing a linear correlation between the above method and the one
used by (Joshi et al., 2015) using PET images of normal controls, MCI
and AD patients from the IMAP cohort (Besson et al., 2015). Indeed,
several previous studies have shown that positivity cutoﬀs could be
reliably converted between tracers and processing methods, using the
linear association across subjects (Landau et al., 2013; Villemagne
et al., 2012). The positivity threshold of 1.10 associated with Joshi
et al.'s (2015) method was deﬁned as the conﬁdence limit for the upper
5% of the SUVR distribution based on 2 groups of respectively 10 and
11 healthy young controls (age interval 38–52 years) and corresponded
to a value of 0.88 with our method. Thus all INSIGHT subjects with a
SUVR above 0.88 were considered as amyloid positive.

2.8. Statistical analyses
Partial correlations were computed to assess the relationship between the EEG markers and amyloid load or any of the measures of
global cognition, episodic memory and executive function, respectively,
while accounting for the eﬀect of age, gender, and education.
Correlations were considered signiﬁcant only when the FDR-adjusted p
value was lower than 0.05, using the Benjamini and Hochberg (1995)
correction. Associations between ApoE4 allele frequency (binarized
into no ApoE4 vs. at last one ApoE4 allele) with amyloid load and EEG
markers were assessed using partial correlation accounting for the effect of age, gender, and education. Mediation analysis was conducted
following Baron and Kenny's (1986) approach. Analyses were performed using R implemented in RStudio, Version 0.99.903.
3. Results
Demographic characteristics, including cognitive performance and
ApoE genotype, split according to global amyloid status, are shown in
Table 1. Of the 318 participants, 63 had a global amyloid load above
the positivity threshold. The frequency distribution of global SUVR
values is shown in Fig. 2. Within the entire group we did not ﬁnd any
signiﬁcant associations between global amyloid load and phase-lag
index in any frequency band (including low alpha, high alpha and
beta), neither at adjusted nor unadjusted p-values. As shown in Fig. 3,
the phase-lag index values showed small to modest cross-correlations
across the 8 regions, suggesting no major eﬀect of volume conduction
on these measures. The absence of signiﬁcant associations between
global amyloid and EEG connectivity was conﬁrmed when we used the
more traditional measures of coherence as well as power in the low and
high alpha and beta frequency bands (data not shown). In addition,
when we used posterior cingulate amyloid load as regressor instead of
global amyloid load, we did not ﬁnd signiﬁcant eﬀects of amyloid on
PLI connectivity at an FDR-corrected level of signiﬁcance of p < 0.05
either.
When we only assessed the subgroup with an SUVR value > 0.88,
indicating signiﬁcant cortical amyloid load, adjusted p-values showed
no signiﬁcant associations between global amyloid load and phase-lag
index in any frequency band. Only with unadjusted p-values, we found
signiﬁcant positive correlations of global amyloid load with left temporal and right parietal as well as left occipital and right parietal PLI in
the low alpha band, and with left parietal and left temporal as well as
left parietal and left occipital PLI for the high alpha band; in addition,
unadjusted p-values revealed signiﬁcant negative associations between
global amyloid load and the left frontal PLI as well as the left parietal to
right occipital PLI in the beta band (Fig. 4).
In the amyloid negative cases (SUVR value < 0.88), we found no
signiﬁcant associations at FDR corrected p-values. At an uncorrected
level of signiﬁcance, we found a signiﬁcant negative correlation of
global amyloid load with left parietal (r = −0.15, p < 0.015), right
frontal (r = − 0.12, p = 0.05), left frontal to left parietal (r = −0.13,
p < 0.04), and left frontal to right frontal (r = −0.13, p = 0.04) PLI
in the low alpha band.
Across all cases, the presence of at least one ApoE4 allele was signiﬁcantly associated with global amyloid load (partial r = 0.27, 313 df,
p < 0.001), but not with the PLI in any region of the three frequency
bands.
Global amyloid level was associated with MMSE score (partial
correlation = −0.12, 313 df, p < 0.04), delayed free recall performance (partial correlation = −0.13, 313 df, p < 0.025), and the
TMT-B to TMT-A ratio (partial correlation = − 0.14, 313 df,
p < 0.02). When we assessed correlations of EEG PLI values and
cognitive scores, we found only one signiﬁcant association at an

2.7. EEG processing
As a ﬁrst step we selected 70 electrodes according to the international 10–10 system. Then EEG continuous data from these channels
were high-pass ﬁltered at 1 Hz to compensate for the low-frequency
‘drift’ of the signal know to be spatiotemporally non-stationary
(Winkler et al., 2015). Sinusoidal line noise artifacts were removed
using a phase-invariant method (CleanLine, Mullen T. NITRC: CleanLine: Tool/Resource Info, 2012). Then, bad channels were identiﬁed
and interpolated using the Artifact Subspace Reconstruction scheme
(ASR) (Kothe and Makeig, 2013), which is a critical step particularly
before average referencing. After average referencing, the continuous
data was cleaned from eye and muscular artifacts using an automatic
classiﬁcation of artifactual independent component analysis (ICA) activations method (MARA) (Winkler et al., 2014). The pre-processing
pipeline was performed with a mixture of EEGlab plugins and in-house
Matlab code.
Next, we computed the relative power spectra for each subject, as
the ratio between the absolute power in a single band and the summed
power of 6 frequency bands deﬁned as: delta (2–3.9 Hz), theta
(4–7.3 Hz), low alpha (7.5–9.75 Hz), high alpha (10.25–12.5 Hz), beta
(13–30 Hz) and gamma (31–49 Hz). Higher frequencies were not included because this fast activity cannot reliably be distinguished from
muscle artifacts. The mean relative power was computed within the
electrodes selected to compose 8 diﬀerent hemispheric regions: left
Frontal (FP1, AF3, AF7, F1, F3, F5, F7, F9, FC1, FC3, FC5), left Parietal
(C1, C3, C5, CP1, CP3, CP5, P1, P3, P5), left Temporal (FT7, FT9, T3,
T5, T9, Tp7, TP9, P9), left Occipital (O1, PO3, PO7), right Front (FP2,
AF4, AF8, F2, F4, F6, F8, F10, FC2, FC4, FC6), right Parietal (C2, C4,
C6, Cp2, CP4, CP6, P2, P4, P6), right Temporal (FT8, FT10, T4, T6, T10,
TP8, TP10, P10), right Occipital (O2, PO4, PO8), excluding electrodes
commonly aﬀected by muscular and ocular artifacts at the mid-line (see
Fig. 1).
The phase lag index (PLI) (Stam et al., 2007), which evaluates the
asymmetry of the time-distribution of phase diﬀerences between pairs
of channels, was used as an index of functional connectivity. Previous
studies have shown that the PLI is less inﬂuenced by the eﬀects of volume conduction and active reference electrodes than traditional measures like coherence (Stam et al., 2007). We computed the instantaneous phases using the Hilbert transform. Then, for each subject
the PLI was computed for all electrode pair combinations as the mean of
data epochs of 4 s length. To obtain the mean regional PLI connectivity
patterns we combined the electrodes from the eight above mentioned
regions. The connectivity patterns were ﬁnally deﬁned as connectivity
for the average of all PLIs within single scalp regions (left/right Frontal,
437
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Fig. 1. Deﬁnition of large cortical regions for EEG PLI averaging.
The labels show the locations of the reduced 70 EEG electrodes
that correspond to the 10–20 system. Colored boundaries indicate the proximal lobar region under the electrodes used as
reference to group the electrodes. PLI values obtained between
each pair of electrodes were averaged according to this ROI
deﬁnition. The illustration is shown from the top of the head
with the front pointing upwards. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

Table 1
Participants' demographics.

a

Age [years] (SD), min-max
b

Sex (female/male)
Education (no to primary education
vs. secondary education or
higher)c
MMSE (SD), min–maxd
FCSRT-DR (SD), min–max

e

TMT-B/TMT-A (SD), min–maxd
ApoE (2/2, 2/3, 2/4, 3/3, 3/4, 4/4)
[Percent]f

Amyloid-negative

Amyloid-positive

75.9 (3.5)
70–85
164/91
64/191

76.7 (3.5)
70–85
40/23
21/42

28.7 (1.0)
27–30
12.0 (2.2)
6–16
2.0 (0.7)
0.8–6.0
0.4, 15.3, 0.8,
71.4, 12.2, 0

28.4 (0.9)
27–30
11.4 (2.5)
6–16
2.3 (0.9)
0.9–5.8
0, 7.9, 3.2, 52.4,
31.7, 4.8

FCSRT-DR: delayed recall of the Free and Cued Selective Reminding Test.
TMT-B/TMT-A: time TMT-B divided by time TMT-A.
a
No signiﬁcant diﬀerence between groups, Student's t = −1.7, 316 df, p = 0.10.
b
No signiﬁcant diﬀerence between groups, Chi2 = 0.015, 1 df, p = 0.9.
c
No signiﬁcant diﬀerence between groups, Chi2 = 1.7, 1 df, p = 0.19.
d
Signiﬁcantly diﬀerent between groups, Mann-Whitney-U test, p < 0.02.
e
Not signiﬁcantly diﬀerent between groups, Mann-Whitney-U test, p = 0.12.
f
Signiﬁcantly diﬀerent between groups, Chi2 = 31.4, 5 df, p < 0.001.

Fig. 2. Histogram of SUVR global values.
Histogram of SUVR global values from ﬂorbetapir-PET.

on the cognitive outcomes indicates that EEG connectivity is not
functioning as a mediator for the eﬀect of amyloid on the cognitive
outcomes.

unadjusted level of signiﬁcance across all cases in the low alpha band
with small eﬀect size (partial correlation = −0.12), and within the
amyloid positive cases only one in the alpha and four in the beta band
with moderate eﬀect sizes (partial correlation = 0.27 to 0.33)
(Supplementary Table 1); none of these eﬀects, however, survived FDR
correction (p > 0.15). Following up these negative ﬁndings, we also
determined expected associations between regional EEG PLI values and
cognitive scores, including all available cognitive scales. As shown in
Supplementary Table 2, we expected that frontal PLI values would be
associated with verbal ﬂuency and working memory performance,
temporal PLI values with free and delayed recall, and parietal and occipital PLI with visuoconstructive performance (Rey ﬁgure tests) and
visual attention (TMT-A, TMT-B and TMT-B to TMT-A ratio). We found,
however, no signiﬁcant correlations that survived FDR correction
(Supplementary Table 1). Following Baron and Kenny's (1986) steps for
mediation analysis, the lack of a signiﬁcant eﬀect of EEG connectivity

4. Discussion
We determined the association of the EEG based PLI as a measure of
functional cortical connectivity with global amyloid load in a cohort of
cognitively normally performing older people with SMC. Against our
primary hypothesis, we did not ﬁnd an association between global
amyloid load and EEG connectivity both when considering the entire
range of SUVR values and in the subgroup with supra-threshold amyloid accumulation. Only at an unadjusted level of signiﬁcance, we
found higher cortical amyloid load with higher functional connectivity
in the low and high alpha band, and higher amyloid load with lower
functional connectivity in the beta band in people with a suprathreshold cortical amyloid accumulation.
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Fig. 3. Connectivity matrices of PLI values at diﬀerent frequency bands.
From top to bottom:
Mean correlation across all subjects (N = 318).
Mean correlation across amyloid negative subjects (N = 255).
Mean correlation across amyloid positive subjects (N = 63).
The color bars show the correlation coeﬃcients.
Lh-Frontal – PLI within left hemispheric frontal leads.
Rh-Frontal - PLI within right hemispheric frontal leads. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

unimpaired at last clinical evaluation (Murray et al., 2015). There is no
neurobiological reason, why people slightly below the global threshold
should fundamentally diﬀer from people slightly above this threshold.
Indeed, when we assessed regional amyloid load in an independent
study on 179 cognitively healthy people from the ADNI cohort, we
found a pattern of regional amyloid load increases that followed a
systematic staging pattern with a continuous decline in CSF Aβ42 levels
and delayed recall performance across progressing amyloid stages, even
in healthy people below the global amyloid load threshold (Grothe
et al., 2017). These data suggest that amyloid load below a global
threshold may still be neurobiologically meaningful and serve as rational for regressing functional connectivity on amyloid load across the
entire range of global amyloid values.
The small risk of false negative ﬁndings is supported by the only few
signiﬁcant eﬀects even with unadjusted p-values when separating the
sample into amyloid positive and negative subgroups. These unadjusted
eﬀects may be spurious, given the large number of comparisons and the
identiﬁcation of such eﬀects only in one (PLI) of three metrics employed (PLI, coherence, and power). Since to our knowledge this is the
ﬁrst study on the associations between EEG connectivity and cortical
amyloid load using PET, these unadjusted eﬀects can only serve to
generate, rather than conﬁrm a hypothesis on associations with amyloid load. If conﬁrmed, these ﬁndings would imply a complex picture.
In people with no increase of global amyloid, higher amyloid load was

Resting state fMRI studies in healthy controls reported decline as
well as increase of local functional connectivity in cognitively normal
people with higher amyloid load (Drzezga et al., 2011; Elman et al.,
2016; Myers et al., 2014). In contrast to previous studies in healthy
controls, our sample of SMC cases was relatively large and statistically
well powered for the detection of even small eﬀect sizes, limiting the
risk of false negative ﬁndings. The absence of an association of EEG
connectivity with amyloid load agrees with ﬁndings from a previous
CSF study in 33 cognitively normal people who showed no association
between amyloid load and EEG mean peak frequency and relative
power (Stomrud et al., 2010). It diﬀers, however, from a study in 243
MCI patients that showed reduced alpha and beta frequency oscillations
in CSF amyloid positive compared with amyloid negative cases (Gouw
et al., 2017). Diﬀerent to this previous study, however, our cases had no
cognitive impairments in psychometric tests, suggesting an earlier stage
of amyloid pathology.
The commonly used dichotomous distinction between amyloid negative/positive categories based on a threshold applied to the global
cortical amyloid-PET signal aims to demarcate signiﬁcant global amyloid burden, but does not necessarily mean that amyloid-negative individuals are completely free of amyloid (Thal et al., 2015; Villeneuve
et al., 2015). In fact, according to neuropathological studies the great
majority of individuals in the considered age range of our study show at
least neocortical amyloid load of Thal phase 1, even when cognitively
439
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Fig. 4. Correlations between PLI and global SUVR in the
high amyloid subgroup.
Scatter plots of the EEG PLI values by global amyloid load
(AV45-SUVR) for the subsample of participants with a
global amyloid load above a SUVR threshold of 0.88.
Regression lines represent the linear least square ﬁt. The
correlation coeﬃcients r represent the partial correlations
controlling for age, sex and education; the associated pvalues are uncorrected for multiple comparisons.

network BOLD signal (Neuner et al., 2014). Inferring from these previous ﬁndings, increased alpha connectivity and decreased beta band
connectivity would reﬂect deactivation of attention related networks as
well as disinhibition of inhibitory neuronal networks, respectively, in
predominantly long distance connections; our ﬁndings would suggest
that such mechanisms may be associated with increased amyloid load
in cognitively normally performing older people with SMC above a
threshold of increased overall amyloid. We would, however, be very
reluctant to accept such an hypothesis unless replicated in an independent sample given the contradictory ﬁndings between the amyloid negative and amyloid-positive subgroups, the low eﬀect sizes observed in the present study, and the fact that the previous studies
(Moosmann et al., 2003; Neuner et al., 2014) included young healthy
people, limiting the comparability of ﬁndings. Such eﬀect, if conﬁrmed,
could be explained along two directions, with functional connectivity

associated with lower connectivity in the low alpha frequency band in
the frontal and fronto-parietal regions. Albeit a lower connectivity with
higher amyloid would agree with the notion that amyloid impairs
functional connectivity (Hedden et al., 2009), this straight-forward
explanation does not fully agree with the ﬁndings in the high amyloid
load subgroup. Here, we found that in people with increased overall
amyloid accumulation, indicating the presence of preclinical AD according to IWG-2 criteria (Dubois et al., in preparation), higher amyloid
load was associated with higher functional connectivity in the alpha
band. A negative eﬀect of amyloid load was only found on connectivity
in the beta band. Considered separately, the direction of such eﬀects
would agree with a near infrared spectroscopy study, where EEG alpha
band activity was suggested to be associated with metabolic deactivation (Moosmann et al., 2003), and a simultaneous EEG-fMRI, where
higher beta band power was found associated with higher default mode
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people (Gouw et al., 2017; Stomrud et al., 2010).
In summary our data do not show an association between cortical
amyloid load and EEG based functional connectivity in the alpha and
the beta band frequencies in a large cohort of cases with SMCs, including 63 subjects fulﬁlling biomarker criteria of preclinical at risk for
AD (Dubois et al., in preparation). This ﬁnding suggests that functional
eﬀects of cortical amyloid load that previously have been shown in
similar cohorts using fMRI (Drzezga et al., 2011; Mormino et al., 2011)
and FDG-PET (Kljajevic et al., 2014) cannot be replicated by EEG recording using the PLI as measure of functional connectivity. However, it
has to be noted that mixed ﬁndings have also been reported for the
association between amyloid load and activity changes in fMRI
(Adriaanse et al., 2014; Lim et al., 2014) or FDG-PET (Altmann et al.,
2015; Ossenkoppele et al., 2014), indicating a complex and probably
non-linear relationship between amyloid deposition and brain functional connectivity in the course of AD pathogenesis (Sorg and Grothe,
2015). Direct multimodal comparisons of functional markers within the
same cohort will be necessary to establish the sensitivity of EEG for
amyloid-related alterations of neuronal function compared with these
functional imaging modalities. Future studies will also need to determine associations between amyloid load and EEG-based measures of
functional connectivity in prodromal stages of AD, where the potentially lower sensitivity of EEG may at least partly be oﬀ-set by the
stronger amyloid eﬀect in a more advanced stage of disease.

decline (in the beta-band) down-stream of amyloid load build-up, but
also with amyloid load as consequence of higher functional activation
(in the alpha band), as cortical hub regions with high functional activity
have been suggested to be at higher risk for amyloid accumulation (de
Haan et al., 2012). The direction of eﬀects cannot be resolved based on
cross-sectional data.
The absence of a strong amyloid eﬀect on functional connectivity as
measured using resting state EEG in SMC cases may represent a selection eﬀect, where people will remain in the cognitively normal group
only if supra-threshold amyloid accumulation does not impair cortical
functional connectivity. The analysis of longitudinal outcomes, which
will be possible with the second wave of the INSIGHT-preAD cohort,
will allow the investigation of EEG connectivity changes over time in
people with higher amyloid levels, corresponding to a time lag for the
amyloid eﬀect on neuronal function. Such eﬀect has previously been
described in a longitudinal study where the regional hypometabolism as
determined using FDG-PET was associated with the baseline distribution of amyloid accumulation as determined using amyloid sensitive
11
C-PIB-PET only at follow-up but not yet at baseline in a group of 20
AD dementia patients (Forster et al., 2012). Similarly to our ﬁndings,
default mode network connectivity in resting state fMRI was not associated with global and network speciﬁc amyloid load as determined
using 11C-PIB-PET in 18 healthy controls (Adriaanse et al., 2014). The
heterogeneity of amyloid eﬀects on functional connectivity in previous
studies is likely related to the regionally diﬀering size and direction of
eﬀects within and between neuronal networks as well as the small
sample sizes.
Global amyloid load was signiﬁcantly associated with all three
preselected cognitive domains, including global cognition, delayed free
recall, and executive function. The eﬀect of amyloid on cognition was
independent of EEG connectivity, falsifying our second hypothesis.
Only few of the EEG connectivity measures were associated with the
preselected cognitive scores, all with small eﬀect size (Pearson's
r < 0.15), and none surviving multiple comparison correction.
Associations between resting state EEG connectivity measures and
cognitive scores in aging and dementia have typically been studied
across diagnostic groups, (Babiloni et al., 2010; Lee et al., 2010) likely
confounding domain speciﬁc associations with global eﬀects of disease
severity. When assessing cognitively normal older people alone, one
study described associations between resting state MEG activity and
cognitive performance measures that did, however, not survive multiple comparison correction (Leirer et al., 2011). Thus, the absence of
signiﬁcant associations between EEG connectivity and cognitive scores
within our group of cognitively normally performing older people
agrees with this previous report.
A limitation of our study is the lack of a group of cognitively healthy
controls without subjective memory complaints. This would have allowed studying the interaction of amyloid by subjective memory
complainer status on functional connectivity. Another critical point is
the multitude of EEG comparisons arising from the use of several brain
regions and frequency bands. We already restricted the number of
comparisons by focusing on alpha and beta band frequencies and collapsing the 70 selected EEG channels into 8 larger regions. Still, we
ended up with 36 within and between regions connectivity measures
per frequency band. To deal with this, we employed FDR correction
(Benjamini and Hochberg, 1995) that had been shown to be more
powerful than family wise error rate (Benjamini and Hochberg, 1995).
Focusing on eﬀect size estimates, however, it is reassuring that when
assessing only the expected associations between regional connectivity
and cognitive score, we found at most small eﬀect sizes throughout
(Supplementary Table 2), underscoring the absence of a convincing
association between EEG connectivity metrics and cognitive scores in
these cognitively normally performing people. The interpretation of our
ﬁndings is hampered by the fact that only few previous data exist on the
association between amyloid load and EEG measures of functional
connectivity in prodromal AD patients and cognitively normal older
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