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Temporo-Parietal Brain Network Impairment Is Related To EEG ALPHAS/

ALPHAZ Frequency Power Ratio in Prodormal Alzheimer’s Disease
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Abstract

Background: Reliable biomarkers are the new frontier for an early diagnosis of Alzheimer's disease and to
monitor therapeutic options

Objective: Volume reduction in temporo-parietal network is associated to mild cognitive impairment (MCI) due
to Alzheimer disease (AD). The increase of EEG alpha3/alpha2 ratio has been associated with AD-converter MCI
subjects. We investigated the association of alpha3/alpha2 ratio with patterns of cortical thickness in MCI.

Methods: 74 adult subjects with MCl underwent clinical and neuropsychological evaluation, electroencephalogram
(EEG) recording and high resolution 3D magnetic resonance imaging (MRI). Alpha3/alpha2 power ratio as well as
cortical thickness was computed for each subject. Three MCI groups were detected according to increasing tertile
values of alpha3/alpha2 and difference of cortical thikness among the groups estimated. Pearson’s r was used to
assess the topography of the correlation between cortical thinning and memory impairment.

Results: High a3/2 group had total cortical grey matter (CGM) volume reduction of 471 mm2 than Low a3/
a2 group (p<.001). High a3/2 group showed a similar but less marked pattern (160 mm2) of cortical thinning when
compared to Middle a3/a2 group (p<.001). Moreover, high a3/2 group had wider cortical thinning than other groups,
mapped to the Supramarginal and Precuneus bilaterally. No significant cortical thickness difference was found
between Middle and Low a3/a2 groups.

Conclusion: High EEG alpha3/alpha2 ratio was associated with impairment of temporo-parietal cortical brain in
MCI subjects. The combination of EEG alpha3/alpha2 power ratio and cortical thickness measure could be useful for

identifying individuals at risk for progression to AD dementia and may be of value in clinical context.

Introduction

The identification and validation of biomarkers for diagnosing,
monitoring progression and predicting onset of Alzheimer's disesae
(AD) has been a main focus of AD research in the past 10 years. In
line with recently published research criteria., it is becoming clear
that the integration of different biomarkers is a milestone for a correct
and early diagnosis of midl cognitive impairment due to AD [1,2].
To date, the most studied and validated biomarkers are Abeta42 and
tau in the cerebrospinal fluid (CSF), glucose hypometabolism on
fluorodeoxyglucose positron emission tomography (18F-FDG PET),
atrophy of hippocampal volume (HV) on magnetic resonance (MR),
and brain amyloid deposition on amyloid imaging with PET [3,4].
Anyway, some controversies remane to debate. The latter biomarkers
have a good sensibility in identifying subjects with a neurodegenerative
disorders at high risk to convert in dementia, but they lack a reliable
specificity that allow a clear-cut diagnosis of the different subtypes of
dementias. Of note, in neurodegenerative disorders, like AD or other
dementias, the brain networks modifies many years before clinical
manifestations. Recent MRI studies have demonstrated that a large
neural network is altered in subjects with prodromal AD, including
precuneus, medial temporal, parietal ad frontal cortices [5-9]. In
particular, subjects with cognitive decline have shown early atrophy
and loss of grey matter in cortical specific brain areas [10,11], including
hippocampal, medial temporal and parietal lobes. In the conceptual
frame of the integration of biomarkers for an early and highly
predictive diagnosis, the EEG could be a reliable tool [12]. Indeed, it is
widely accepted that the cerebral EEG rhythms reflect the underlying
brain network activity [13]. As a consequence, modifications in EEG
rhythms could be an early sign of disease associated with AD-related
structural and functional networks. Recently, it has been demonstrated
that the increase of high alpha relative to low alpha power is a reliable

EEG marker of hippocampal atrophy and amigdalo-hippocampal
complex atrophy [14,15]. Furthermore, the increase in alpha3/
alpha2 power ratio has been demonstrated predictive of conversion
of patients with MCI in AD, but not in non-AD dementia [16]. The
same increase of alpha3/alpha2 power ratio was found to be correlated
with hippocampal atrophy in subjects with AD [12]. Finally, a recent
study have shown that MCI subjects with highest alpha3/alpha2
power ratio present a peculiar pattern of basal ganglia and thalamic
atrophy, detected with voxel-based-morphometry (VBM) tecnique, as
compared to MCI groups with middle and low alpha3/alpha 2 power
ratio [12]. The present explorative study shares the same theoretical
background. The aim of the study is to extend the relationship of the
alpha3/alpha2 EEG power ratio to the study of cerebral cortex atrophy
in subjects with MCL Two principal reasons supports this aim: 1) the
hippocampal complex is strongly connected with temporo-parietal
cortex; 2) in AD due to MCI there is the presence of both hippocampal
and brain cortical atrophy. The cortical thickness analysis may provide
a more sensitive measure of pathology by computing the distance
between the white matter surface and GM/CSF boundary over the
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entire cortex and allowing a precise matching of cortical anatomy
between subjects. Moreover, increasing thinning in specific cortical
areas is peculiar of AD and it could predict conversion from MCI state
to AD dementia [16].

As a consequence, the working hypothesis of the present study is
that an increase in alpha3/alpha2 EEG power ratio would like to be
associated with brain atrophy in temporo-parietal brain networks.
Upper alpha synchronization could be explained in the frame of two
recent neurophsyiological theories: the inhibition timing hypothesis
and the entropy's theory. As about the inhibition timing hypothesis,
recent research [17-19] has shown that the upper alpha increase
in power (or synchronization) is associated with an impairment
of the transmission of semantic information thus preventing the
semantic encoding necessary for memory formation. In the same
conceptual frame, the entropy's theory state that synchronization is
disadvantageous for storing information, as it reduces the flexibility of
the system and the flow of information [20].

To the best of our knowledge, an approach considering the regional
pattern of cortical atrophy in combination with the EEG markers was
never be investigated. This is the first study investigating the pattern of
cortical thickness in a population of MCI subjects with increasing levels
of alpha3/alpha2 ratios. Results show that subjects with higher a3/a2
ratios when compared to subjects with lower and middle a3/a2 ratios
showed significant and wide thinning both of global cortical volume
and specific brain areas, like the Supramarginal gyrus and Precuneus
bilaterally. Other smaller regions of cortical thinning were localized on
the right hemisphere in the Insula, Parietal and Temporal cortex.

Materials and Methods
Subjects

For the present study, 74 subjects with MCI were recruited from
the memory Clinic of the Scientific Institute for Research and Care
(IRCCS) of Alzheimer’s and psychiatric diseases ‘Fatebenefratelli’
in Brescia, Italy. All experimental protocols had been approved by
the local ethics committee. Informed consent was obtained from all
participants or their caregivers, according to the Code of Ethics of the
World Medical Association (Declaration of Helsinki).

Diagnostic criteria

Patients were selected from a prospective study on the natural
history of cognitive impairment (the translational outpatient memory
clinic—TOMC study) carried out in the outpatient facility of the
National Institute for the Research and Care of Alzheimer’s Disease
(IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia,
Italy).

The project was aimed to study the natural history of non-demented
persons with apparently primary cognitive deficits, i.e., deficits not
due to psychic (anxiety, depression, etc.) or physical (hypothiroidism,
vitamin B12 and folate deficiency, uncontrolled heart disease,
uncontrolled conditions (diabetes, etc.) in the absence of functional
impairment. The selection criteria have the aim to include as much
as possible primary prodromal dementia due to neurodegenerative
disorders. Demographic and cognitive features of the subjects in study
are summarized in Table 1.

Patients were rated with a series of standardized diagnostic and
severity instruments, including the Mini-Mental State Examination
(MMSE; [21] 5), the Clinical Dementia Rating Scale (CDRS; [22]), the

Hachinski Ischemic Scale (HIS; [23]) and the Instrumental and Basic
Activities of Daily Living (IADL, BADL; [24]). In addition, patients
underwent diagnostic neuroimaging procedures (magnetic resonance
imaging, MRI), and laboratory testing to rule out other causes of
cognitive impairment. These inclusion and exclusion criteria for MCI
were based on previous seminal studies [25-27]. Inclusion criteria of
the study were all of the following: (i) complaint by the patient, or
report by a relative or the general practitioner, of memory or other
cognitive disturbances; (ii) Mini-Mental State Examination (MMSE)
score of 24-27/30, or MMSE of 28 and higher plus low performance
(score of 2-6 or higher) on the clock drawing test [28]; (iii) sparing
of instrumental and basic activities of daily living or functional
impairment steadily due to causes other than cognitive impairment,
such as physical impairments, sensory loss, gait or balance disturbances,
etc. Exclusion criteria were any one of the following: (i) patients aged
90 years and older (no minimum age to participate in the study); (ii)
history of depression (from mild to moderate or major depression)
or juvenile-onset psychosis; (iii) history or neurological signs of
major stroke; (iv) other psychiatric diseases, overt dementia, epilepsy,
drug addiction, alcohol dependence; (v) use of psychoactive drugs,
including acetylcholinesterase inhibitors or other drugs enhancing
brain cognitive functions or biasing EEG activity; and (vi) current or
previous uncontrolled or complicated systemic diseases (including
diabetes mellitus), or traumatic brain injuries. All subjects were right-
handed.

All patients underwent: (i) semi-structured interview with the
patient and — whenever possible — with another informant (usually, the
patient’s spouse or a child of the patient) by a geriatrician or neurologist;
(ii) physical and neurological examinations; (iii) performance-based
tests of physical function, gait and balance; (iv) neuropsychological
battery assessing memory (Babcock Story Recall - Rey-Osterrieth
Complex Figure, Recall - Auditory-Verbal Learning Test, immediate
and delayed recall; [28]) verbal and non-verbal memory, attention and
executive functions (Trail Making Test B, A and B-A; Inverted Motor
Learning-Clock Drawing Test; [28]), abstract reasoning thinking
(Raven Colored Progressive Matrices; [28]), frontal functions (Inverted
Motor Learning); language (Phonological and Semantic fluency-
Token test, [28]), and apraxia and visuo-constructional abilities (Rey-
Osterrieth Complex Figure, Rey figure copy, Clock Drawing Test;
[28]); (v) assessment of depressive symptoms by means of the Center
for Epidemiologic Studies Depression Scale (CES-D; [29]). All the
neuropsychological tests were standardized on Italian population, thus

Alpha3/Alpha2

High Middle Low p
Demographic and clinical futures
Number of subjects 18 38 18 -
Age. vears 704 6.7 684+82 704+74 55
ge. y [60-85] [52-83] [57-80] :
Sex, female 13 (%) 24 (%) 14 (%) .51
. 6.6+ 3.6 7.6+3.7 8.3+47
Education, years [4-18] [3-17] [3-18] 42
- 27+1.7 274+13  269+1.2
Mini Mental State Exam [23-29] [24-30] [23-30] 46
WMHs (mm?) 2.78 +2.58 5.59+6.60 2.57+2.76 .09
1.29+0.1 1.08 £0.0 09+0.1
Alpha3/alpha2 [M17-152) = [(1-1.16] = [0.77-0.98] 000

Table 1: Demographic and cognitive characteristics in the whole sample,
disaggregated for increased levels of Alpha3/ Alpha2 Numbers denote mean *
standard deviation, number and [range]. p denotes significance on ANOVA.
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scores were compared to normative values with age, education and
gender corrections in an Italian population.

As the aim of our study was to evaluate the relationship between
GM loss and alpha2/alpha3 ratios in MCI subjects, we did not consider
the clinical subtype of MCI, i.e., amnesic, or non-amnesic, single or
multiple domains.

EEG recordings

The EEG activity was recorded continuously from 19 sites by using
electrodes set in an elastic cap (Electro-Cap International, Inc.) and
positioned according to the 10-20 international systems (Fp1, Fp2, F7,
F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and O2). In
order to keep constant the level of vigilance, an operator controlled on-
line the subject and the EEG traces, alerting the subject any time there
were signs of behavioural and/or EEG drowsiness. The ground electrode
was placed in front of Fz. The left and right mastoids served as reference
for all electrodes. The recordings were used off-line to re-reference the
scalp recordings to the common average. Re-referencing was done prior
to the EEG artifact detection and analysis. Data were recorded with a
band-pass filter of 0.3-70 Hz, and digitized at a sampling rate of 250 Hz
(BrainAmp, BrainProducts, Germany). Electrodes-skin impedance was
set below 5 khz. Horizontal and vertical eye movements were detected
by recording the electrooculogram (EOG). The recording lasted 5
min, with subjects with closed eyes. Longer recordings would have
reduced the variability of the data, but they would also have increased
the possibility of slowing of EEG oscillations due to reduced vigilance
and arousal. EEG data were then analyzed and fragmented oft-line in
consecutive epochs of 2 s, with a frequency resolution of 0.5 Hz. The
average number of epochs analyzed was 140, ranging from 130 to 150.
The EEG epochs with ocular, muscular and other types of artifact were
preliminary identified by a computerized automatic procedure [30].
Two expert electroencephalographists manually double-checked and
confirmed the automatic selections. The epochs with ocular, muscular
and other types of artifacts were discarded

Analysis of individual frequency bands

All recordings were obtained in the morning with subjects
resting comfortably. Vigilance was continuously monitored in order
to avoid drowsiness. A digital FFT-based power spectrum analysis
(Welch technique, Hanning windowing function, no phase shift)
computed - ranging from 2 to 45 Hz - the power density of EEG
rhythms with a 0.5 Hz frequency resolution. Two anchor frequencies
were selected according to the literature guidelines [31,32], that is,
the theta/alpha transition frequency (TF) and the individual alpha
frequency (IAF) peak. These anchor frequencies were computed on
the power spectra averaged across all recording electrodes. The TF
marks the transition frequency between the theta and alpha bands, and
represents an estimate of the frequency at which the theta and alpha
spectra intersect. TF was computed as the minimum power in the
alpha frequency range, since our EEG recordings were performed at
rest. The IAF represents the frequency with the maximum power peak
within the extended alpha range (5-14 Hz). Based on TF and IAF, we
estimated the frequency band range for each subject, as follows: delta
from TF-4 to TF- 2, theta from TF-2 to TF, low alpha band (alphal
and alpha2) from TF to IAF, and high alpha band (or alpha3) from
IAF to IAF + 2. The alphal and alpha2 bands were computed for each
subject as follows: alphal from TF to the middle point of the TF-IAF
range, and alpha2 from such middle point to the IAF peak [12,13,32-
34]. Moreover, within theta frequency the frequency peak (individual
theta frequency, ITF) was also individuated. The mean frequency range

computed in MCI subjects considered as a whole are: delta 2.9-4.9 Hz;
theta 4.9-6.9 Hz; alphal 6.9-8.9 Hz; alpha2 8.9-10.9 Hz; alpha3 10.9-
12.9 Hz; . Finally, in the frequency bands determined on an individual
basis, we computed the relative power spectra for each subject. The
relative power density for each frequency band was computed as the
ratio between the absolute power and the mean power spectra from
2 to 45 Hz. The relative band power at each band was defined as the
mean of the relative band power for each frequency bin within that
band. The alpha3/alpha2 was computed in all subjects and three groups
were obtained according to increasing tertiles values of alpha3/alpha2:
low (a3/a2<1;) middle (1<a3/a2<1.16) and high (a3/a2>1.17). The
three groups of MCI have been demostrated in previous studies to be
different in nature. In particular, the high alpha3/alpha 2 EEG power
ratio MCI group is at major risk to convert to Alzheimer's disease [35],
as well as to have different pattern of hippocampal atrophy [36] and
basal ganglia and thalamus gray matter lesions [12,13] as compared
to the other alpha3/alpha2 power ratio MCI groups. Moreover, this
group subdivision has been chosen for reason of homogeneity and
comparability with the previous studies

MRI scans

For each subject, a high-resolution sagittal T1 weighted volumetric
MR scan was acquired at the Neuroradiology Unit of the ‘Citta’ di
Brescia’ Hospital, Brescia, by using a 1.0 T Philips Gyroscan scanner,
with a gradient echo 3D technique: TR=20 ms, TE=5 ms, flip angle=30,
field of view=220 mm, acquisition matrix 256 - 256, slice thickness 1.3
mm.

Cortical thickness estimation steps

Cortical thickness measurements for 74 MCI patients were made
using a fully automated magnetic resonance imaging-based analysis
technique: FreeSurfer, a set of software tools for the study of cortical and
subcortical anatomy. Briefly, in the cortical surface stream, the models
of the boundary between white matter and cortical gray matter as well
as the pial surface were constructed. Once these surfaces are known,
an array of anatomical measures becomes possible, including: cortical
thickness, surface area, curvature, and surface normal at each point on
the cortex. In addition, a cortical surface-based atlas has been defined
based on average folding patterns mapped to a sphere and surfaces
from individuals can be aligned with this atlas with a high-dimensional
nonlinear registration algorithm. The surface-based pipeline consists of
several stages previous described in detail [35,36].

Single subject analysis: For each subjects the T1-weighted,
anatomical 3-D MRI dataset were converted from Dicom format into
.mgz format, then intensity variations are corrected and a normalized
intensity image is created. The volume is registered with the Talairach
atlas through an affine registration. Next, the skull is stripped using a
deformable template model [37] and extracerebral voxels are removed.
The intensity normalized, skull-stripped image is then operated on by a
segmentation procedure based on the geometric structure of the gray-
white interface. Voxels are classified as white or grey matter, cutting
planes are chosen to separate the hemispheres from each other. A
white matter surface is then generated for each hemisphere by tiling
the outside of the white matter mass for that hemisphere. This initial
surface is then refined to follow the intensity gradients between the
white and gray matter. The white surface is then nudged to follow the
intensity gradients between the gray matter and CSF, obtaining the pial
surface. Cortical thickness measurements were obtained by calculating
the distance between those surfaces (white and pial surface) at each
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of approximately 160,000 points per hemisphere across the cortical
mantle [38].

Group analysis: In order to relate and compare anatomical
features across subjects, it is necessary to establish a mapping that
specifies a unique correspondence between each location in one brain
and the corresponding location in another. Thus, the pial surface of
an individual subject is inflated to determine the large-scale folding
patterns of the cortex and subsequently transformed into a sphere to
minimize metric distortion. The folding patterns of the individual are
then aligned with an average folding pattern using a high-resolution
surface-based averaging. Thickness measures were mapped to the
inflated surface of each participant’s brain reconstruction allowing
visualization of data across the entire cortical surface. Finally, cortical
thickness was smoothed with a 20-mm full width at half height
Gaussian kernel to reduce local variations in the measurements for
further analysis.

Test-retest reproducibility of cortical thicknes analysis

Previous studies have been investigated the reliability of the
cortical thickness measurements: some of these addressed the effect of
scanner-specific parameters, including field strength, pulse sequence,
scanner upgrade, and vendor. The use of a different pulse sequence
had a larger impact, as did different parameters employed in data
processing. The within-scanner variability of global cortical thickness
measurements reported in previous studies was 0.03-0.07 in average
[39-42]. Scanner upgrade did not increase variability nor introduce
bias while measurements across field strength were slightly biased
(thicker at 3 T). In the study by Han et al the variability was 0.15 mm
and 0.17 mm in average, respectively, for cross-scanner (Siemens/GE)
and cross-field strength (1.5 T/3 T) comparisons. The recent study
by Gronenschil et al also investigated the effects of data processing
conditions such as Free Surfer version, workstation, and Macintosh
operating system version. The authors reported significant differences
between Free Surfer version (average: 2.8-3%) and a smaller differences
between workstation and operating system version. On the whole, the
results suggest that MRI-derived cortical thickness measures are highly
reliable, however it is important to keep consistent the MRI parameters
and data processing factors within any given structural neuroimaging
study.

White matter hyperintensities (WMHs) computation

WMHs segmentation was performed on the FLAIR sequences
using previously described algorithms [38]. Briefly, the procedure
includes (i) filtering of FLAIR images to exclude radiofrequency
inhomogeneities; (ii) segmentation of brain tissue from cerebrospinal
fluid; (iii) modelling of brain intensity histogram as a Gaussian
distribution; and (iv) classification of the voxels whose intensities were
3.5 standard deviations (SDs) above the mean as WMHs. In order to
place each subject’'s WMHs map onto a common template, a set of
linear and nonlinear transformations were applied with the protocol
described below. FLAIR images were coregistered to the high resolution
T1 image using a 9-parameters affine transformation (i.e., including
rotation, translation and scaling) and the same alignment parameters
were applied to the WMHs mask image created at the previous step.
T1 images were intensity corrected in order to reduce adverse impact
of the WMH voxel values on the accuracy of the nonlinear warping
algorithm. This step involved estimating the normal white matter mean
intensities surrounding the voxels classified as WMHs and replacing
voxels in the T1 image corresponding to WMHs by the estimated
values. T1 intensity-corrected images were normalized onto a standard

template by mean of high-dimensional cubic B-spline warp [39]. The
template image used in this study was created from the MRI scans of
a population of elderly subjects with a mix of diagnosis (AD, MCI,
and normal) and was defined as the one that minimize the amount
of distortion necessary to non-linearly align each subject MRI of the
population. The parameters computed from nonlinear warping were
then used to wrap each subject’s FLAIR image and WMHs mask
onto the template [40]. At the end of the process, anatomical regions
are accurately matched between subjects, and WMHs voxels are in
locations analogous to their original locations in the subjects’ image.
Total vascular load was then computed for each subject by counting
the number of voxels segmented as WMHs and multiplying by voxel
size (1.44 mm?®). The WMHs were computed only to exclude significant
differences in the cerebrovascular load in MCI groups and to avoid
confounding variables in the statistical analysis. Of note, it has been
demostrated that the vascular load could bias the brain rhythms
computation [12,13,41-44].

Statistical analysis

Differences between groups in sociodemographic and
neuropsychological features were analyzed using SPSS version 13.0
(SPSS, Chicago, IL) performing an analysis of variance (ANOVA) for
continuous variables and paired x*test for dichotomous variables. For
continuous variables, post-hoc pair wise comparisons among groups
were performed with the Games-Howell or Bonferroni tests depending
on homogeneity of variance tested with Levene’s test.

Concerning the neuroimaging analysis, the Qdec interface in Free
surfer software was used: a vertex-by-vertex analysis was carried out
performing a general linear model to analyse whether any difference
in mean cortical thickness existed between groups (low: a3/a2<1
@V middle: 1<a3/a2<1.16 puV?3 high: a3/a2>1.17 pV?). The following
comparisons were carried out: High versus Low, High vs Middle and
Middle vs Low. Age, sex, education, global cognitive level (MMSE
score) and WMHs were introduced as covariates in the analysis to
avoid confounding factors. Our results did not survived at p<0.05
corrected, so we choose to apply an uncorrected but more restrictive
significance threshold than 0.05 (p < .001) and we considered as
significant only the clusters which also were wide equal or major to 30
mm?* Finally a surface map was generated to display the results on an
average brain. For illustrative purpose significance was set to a P-value
0f<0.01 uncorrected for multiple comparisons

Results

Table 1 shows the sociodemographic and neuropsychological
characteristics of MCI subgroups defined by the tertile values of alpha3/
alpha2. The ANOVA analysis showed that there was not statistically
significant differences between groups which resulted well paired for
age, sex, white matter hyperintensities (WMHs) burden, education and
global cognitive level. Anyway, age, sex, education, global cognitive
level (MMSE score) and WMHs were introduced as covariates in the
subsequent analsysis to avoid confounding factors. Alpha3/alpha2
ratio levels were significant at Games-Howell post hoc comparisons
(p=0.000).

Pattern of cortical thickness between groups

High vs Low: When compared to subjects with low a3/a2
ratios, patients with high a3/a2 ratio show thinning in the bilateral
Spatiotemporal, Supramarginal and Precuneus cortex, in the right
Inferior Parietal and Insula. The total CGM reduction in High a3/2
group than Low a3/a2 group was 471 mm? (Figure 1 and Table 2).
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HIGH a3/a2 vs LOW a3/a2
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Figure 1: Brain regions with significant regional cortical thickness differences in MCI with high a3/a2 ratio compared to MCI with low a3/a2 ratio (p < 0.01 uncorrected).
The colour-coding for p values is on a logarithmic scale. Warmer colour represents cortical thinning, cooler colour represents cortical thickening. Results are presented
on the pial cortical surface of brain: dark gray regions represent sulci and light gray regions represent gyri.

HIGHa3/a2<LOW a3/a2

CLUSTER SIZE(mm?) REGION SIDE STEREOTAXIC COORDIATE P THICKNESS(mm?)
X Y z HIGH LOW
61 Superior Temporal L -47 -36 9 <0.0001 2.25+0.15 2.00£0.18
60 Supramarginal L -40 -36 18 0.0008 1.95+0.18 2.08+0.19
35 Precuneus L -14 -48 58 0.0002 1.87+0.14 1.98+0.19
58 Superior Temporal R 61 -22 -1 <0.0001 2.18+0.17 2.24+0.24
59 Supramarginal R 49 -29 27 <0.0001 1.94+0.18 2.08+0.20
52 Precuneus R 11 -49 30 0.0001 1.81+0.17 1.93+0.15
85 Inferior parietal R 46 -75 10 0.0001 1.94+0.22 2.070.23
61 Insula R 38 -2 3 0.0002 2.3710.28 2.57+0.36
HIGHa3/a2<MIDDLE a3/a2
CLUSTER SIZE(mm?) REGION SIDE STEREOTAXIC COORDIATE P THICKNESS(mm?)
X Y z HIGH MIDDLE
59 Post central L -57 -18 18 0.0002 1.51+0.15 1.62+0.17
71 Supramarginal L -53 -42 46 0.001 1.95+0.18 2.111+0.23
33 Precuneus L -16 -43 60 0.001 1.87+0.14 1.94+0.17

Table 2: Brain regions with significant regional cortical thickness differences in MCI with high a3/a2 ratio compared to MCI with low a3/a2 ratio (HIGH a3/a2 < LOW a3/a2)
and MCI with middle a3/a2 ratio (HIGH a3/a2 < MIDDLE a3/a2). Cluster size represents the extension of contiguous significant voxels in the cluster obtained at p < 0.01
uncorrected (cluster size > 30 mm2). Stereotaxic coordinates reveal the position of the most significant voxel of the cluster, and side denotes its localization on the left (L) or
right (R) brain hemisphere. Thickness denotes the average cortical thickness and standard deviation values within the cluster in high and middle a3/a2 groups. P denotes

the significance level of the differences in thickness between groups.

High vs. Middle: The same group showed a similar but less wide
pattern of cortical thinning when compared to middle a3/a2 group: the
regions of atrophy were located in the left Supramarginal gyrus, left
Precuneus and Postcentral cortex. The total CGM reduction in High
a3/2 group than Middle a3/a2 group was 160 mm? (Figure 2, Table 2).
When High group was compared to Low group the total extension of
cortical thinning (471 mm?) was 34% wider than the other comparison
in which High group was compared to Middle group (160 mm?).No
regions of major cortical atrophy was found in groups with Middle
or Low a3/a2 power ratio when compared to High a3/a2 group. No

significant cortical thickness differences were found between Middle
and Low a3/a2 groups.

Discussion

The MCI concept

The concept of MCI has been evolving in the last years as much as
the interest of scientific community has focused on the subjects that
could develop AD. The previous concept of amnestic MCI has been
turned in MCI due to AD, according to recent recommendations [2].
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Figure 2: Brain regions with significant regional cortical thickness differences in MCI with high a3/a2 ratio compared to MCI with middle a3/a2 ratio (p < 0.01
uncorrected). The colour-coding for p values is on a logarithmic scale. \Warmer colour represents cortical thinning, cooler colour represents cortical thickening. Results
are presented on the pial cortical surface of brain: dark gray regions represent sulci and light gray regions represent gyri.

The most important novelty of these new diagnostic criteria is the
recognized need of reliable biomarkers associated to the judgment
of a clinician for the early diagnosis of subjetcs that are at major risk
to develope AD. Nevertheless, different etiologies in addition to AD
pathophysiological process may coexist in an individual who meets the
criteria for MCI due to AD [45]. Of note, these criteria assume that
it is possible to identify those individuals with AD pathophysiological
process as the likely primary cause of their progressive cognitive
dysfunction. Moreover, it is important to note that, as AD is a slow,
progressive disorder, with no fixed events that define its onset, it is
particularly challenging for clinicians to identify transition points for
individual patients. Thus, it is difficult to identify the point at which
the transition from the asymptomatic to the symptomatic predementia
phase [46], or from the symptomatic predementia phase to dementia
onset, occurs [47]. Moreover, there is greater diagnostic uncertainty
earlier in the disease process. This is issue is confirmed by a recent
study [48] that found a group of MCI subjects who had only abnormal
A beta 42 with no evidence of neuronal injury. According to the AD
biomarker dynamic model and the above-mentioned guidelines,
those subjects should not have shown cognitive symptoms, as clinical
symptom severity correlates with neuronal injury rather than beta-
amiloid deposition. The authors hypothesized that they could have
had neurodegenerative biomarkers very near to the threshold for
abnormality but not sufficiently high enough to indicate the presence
of neuronal injury. Limitation intrinsic to the use of fixed cut-offs could
explain these findings. These findings further stress the need of reliable
biomarkers in AD research.

Association between EEG markers and GM changes

In the present study the relationship between an EEG marker

(the alpha3/alpha2 power ratio) and the cortical thickness in subjects
with MCI was investigated. The alpha3/alpha 2 power ratio has been
chosen because in previous works it has been demonstrated that
MCI subjects with higher alpha 3/alpha 2 ratio are at major risk to
develop AD [14,15]. Our results show that the MCI group with higher
alpha3/alpha2 ratio has a greater global cortical atrophy than the
other subgroups, thus confirming a large body of literature [6,49,50].
Furthermore, the greater atrophy is significant in two specific brain
areas: precuneus and supramarginal gyrus (a brain area belonging to the
inferior parietal lobule), both in left and right hemisphere. These results
were largely expected considering previous studies. Indeed, structural
and functional abnormalities of the precuneus were observed in MCI
[50-53] as well as in Azheimer's disease [54,55] so that the atrophy of
precuneus has been considered as a pathognomonic marker of early
AD. Moreover, in the present study, there is a very interesting result.
The atrophy of precuneus is coupled with the atrophy in supramarginal
gyrus and, at lesser extent, with inferior parietal, insula and superior
temporal gyrus. This atrophy pattern is clearly expressed in the group
of MCI subjects with higher alpha3/alpha2 power ratio. The authors
found that there is a preferential pathway of connectivity of the dorsal
precuneus with supramarginal gyrus, parietal cortex, superior temporal
gyrus and insula. As a consequence, the atrophy we detected in the MCI
group with higher alpha3/alpha2 ratio power could be hypothesized as
the loss of GM in an entire anatomo-functional network more than
atrophy of isolated brain areas. Of note, it is widely accepted that AD
is the result of a cortical network impairment more than the atrophy
of single cortical areas [56,57]. In subjects with low or middle alpha3/
alpa2 power ratio the cognitive impairment is possibly due to cerebro-
vascular impairment or non-AD degenerative process. Although the
rigid selection criteria adopted to include in the study patients with
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primary cognitive deficits, in the clinical practice is not infrequent to
have MCI subjects not due to AD [56-59].

Neurophysiological and clinical implications

Klimesch and coworkers have convincingly demonstrated that
that the upper alpha band (~10-13 Hz) specifically reflects encoding
memory processes [60,30]. Recent EEG and magnetoencefalography
(MEG) studies have confirmed that a correct functioning of
memory, both in encoding and in retrieval, requires the high alpha
rhythm desynchronization (or power decrease; [61-67]. From a
neurophysiological point of view the synchronization (or power
increase) of EEG alpha power has been associated with the inhibition
timing hypothesis [18] and with poor information transmission,
according to the entropy's theory [20,68]. The increases in alpha
amplitudes reflect inhibition of cortical brain regions [18,69]. Similarly,
the entropy's theory stated that synchronization is disadvantageous for
storing information, as it reduces the flow of information [20]. Entropy
is a measure of the richness of information encoded in a sequence
of events. Applying this concept to the neural networks , it has been
demonstrated [70] that the degree of information that is encoded
in neural assemblies increases as a function of desynchronization
and decreases as a function of synchronized firing patterns [71,72].
This hypothesis has been confirmed in clinical studies in patients
with memory deficits [73] as well as during states where there is
little cognitive processing (e.g., epileptic seizures or slow wave sleep;
[70,74,75]. As regards cognitive impairment due to AD, the typical
synaptic loss could prevent the physiological flexibility of brain neural
assemblies, impeding the desynchronizing downstream modulation of
the brain activity. As a consequence, it could be hypothesized that the
disruption of cortical network due to degenerative disease, inducing
cortical atrophy, could determine an over synchronization of the
brain oscillatory activity. The synchronization state of the high alpha
power could prevent the creation of a semantic sensory code and,
consequently, of the episodic memory trace [76,77]. In previous seminal
studies, high alpha frequency has been specifically related to semantic
memory processes [74,87,1]. Of note, in subjects with early cognitive
decline, the impairment of the semantic features of memory has been
recently accepted as a hallmark for the early AD diagnosis [1,2]. Indeed,
according to the new diagnostic criteria of AD, the measurement of
sensitivity to semantic cueing can successfully differentiate patients
with AD from healthy controls, even when patients are equated to
controls on MMSE scores or when disease severity is very mild. Our
results are generally in line with this hypothesis, suggesting that increase
in power of high alpha brain oscillations reflects a block of information
processes. However, the present study goes one step further, linking
the increase of high alpha synchronization to the atrophy of a specific
brain network, correlated with impairment in memory performances.

Increase of alpha3/alpha2 EEG power ratio and the default
mode network (DMN)

Several fMRI studies of AD patients have demonstrated alterations
of the DMN [1,79-83]. Previous studies also showed that in AD patients
a decreased DMN functional connectivity is coupled with an increased
prefrontal connectivity [82,83]. A recent resting state fMRI study
suggested that regions of enhanced connectivity in AD are part of the
salience network [78,84]. Recent findings in fMRI studies suggest that
the pathophysiological process of AD exerts specific deleterious effects
on distributed memory circuits, even prior to clinical manifestations
of significant memory impairment. In particular, the disruption of
the intrinsic connectivity of these networks is observable even during
the resting state in asymptomatic individuals with early AD who have

high amyloid burden both in the medial temporal lobe (MTL) system
and the set of cortical regions collectively referred to as the default
network [85,86]. Specific regions of the default network, namely the
precuneus and posterior cingulate, are selectively vulnerable to early
amyloid deposition in AD pathology. These regions are also thought
to play a key role in both memory encoding and retrieval, and are
strongly functionally connected to the MTL. Recent studies have
demonstrated that during the successful encoding of new items there is
a desynchronization in the temporo-parietal memory-related networks
whereas a synchronization prevent a successful semantic encoding
[87,88]. It is of great interest that there is an overlapping between the
brain regions associated with increase of EEG alpha3/alpha2 power
ratio (hypersynchronization of high alpha) in our study and the DMN
nodes in fMRI studies related to memory encoding [86-88]. The
deleterious role of synchronization has been recently demonstrated
by an interesting study facing the intriguing reltationship between the
functional and structural degeneration of DMN in AD [85]. The authors
detected some hub regions (eteromodal associative regions) typical of
the DMN. These regions were demonstrated to be selectively vulnerable
in AD pathology, due to the damage of inhibitory interneurons
providing a loss of inhibition at cellular level. According to the authors,
the disinhibition provokes an increasing amount of neural activity
at network level, giving as a final result an hyper synchronization of
brain areas. Of note, this over activity is excitotoxic and determines
cellular apoptosis and brain atrophy. Our results are in line with these
previous influential studies. A possible integrative view of all the results
could be as follows: 1) the higher neuronal activity in the hub regions
starts from a dysfunction of cellular inhibition; 2) the consequent
disinhibition drives neural network to an over synchronization; 3) this
over synchronization is peculiar of the hub regions of the DMN; 4)
these over activated regions are prone ot degeneration and atrophy ;
5) a possible neurophsyiologic sign of this over synchronization is the
increase of the alpha3/alpha 2 power ratio we have found in typical hub
regions [89,90].

Conclusion

The present results show that that synchronization (or increase
in power) of high alpha is associated with greater cortical atrophy.
The greater cortical atrophy is present both considering the whole
brain volume and in a peculiar memory-related network, including
precuneus and temporo-parietal cortices. The combination of EEG
alpha3/alpha2 ratio and cortical thickness measure could be useful for
identifying individuals at risk for progression to AD dementia and may
be of value in clinical context.
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