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Functional connectivity (FC) alterations represent a kegdture in Alzheimer's Disease (AD)
and provide a useful tool to characterize and predict the cotse of the disease. Those
alterations have been also described in Mild Cognitive Imgrenent (MCI), a prodromal
stage of AD. There is a growing interest in detecting AD patHogy in the brain in the
very early stages of the disorder. Subjective Cognitive Déne (SCD) could represent a
preclinical asymptomatic stage of AD but very little is knowabout this population. In the
present work we assessed whether FC disruptions are alreadpresent in this stage, and
if they share any spatial distribution properties with MCllgerations (a condition known
to be highly related to AD). To this end, we measured electroagnetic spontaneous
activity with MEG in 39 healthy control elders, 41 elders witSCD and 51 MCI patients.
The results showed FC alterations in both SCD and MCI compateto the healthy
control group. Interestingly, both groups exhibited a vergimilar spatial pattern of altered
links: a hyper-synchronized anterior network and a postesi network characterized by a
decrease in FC. This decrease was more pronounced in the MCIrgup. These results
highlight that elders with SCD present FC alterations. Morenportantly, those disruptions
affected AD typically related areas and showed great oventewith the alterations exhibited
by MCI patients. These results support the consideration dbCD as a preclinical stage of
AD and may indicate that FC alterations appear very early ihé course of the disease.

Keywords: Alzheimer disease, mild cognitive impairment, magnet oencephalography, Subjective Cognitive

Decline, Functional connectivity

INTRODUCTION

The increase in life expectancy during the last decades hatharent downside: the increase of
dementia cases in the populatioBrookmeyer et al., 200.7AD is the most common cause of
dementia, accounting for 60—80% of case8#&rker et al., 2002; Wilson et al., 2)1therefore
its early diagnose has become a relevant public health iEswlg.interventions at an early stage of
the disease before the appearance of extensive brain les@tiseanost promising approach for
reducing the burden of dementia in the populatiomiaz et al., 201y
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The description of Mild Cognitive Impairment (MCI), an networks (RSN) consistently associated with AD: default mode
intermediate state between healthy individuals and denaentinetwork (DMN) and dorsal attention network (DANGreicius
patients, represented an important step toward the early diagno et al., 2004; Li et al., 20)L2
of AD. MCI is characterized by slight cognitive impairment in
one or more domains and increased risk of developing dementiR/IATERIALS AND METHODS
(Petersen, 2004The presence of AD-pathology in MCI patients
is a very consistent nding Tabatabaei-Jafari et al., 2015;Subjects
Villemagne and Cheételat, 20)i@nd the annual conversion rate The study sample was recruited from three di erent centers: the
from MCI to AD has been estimated around 8-15%e{ersen, Neurology Department in “Hospital Universitario San Carlos,’
2019. Over the last few years there is a growing interest irthe “Center for Prevention of Cognitive Impairment,” and
what has been suggested to be a pre-clinical asymptomatie stape “Seniors Center of Chamartin District” located in Madrid
of AD: Subjective Cognitive Decline (SClessen et al., 2014 (Spain).

Accordingly, SCD could represent a prodromal stage of MClI The sample consisted of 131 right-handed and native
in which individuals report a worsening in their cognitiveib&  Spanish speakers. Fifty-one of them were diagnosed as mild
that current neuropsychological assessment tools are rfettab cognitive impaired (MCI group), while 80 showed no objective
capture. SCD subjects are at a greater risk for developing MQ@leuropsychological impairment. The latter were further didl

or AD compared to healthy eldersi¢ssen et al., 2010, 2014jn two groups, 39 healthy control elders without any cogrativ
Reisberg et al., 2010; Mitchell et al., 20Mhilst there are still concern (HC group) and 41 with subjective cognitive decline
inconsistent results, some neuroimaging studies report&d A (SCD group).Table 1 summarizes their demographic data and
related brain pathology in SCD supporting its interpretation asother relevant characteristics.

an asymptomatic stage of AD as reviewedty et al. (2015)

Among the variety of neuroimaging tools available, theDiagnostic Criteria
International Working Group has recently highlighted theegt ~ To assess the general cognitive and functional status toaiag
sensitivity of functional connectivity (FC) EEG/MEG meassir set of screening questionnaires were used: The Mini Mental
in the very early stages of AD, and the limited number ofState Examination (MMSE;Lfbo et al., 1979 the Geriatric
electrophysiological studies on this stagmipois et al., 2006  Depression Scale—Short Form (GD&savage et al., 198the
FC disruption in AD is a consistent nding in the literaturé(li  Hachinski Ischemic Score, (HI&osen et al., 1930and the
etal., 2011; Teipel et al., 201k fact AD has been described as aFunctional Assessment Questionnaire (FAQg er et al., 198).
disconnection syndromeielbeuck et al., 20)3Moreover, these After the initial screening all subjects underwent an extaue
abnormalities have also been reported for MCI patieriisrg neuropsychological assessment including: Direct and bwer
et al., 2007; Bai et al., 2QC&nd have demonstrated great utility Digit Span Test (Wechsler Memory Scale, WMS-III), Immediate
in predicting future cognitive decline and conversion to AD and Delayed Recall (WMS-III), Phonemic and Semantic Fluency
(Petrellaetal., 2011; Lopez et al., Q0However, the knowledge (Controlled oral Word Association Test, COWAT), Ideomotor
about the course of FC alterations in the very early stage®of APraxis of Barcelona Test, Boston Naming Test (BNT), Trail
is really scarce, and the few available results in fMRI restiag  Making Test A and B (TMTA and TMTBReitan, 195Band
are inconsistentiafkemeijer et al., 2013; Wang et al., 20The  Rule Shift Cards (Behavioral Assessment of the Dysexecutive
only study to date using MEG in SCD reported a decrease in FSyndrome, BADS).
during the performance of a memory taskgjo et al., 200)2but MCI group subjects were diagnosed as MCI according to the
resting state FC was not addressed. criteria established byetersen (2004and Grundman (2004)

In this study, we reconstructed for the rst time source MCI patients did not ful Il criteria for dementia diagnosis.
space whole brain resting state functional networks with MEG Cognitive concerns were self-reported by the participants in
of healthy elders, SCD and MCI patients in the alpha bandan interview with clinician experts. The nal group assignren
A previous study from out group demonstrated that SCDwas made after neuropsychological evaluation attending
elders exhibit spectral alterations speci c to this frequerange to a multidisciplinary consensus (by neuropsychologists,
(Lopez-Sanz et al., 201&urthermore, results in this frequency psychiatrists, and neurologists). In order to prevent possibl
range have demonstrated great consistency in previous workenfounders of SCD, problematic medication, psycho-a ective
studying MCl and AD patientsJelic et al., 2000; Adler et al., 2003;disorders or other relevant medical condition lead to the
Babiloni et al., 2006 Most of the studies reported a prominent exclusion from the study. Following the recommendations mad
decrease in FC in both MCI and AD patients. The study of otheby the SCD-I-WG, all subjects were older than 60 at onset of
frequency bands reached somewhat inconsistent resultsa(fo SCD, and the onset of SCD occurred within the last 5 years.
review, se&abiloni et al., 2015Hence, we hypothesized thatthe  The exclusion criteria employed in this study were the
onset of the FC cascading failure in AD takes place in the SCillowings: (1) history of psychiatric or neurological diserd
stage, thus SCD patients will show an intermediate FC patterar drug consumption that could a ect MEG activity, such as
of alterations between those exhibited by controls and MCtholinesterase inhibitors; (2) evidence of infection,anction
sharing some spatial properties. Additionally, in order tophel or focal lesions in a T2-weighted scan within 2 months before
the interpretation and comparison of our results with previousMEG acquisition; (3) a modied Hachinski score equal or
literature we conducted FC analysis in two key resting stathigher to 5; (4) a GDS-SF score equal to or higher to 5; (5)
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TABLE 1 | Demographic, neuropsychological and neurophysiol ogical data for each group.

Mean SD p-values

HC SCD MCI HC-SCD HC-MCI SCD-MCI
Age 70.4 3.7 716 45 73.0 3.7 n.s. 5310 3 n.s.
Gender (M/F) 1.7 05 1.8 04 16 05 n.s. n.s. n.s.
GDS 09 1.1 14 12 27 21 n.s. 5910 7 2310 4
MMSE 29.0 1.1 289 1.1 274 20 n.s. 1710 6 5810 6
Direct digits 85 1.9 88 21 71 21 n.s. 2810 3 2510 4
Inverse digits 6.2 21 57 20 44 15 n.s. 1.110 ° 3010 3
BNT 53.0 87 50.9 6.3 447 86 n.s. 4710 6 7910 4
Hippocampal volume 5010 3 0510 3 50 10 3 0710 3 44 10 3 0710 3 n.s. 5810 © 4010 5

The left half of the table shows mean SD (standard deviation) of demographic information, some neuropsychological sces and neurophysiological data for each group. The right
half of the table shows the p-values resulting of the ANOVA comparisons beeen groups. If the comparison is not signi cant (p> 0.05) the value is replaced by n.s. (non-signi cant).
GDS stands for Geriatric Depression Scale—Short Form. MMSE stands fodini Mental State Examination. BNT stands for Boston Naming Test.

history of alcoholism, chronic use of anxiolytics, neupiles, originated outside the head. The algorithm was also used to
narcotics, anticonvulsants or sedative hypnotics. All pgwtints  correct head movements of the subject during the recording.
were between 65 and 80 years old at the moment of the MEG . .

acquisition. Besides, additional analyses were conduotede MEG Signal Preprocessing

out other possible causes of cognitive decline such as Biaivit Ocular, muscular and jump artifacts were rst identi ed ugn

de cit, diabetes mellitus, thyroid problems, syphilis, or an ~ an automatic procedure from the Fieldtrip packagegtenveld
Immunode ciency Virus (HIV). et al.,, 201}, and then visually conrmed by a MEG expert.

All participants signed an informed consent prior to The remaining data was segmented in 4s epochs of artifact-
study enrollment. This study was approved by the “Hospitafree activity. Subjects with at least 15 clean epochs were
Universitario San Carlos” ethics committee, and the procedur Selected for further analysis (47.6 7.3 epochs in the HC
were performed in accordance with approved guidelines anélfoup, 46.2 9.4 epochs in the SCD group, 42.2 7.0

regulations. epochs in the MCI group, mean standard deviation). In
addition, an ICA-based procedure was employed to remove the
. electrocardiographic component when it was clearly identi ed
MEG Recordings ograph P wnen It W y leent

Due to data redundancy after the spatiotemporal ltering, ynl

Neurophysiological data was acquired by using a 306 chann agnetometers data were used in the subsequent analysis.

(102 magnetometers, 204 planar gradiometers) Vectorview
MEG system (Elekta AB, Stockholm, Sweden), placed insideMR)| Acquisition

magnetically shielded room (VacuumSchmelze GmbH, Hanau, T1-weighted MRI was available for each subject, acquired in
Germany) at the “Laboratory of Cognitive and Computationala General Electric 1.5 Tesla magnetic resonance scanneg, aisi
Neuroscience” (Madrid, Spain). All recordings were obtaine high-resolution antenna and a homogenization PURE lter (Fas
while subjects were sitting comfortably, resting awakéeifes  spojled Gradient Echo sequence, TR/TEIT111.2/4.2/450 ms;
subject. 25 cm). MRI images were processed with Freesurfer software
Head shape was obtained by using a three-dimensiongersion 5.1.0) and its specialized tool for automated catténd
Fastrak digitizer (Polhemus, Colchester, Vermont). Theeeial  sybcortical segmentatiori(schl et al., 2007n order to obtain
points (nasion and left and right preauricular points) and atthe volume of several brain areas. Hippocampal volumes were
least 300 points of the surface of the scalp were acquired f@glected as anatomical evidences of brain atrophy chaistater
each subject. In addition, four head position indication (P for MCI and AD (Dubois et al., 2007 and normalized with
coils were placed on the subjects scalp, two in the mastoids apgspect to the overall intracranial volume (ICV) to accouot f
two in the forehead. HPI coils' pOSition was also acquireﬂhgsi di erences in head volume over Subjects_
the Fastrak device, and continuous head position estimatias
used during the recording in order to track head movementsSource Reconstruction
Finally, a vertical electrooculogram of the left eye wagiuse The source model consisted of 2,459 sources placed in a
capture blinks and eye movements. homogeneous grid of 1 cm in MNI template, then linearly
MEG data was acquired using a sampling rate of 1,000 Hzansformed to subject space. Each source was labeled as
and an online anti-alias bandpass lIter between 0.1 and 330 Hbelonging to one of the 64 areas of the reduced Harvard-Qfor
Recordings were processed o ine using a spatiotemporal signaltlas Desikan et al., 20060f the initial 2,459 sources, 970 were
space separation algorithmgulu and Simola, 20Q6correlation  discarded due to not being identi ed as part of any recognized
window 0.9, time window 10 s in order to remove magnetic noisarea (i.e., white matter sources). The lead eld was cdledla
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for the remaining 1,489 sources using a three-shell Boundamanalytical method depicted in/ilkie, 1983; Garcia-Prieto et al.,

Element Method (brain-skull, skull-scalp and scalp-air ifeees

2017. All the links were signi cant after FDR correctiorQ(D

generated from the subject's T1 MRI) model computed with0.05) in the three diagnostic groups (plk 0.028 for HC, alp

OpenMEEG softwarggramfort et al., 2010

< 0.033 for SCD and ajp < 0.033 for MCI). Furthermore, in

Source reconstruction was performed for the alpha band. lrorder to evaluate whether between-groups FC di erences could
order to calculate alpha band in the most representable ande explained by source leakage, the Pearson correlations&et
comprehensive way for our sample we visually identi ed thebeamformer weights were computed for each link and compared

individual alpha frequency (IAF) for every participant as the

across groupsfarces et al., 20).4

most prominent alpha peak in the average power spectrum over _
occipital and parietal channels. The average IAF in the studNetwork Calculation
sample was 9.4 Hz. Then, according to Klimesch consideratiotwe calculated the FC in two key RSN: DAN and DMN. The

about alpha band widthKlimesch, 199§ we set it from 6.9 to
11.4 Hz (i.e., IAF-2.5 Hz IAF C 2 Hz).

coordinates of the nodes forming each RSN were de ned in
MNI space according to previous work\fatanabe et al., 2013;

Artifact-free epochs were bandpass Itered in the alphalimenez et al., 201.6In turn, ROIs belonging to the DMN
band using an 1,800 order FIR Iter designed using Hanningwere subdivided into an anterior component (aDMN) and a
window. Data was ltered in a two-pass procedure to avoidposterior component (pbDMNANndrews-Hanna et al., 200.7The
phase distortion, and using 2,000 samples of data at each sidpresentative FC for each RSN was computed by averaging the
as padding to avoid edge e ects. Lastly, a Linearly ConstraingelC-values over all pairs of regions comprising the correspandin

Minimum Variance (LCMV) beamformer\(an Veen et al., 1997

network.

was employed to obtain the source time series by using the

computed lead eld and the epoch-averaged covariance matrix.

Connectivity Analysis

Statistical Analysis
In order to assess the dierences in connectivity between
groups we used an ANCOVA analysis with age as covariate.

The analysis of FC was performed using the hypothesis of phase ensure the accuracy of the results the ANCOVA analysis

synchronization Rosenblum et al., 200&and evaluated using
the Phase Locking Value (PL\V;achaux et al., 1999PLV is

was non-parameterized using permutations. The origifal
value obtained with the ANCOVA analysis and the original

calculated using the instantaneous phase di erence betweenggouping were stored, and a series of 10,000 randomizations
pair of signals. For each temporal point, a vector is constuicteof subjects were performed, preserving the original groupssiz

with norm unity and phase equal to the phase di erence betwee

For each randomization a neWw-value was obtained, which

the instantaneous phases of both signals. Then, PLV-value fallowed creating a null-distribution of-values adapted to the
each data segment is calculated as the norm of the averaige vecharacteristics of the data. This distribution was used toudate

for the pair of signal& and!:

Kttt

X .
PLVi ;D = el
k, | T

t

where' .t/ is the instantaneous phase of sigkat instantt, and
T the number of temporal points per segment.

In order to reduce the dimensionality of the connectivity
matrices, PLV-values are averaged over areas, obtainingjaai
PLV-value for each pair of areas de ned in the reduced Harvard
Oxford atlas. The nal PLV-value between areAsand B is
calculated as follows:

1X

j 'Ak.t/ ' Bl.t/

e
t

whereNy is the number of sources in arédaandAy is the source
k inside this area.

the permutation-correctegh-value associated to the origing#
value.

Due to the high number of comparisons, of the order of 2,000,
the probability of obtaining an elevated number of false posgiv
is high. In order to avoid this problem we complemented the
ANCOVA analysis with a False Discovery Rate (FERjjamini
and Hochberg, 1999nultiple comparisons correction, usinga
D 0.05 (a 5% rate of false positives).

Finally, for those links who survived the FDR correction we
performed a pairwise comparison analysis with Tukey's Honestly
Signi cant Di erence correction to determine the groups in
which the connectivity values were signi cantly di erenth&se
results were permutation-corrected in a similar way that the
ANCOVA results.

Average FC-values for each RSN were compared across groups
employing a similar procedure with ANCOVA analysis non-
parametrized using permutations.

We performed an ANOVA statistical test with FDR,
using aQ-value of 0.05, to identify and discard those links

In this work the instantaneous phases of the signals werehose connectivity value is below the random threshold.

obtained using the Hilbert analytical signal, with 2,00pées of

Regarding the beamformer weights correlation, we employed a

data at each side as padding in order to avoid edge e ects. Meaimilar procedure to identify links whose correlation betwee
and standard deviation FC matrices for each group are shown ibeamformer lters di ered among groups.

Figure 1

Last, we conducted correlation analysis in our sample using

We checked the signi cance of each individual link for eachPearson coe cient to characterize the relationship betwéee

group separately to ensure results interpretability using th

observed FC changes and cognitive state, as well as hippocampal
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Standard deviation Mean
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.25 0.3 035 04 0.45 0.5 0.550.6 0.65

FIGURE 1 | Mean and standard deviations of the connectivity v alues for HC (left) , SCD (middle), and MCI (right) groups. The upper triangular area of each
matrix shows the mean connectivity value for each link, usgna logarithmic scale. The lower triangular area of each matrshows the standard deviation for each link,
using a linear scale. Metrics use different color maps to avd confusion.

volume. In order to address the multiple comparisons problemHC vs. SCD

all p-values were also corrected using FDR. In this comparison we identied a similar pattern with two
sub-networks, as shown ifrigure 4 SCD subjects showed
RESULTS increased FC-values respect to the HC gropg (0.05) in three
links connecting the same regions described in the previous
Connectivity Values comparison. SCD subjects also showed decreased FC in 11

The FC analysis in this work was performed between anatomiclnks (P < 0.05). Those links connected both intra- and inter-
areas, using a reduced version of the Harvard-Oxford atlaflemispherical areas between posterior regions. Interegtia|
consisting on the regions and abbreviations showrTable 2 the links a ected in the SCD group, were also disrupted in the
All the links were included in the analysis, as none ofMClgroupina similar manner.

them was discarded because of a non-signi cant PLV-valu

The ANCOVA analysis brought signi cant between-groupeSCD V.S' MCI - .
di erences for 17 links in the overall comparison, FDR) ( MCI patients showed a network comprising four links where

- : -~ FC-values were signi cantly lowerp(< 0.05) compared to
D 0.05 ted . Wh b d in th . )
)_correce Rigure 2 ert ODServVec In e painvise hSCD FC-values Higure 5. This network with reduced FC

comparison, the results showed a posterior network, wit tod t | iotal and inital reai f the brai
decreased connectivity, and an anterior network, with @ased connected temporal, parietal and occipital regions ot the rain
and comprised both intra- and inter-hemispheric links.

connectivity for both SCD and MCI compared to the HC

group. Differences in RSN
Regarding DAN we observed a signi cant group e eg €
HC vs. MCI 0.05). Pairwise comparisons revealed a FC decrease in DAN wit

In this comparison between HC subjects and MCI patientsrespect to HC group in both SCIp 0.05) and MCI p< 0.01).
all 17 links showed signi cant group e ect in the pairwise Mean FC of the DAN was not signi cantly di erent between SCD
comparison p < 0.05; Figure3). The anterior network and MCI (Figure 6).

presented higher FC in the MCI group compared to the HC  pMN was divided into two sub-networks and compared
group in three links connecting anterior regions, includin separately. We did not observe any signi cant group e ect for
left Inferior Temporal Gyrus, left Paracingulate and leftthe aDMN component. On the contrary, we found a signi cant
Anterior Cingulate.. The posterior network exhibited lower group e ectin pDMN (p< 0.005). FC was signi cantly decreased
FC in the MCI group, and comprised 14 links betweenjn hoth SCD p < 0.005) and MCI p < 0.005) with respect to
connecting posterior cortical structures such as: tempomdi@  control. SCD and MCI did not show signi cant di erences in

structures (both hippocampi and right parahippocampus),mean FC in this sub-networkSigure 6).
parietal (left Postcentral Gyrus, both Supramarginal Gyaid

occipital areas (left Frontal Pole, both Superior OccipitalCorrelation of Beamformer Weights
cortices, right Inferior Occipital Cortex, right Lingual The correlation analysis between the beamformer weights
Cortex). determined there were no di erences in the beamformer lIters
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TABLE 2 | List of ROIs of the anatomical atlas. cognitive status, performed worse in working memory, exeeut

functioning and language, and had smaller hippocampi. On the

Abbreviation Full name other hand, all three links with increased FC in SCD and MCI
Amyg Amygdala showed negative associations with BNT performance, meaning
Ang Angular Gyrus that those subject with larger FC hyper-synchronization in

these speci c links performed worse in language and executive

gzc g:;i:;: Z;r:j: functioning. All signi cant correlations and links are st in

Cu Cuneal Cortex Table 3

FMC Frontal Medial Cortex

FOC Frontal Orbital Cortex

FP Frontal Pole DISCUSSION

rg'z: ;'fi’::i:f;; Occipital Gortex In the presgnt work, we have showed that eldgrs presenting with

TG Inferior Temporal Gyrus SC[‘),.m spite of their normal nguropsychologlcal performance,

e Inferior Frontal Gyrus exhibit a pattern of_l_:C alterat|ons_3|mllar to that shc_an by

L Lingual Gyrus MCI patu_ents. In addition, FC alterations were not restritt®
DMN regions; they also a ected broader areas largely unexplored

M Motor cortex in previous literature. When compared to the HC group, MCI

MFG Middle Frontal Gyrus patients exhibited a marked decrease in FC in the alpha band

MTG Middle Temporal Gyrus over posterior areas accompanied by an increased FC in anterio

oP Occipital Pole ventral regions of the brain. The spatial distribution of atons

ParaC Paracingulate Gyrus exhibited by the SCD group mimicked MCI patients' network

ParaHip Parahippocampal Gyrus disruption. According to our results, disconnection among

PCu Precuneous posterior brain regions is even more pronounced in MCI patients

PoSCG Postcentral Gyrus when compared to SCD elders. These results draw a continuum

PreCG Precentral Gyrus in the preclinical phases of the disease where connectivity

SFG Superior Frontal Gyrus disruptions would take origin in the very early phases of AD

SMG Supramarginal Gyrus (SCD stage), characterized by initial anterior FC increaesed

soc Superior Lateral Occipital Cortex  posterior FC decreases, followed in later stages by further

SPL Superior Parietal Lobule posterior decreases in FC. Additionally, we obtained sigamtc

STG Superior Temporal Gyrus correlations of these FC changes with cognition and hippocdmpa

™ Temporal Pole volume, highlighting their pathological nature. To the bekbur

Correspondence between abbreviations showed irFigures 1 -3 and regions depicted in
the Harvard-Oxford anatomical atlasfesikan et al., 2006). Preceding letter | or r stands for
left or right hemisphere, respectively. Abbreviations ending in -ap, -ap, or -to stand for

anterior part, posterior part, antero-posterior part, or temporo-occipital partrespectively.

weights of the three groups. Taking this result into accoitrig
unlikely that the di erence in the connectivity metrics caube
caused by source leakages(cés et al., 20).4

Differences in Hippocampal Volume
Due to its extended use in the clinical diagnosis of MCI and, ADDMN, such as angular gyrus, medial temporal structures (i.e.,
we completed this work by analyzing the hippocampal volumebippocampus and parahippocampal cortex) or lateral inferior
of the participants. The corrected hippocampal volumes werparietal areas. These connectivity decreases over DMNatritic
compared between groups by means of an ANCOVA using thareas have been extensively reportedr@ et al., 2007; Zarahn
age as covariate. The contrast revealed signi cant di eesnc et al., 2007; Hsiao et al., 201 addition, MCI patients showed
between groupsp( < 0.01; Table ). Pairwise comparisons decreased FC between parietal regions and occipital regions
showed that MCI patients had signi cantly lower volumes thanconsistent with recent ndings reporting decreased FC betwe
both SCD p< 0.01) and HC groupgg< 0.01), while the volumes DMN regions and visual networkGai et al., 2015 Beyond

of SCD and HC participants did not di erg> 0.05).

Correlation Analyses

knowledge, this is the rst time that whole brain FC impairnten

in the alpha band is reported in SCD patients. These results
suggest that a subjective feeling of cognitive worsenirp wi
preserved cognitive function could represent an early indicat
of preclinical AD pathology in the brain.

It should be noted that most of the existing literature
addressing FC in AD has focused speci cally on DMN, and more
work is needed to characterize whether those ndings areispec
to DMN areas Zarahn et al., 2007 We found decreased FC in
SCD and MCI involving several areas classically related ¢o th

marked decreases among posterior cortical regions, MCI pitien
also showed increased FC over anterior-ventral areas|vimep
temporal and frontal structures. Initial reports demonstigte

Some of the links with a reduction in FC in SCD andthat aging was associated to posterior decrements in FC and
MCI exhibited positive associations with hippocampal volumepnspeci ¢ anterior increases and decreas&sgs et al., 20).1
MMSE, inverse digits test and BNT. This means that thosén this same study, AD patients exhibited a greater FC deereas
subjects with lower FC-values demonstrated an overall @orover posterior regions and only increases among anteriomnbra
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FIGURE 2 | Distribution of connectivity values in each signi cantly different link for HC (blue), SCD (red) and MCI (green) groups. Asterisks mark
signi cantly different connectivity values between groupsOne asterisk (*) denotes g-value between 0.05 and 0.01. Two asterisks (**) denote p-value lower than
0.01.

FIGURE 3 | Links with signi cantly different FC-values in the comparison between Healthy Controls (HC) and Mild Cognitive Impairment (MCI) groups.
Left : Posterior, superior, left, and right views of the brainRight : Circle plot shows a schematic view of the signi cant links. Rd lines indicate an increased FC-value
in MClI respect to HC. Blue lines indicate a decreased FC-vaduin MCI respect to HC.

regions, which is in line with our ndings in the MCI and in SCD elders compared to the HC group. Furthermore,
SCD groups. This anteroposterior dual pattern of hyper- andSCD participants exhibited an anterior hyper-synchronization
hypo-connectivity, respectively, has been described as moom a ecting the exact same regions where MCI patients showed
feature of the network failure starting in pre-dementia #a@nd hyper-synchronization. To date, there are very limited yet
progressing along the AD continuund@nes et al., 20).5 contradictory results about the evolution of FC in SCD
The most novel and relevant nding of our study is the (Hafkemeijer et al., 2013; Wang et al., 2))¥hd no study has
disruption in brain FC in SCD participants. This pattern addressed resting state FC with MEG or EEG. However, our
of alterations seems to be consistent with ndings in ADresults seem to support previous literature in at-risk of AD
literature. Our analysis revealed a posterior disconnectieer populations describing similar anterior-ventral elevated &l
lateral inferior parietal, medial temporal and occipital aea posterior diminished FC in prodromal stages of ABr{er et al.,
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FIGURE 4 | Links with signi cantly different FC-values in the comparison between Healthy Controls (HC) and Subjective Cog nitive Decline (SCD)
groups. Left: Posterior, superior, left and right views of the brairRight: Circle plot shows a schematic view of the signi cantihks. Red lines indicate an increased
FC-value in SCD respect to HC. Blue lines indicate a decreaseF-C-value in SCD respect to HC.

FIGURE 5 | Links with signi cantly different FC-values in the comparison between Subjective Cognitive Decline (SCD) and M ild Cognitive Impairment
(MCI) groups. Left: Posterior, superior, left and right views of the brairRight Circle plot shows a schematic view of the signi cant fiks. Blue lines indicate a
decreased FC-value in MCI respect to SCD.

2012 and in cognitively normal APOEH4 carriers lachulda more importantly, to the very early preclinical stages of the
etal., 201 disease in the SCD and MCI stage. It is worth noting that

Interestingly, when comparing SCD and MCI groups,the anterior hyper-synchronization observed in SCD and MCI
we found decreased FC in MCI subjects between occipitafjroups did neither progress nor decrease from SCD to the
inferior temporal and parietal regions. These results higtli theoretically subsequent MCI stage. This is again in linth wi
the progressive FC loss throughout AD dierent stagesthe above-mentioned work and other©#gmoiseaux et al.,
consistent with the conception of AD as a disconnection2012). Anterior hyper-synchronization across the entire AD
syndrome occurring along a continuundélbeuck et al., 2003 spectrum appeared to have a trend toward declining in later
Furthermore, the localization of this progressive discartiten  stages of the disease. Our results seem to suggest that this
is consistent with previous work proving, with a very largeincrease in FC observed in early AD could actually take
sample, that posterior DMN subsystem connectivity declineplace in the preclinical stage of the disease, before clinical
linearly throughout the course of the diseas#éorfes et al., symptoms onset, to then slope toward MCI and early AD
2015. Additionally, our results add value extending thesestages before the subsequent decline in FC already desamnibed
ndings to other brain regions not limited to DMN, and late AD.
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TABLE 3 | Results of the correlation analysis between connec tivity values
and neuropsychological scores.
Hippocampal MMSE Inverse digits  BNT -
volume Spontaneous
responses
IPosCG n.s. n.s. n.s. n.s.
rSMG
IPosCG r D 0.2817 n.s. n.s. n.s.
Isoc p D 0.0012
ISMG r D 0.2504 rD0.2262 ns. r D 0.2350
FIGURE 6 | Distribution of mean connectivity values for each ISOC p D 0.0041 p D 0.0094 p D 0.0076
signi cantly different resting state network for HC (blue), S CD (red), 'SMG n.s. D 0.2567 n.s. n.s.
and MCI (green). Asterisks mark signi cantly different connectivity values
between groups. One asterisk (*) marks @-value between 0.05 and 0.01. rsoc p D 0.0031
Two asterisks (**) mark g-value lower than 0.01. nTG-ap  ns. n.s. ns. rD 0.2783
rloc p D 0.0015
ISMG n.s. n.s. n.s. n.s.
rloc
The clinical impact of the AD-related anterior hyper- rang n.s. n.s. rD 0.2411 n.s.
synchronization has been highlighted over the past few yeansp p D 0.0059
Traditionally, these alterations have been interpreted as igpL n.s. n.s. rD 0.3003 n.s.
compensatory mechanismviormino et al., 201). Alternatively, iop p D 0.0005
it has been proposed that cortical hubs, while acting as atitic ;smc n.s. n.s. n.s. n.s.
nodes of the network may augment the pathological cascade jnn
AD increasing the deposition of ®\(Buckner et al., 2009In  poscc  ns. n.s. n.s. n.s.
the same vein, these hyper-connected regions could represggj
the ngerprint of noisy or ine cient synaptic transmission. ,gp_ ns. ns. ns. ns.
This synaptic burden could be propagated to downstreamy,,
networks leading to what has been termed as a cascading, ns ns ns ns
network failure in AD (ones et al., 20)5In fact, higher rParaHip
levels of A accumulation can be caused by increases iR, ns. ns. s "D 0.2651
synaptic activity Cirrito et al., 200§ Furthe.rmo.re, previoug IHip b D 0.0025
MEG resuI'Fs showgd thgt hyper-synch_ronlzanon of a.nterlorlswIG s, s, s, ‘D 0.2343
cingulate with certain brain regions predicted a fast cosi@r Hip 0 D 0.0078
from MCI Fo AD (Lqpez e_t al., 20341In our wo[rk, SCD and ITG-ap  ns. s s ‘D 03118
MCI anterior alterations involved areas classically edato . b D 0.0003
the salience network. Interestingly, FC increases in tieam TG-ap  ns ns ns ‘D 0.3615
regions have been linked with mood disorders in mild ADIParaC - o - pDO(;OOO
patients Balthazar et al., 20)4The association of SCD and )
certain psychiatric conditions has represented a controgkers rFme s s e b 0.2602
I1Amyg p D 0.0030

topic in the eld (Buckley et al., 20)3 However, cognitive
concerns along with these a ective symptoms could represertorrelation values of each signi cant correlation between the signi caty different links

a common susceptibility toward AD as has been ah»ead?nd the z_anat_omif:al values and neuropsy_chological scores. Fir§t_ 14 rows qim':t hyp_o—
suggested<{itz ct al., 2035 The pathological nature of this /"7 Las hestous enc npersynvonsatame e o s
hyper-synchronization is reinforced by our correlation WS pjaced at p D 0.0094. n.s. indicates non-signi cant correlations. MMSE stands for Mini
revealing that those subjects with higher synchronizatialues Mental State Examination. BNT stands for Boston Naming Test.

in these links performed worse in an executive function and

language task.

After exploring whole brain FC we focused on two RSN'sstill present only cognitive concerns, and maintain thiseleof
crucial to AD progression and understanding. Attentionalhypo-synchronization at least until MCI stage. Alteratioims
networks (ventral and dorsal) are known to be impaired in ADDAN has been related to de cits in top-down attentional cooitr
(Li et al., 201p. However, we studied DAN as it was the onlyin AD (Zhang et al., 2005
one consistently disturbed in MCI patients in previous litena DMN is considered the key RSN in AD progression. In fact,
(Qian et al., 2015; Zhang et al., 2016ur analysis revealed a Ab spread has been topologically linked to this netwdekdthe
signi cant decrease in the mean FC of DAN in MCI patientset al., 201} The role of posterior cingulate cortex (PCC) in AD
supporting previous results. However, our results suggedt tha@rogression has received major attention, as it is a cruaidél h
this decrease seems to occur in an early stage, when eldefspDMN, and it is often used as a seed for DMN studies. The
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vast majority of previous studies agree that PCC is progrelysiv were a ected in both SCD and MCI, showing a similar level of
disconnected from other brain regions inside DMN, reporting F FC decrease. This is in agreement with previous neuroimaging
decreases in AD and MCI patients with either fMRIcussaint  ndings reporting a continuum in the preclinical stages of
et al., 2014; Weiler et al., 2014; Kim et al., 2D@Gcombination AD, namely a relatively progressive increase in the burden of
of DTI and a functional techniqueSoldner et al., 2012; Garcéscertain biomarkers increasing from healthy aging, to SCM an
et al., 201)¥or with EEG (Hsiao et al., 20)3However, literature  then MCI such as reduced metabolisiicheef et al., 201 &r

is not without some controversy, as some studies reported aorain atrophy Gaykin et al., 2006Future work should address
increase in directional connectivity from PCC to other pogie  the predictive value of these alterations, and test whether FC
brain regions in MCI. Our results support the majority of stedi  disruption represents a hallmark of AD pathology, increasimg t
reporting a decrease in FC over pDMN in the AD-continuum. likelihood of MCI and SCD elders to develop further stages of
According to our results, FC alterations start in SCD phasé, a the AD.

remain constant along MCI stage. Of note, we did not observe

any signi cant change in aDMN, which is in line with some ETHICS STATEMENT

previous work Gong et al., 2013; Kim et al., 2),Lbut not all

(Jones et al., 20).5This discrepancy could be explained by theAll participants signed an informed consent prior to study
pathological stage of the sample studied, which usually stssi enrollment. This study was approved by the “Hospital
of AD patients, thus in a more severe phase of the disease thamiversitario San Carlos” ethics committee, and the proceslure
our sample. Additionally, it has been mentioned that the ante were performed in accordance with approved guidelines and
posterior FC dual change pattern could not be limited to DMN regulations.

regions {Viepert et al., 201)7 which looks to be con rmed by
our results.

FC decits have been previously linked to structural
abnormalities in MCI patientsGarces et al., 20)J4Althoughwe DL, RB, and PG, analyzed the data. DL and RB wrote the
did not address structural connectivity, we observed aigsignt ~ manuscript and prepared gures. All authors participated in the
decrease in hippocampal volume in our MCI group. Noteworthy design of the research, the acquisition of the data andceity
hippocampal volume correlated positively with FC in two hypo-reviewed this work.
synchronized links, in a way that those subjects with smalle
hippocampi showed more aberrant FC-values. No changes INnCKNOWLEDGMENTS
hippocampal volume were observed in SCD elders, underscoring
the ability of MEG FC to detect subtle brain changes beforghis study was supported by two projects from the Spanish
structural alterations become evident. Ministry of Economy and Competitiveness, PSI12009-14415-

This work constitutes the rst report of whole-brain FC C03-01 and PSI2012-38375-C03-01, a predoctoral fellowship
alterations in SCD with a high temporal resolution techniquefrom the Ministry of Economy and Competitiveness to DL
such as MEG. These FC disruptions a ected AD typically-relate@Ps|2012-38375-C03-01), and a predoctoral fellowship fiiwen
areas and showed great overlap with MCI alteration patternpinistry of Education to RB (FPU13/06009). We also wanted to
but with a milder intensity. Furthermore, DAN and pDMN acknowledge Ciber-BBN collaboration.
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