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1 Medical Physics Laboratory, Faculty of Health Sciences, Mical School, Aristotle University of Thessaloniki, Theabniki,
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Physical and cognitive idleness constitute signicant ris factors for the clinical
manifestation of age-related neurodegenerative diseasedn contrast, a physically and
cognitively active lifestyle may restructure age-declimeneuronal networks enhancing
neuroplasticity. The present study, investigated the chages of brain's functional network
in a group of elderly individuals at risk for dementia that we induced by a combined

cognitive and physical intervention scheme. Fifty seniomheeting Petersen's criteria of
Mild Cognitive Impairment were equally divided into an expenental (LLM), and an
active control (AC) group. Resting state electroencephaggam (EEG) was measured
before and after the intervention. Functional networks wer estimated by computing

the magnitude square coherence between the time series of hlavailable cortical
sources as computed by standardized low resolution brain elctromagnetic tomography
(SLORETA). A statistical model was used to form groups' chacteristic weighted

graphs. The introduced modulation was assessed by networksdensity and nodes'

strength. Results focused on the beta band (12—-30Hz) in whitthe difference of the
two networks' density is maximum, indicating that the struture of the LLM cortical
network changes signi cantly due to the intervention, in catrast to the network of AC.

The node strength of LLM participants in the beta band presets a higher number of
bilateral connections in the occipital, parietal, tempotaand prefrontal regions after the
intervention. Our results show that the combined trainingcheme reorganizes the beta-
band functional connectivity of MCI patients. Clinical&is.gov Identi er: NCT02313935
https://clinicaltrials.gov/ct2/show/NCT02313935.
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INTRODUCTION scheme can induce more stable neural and cognitive benats o
aging populations in comparison to either physical activity or
Age-related neural changes closely associate with cegnitian enriched environment aloneéDgwald et al., 2006; Fabel and
decline in various domains (e.g., long term memory, working<empermann, 2008; Fabel et al., 2009; Anderson-Hanley,et al.
memory;Buckner, 200¢and are linked with cerebral structural 2012; Gonzéalez-Palau et al., 2014
(Raz et al., 200Qpand functional Geerligs et al., 20)€hanges. A previous study from our group explored the e ects of
Consequently, brain function is susceptible to pathologicatombined cognitive and physical training on resting stateirbra
deterioration along the continuum of mild cognitive impaient  activity of MCI patients in comparison to the e ects of solely
(MCI), and Alzheimersdisease (AD;Fratiglioni et al., 2004; cognitive or physical training as well as in comparison to active
Woodard et al., 202The MCI/AD continuum exhibits reduced and passive control groupS{yliadis et al., 20135The combined
level of functional communication between distant braigi@ns intervention induces bene ciary neuroplasticity change®.(
and altered patterns of functional brain organizatioBokde decrease delta and theta rhythms in the precuneus/posterior
etal., 2009 cingulate cortex) across MCI patients and these changes
Burgeoning neuroscienti ¢ evidence corroborates thatibra correlate with cognitive status improvemen®tgliadis et al.,
abilities are in fact malleable and plastic until the lateldthod ~ 2015).
(Erickson et al., 2007; Gutchess, 201%he neuroplasticity The present study aims at expanding our understanding on
changes induced in brain structure and function stronglythe functional bene ts of combined training by investigadi
depend on new (e.g., cognitive, physical, or social) expezgncthe role of regional functional connectivity in relation tine
(Maguire et al., 2000; Munte et al., 2002; Draganski et alMCI condition. Investigating the functional characteicst of the
2004; Paraskevopoulos et al., 2012, Y.0Adapting new and cortex at rest (i.e., neuronal activation patterns and catinéy
positive lifestyles that can potentially aid the elderly cop@mong regions) in relation to various electroencephalogram
with the consequences of cognitive decline, may stimulage t (EEG) oscillatory frequency bands is an adequate methodhwhic
brain to create new neural pathways or reorganize existingan extract global and local properties characterizing patjiobl
ones, fundamentally altering how information is processed a function. Several resting state networks (RSNs) such as the
compensating for the changes that eventually cause cognitidefault mode network (DMN), the somatomotor network (SMN)
decline. and the dorsal attention network (DANylantini et al., 200y
Indeed, non-pharmacological interventions in lifestylevba are considered crucial for cognitive function maintenanEer
become popular for MCI patient$etersen et al., 2001; Peterseninstance, the DMN's functionality disruption is correlatedthwi
2009. In contrast, pharmacological therapies are non-existenamnestic MCI (aMClGarcés et al., 20).dnd AD (Greicius et al.,
for MCI patients since they do not meet the current criteria2004, and is thus related to the severity and the progression of
for clinically probable AD. Nevertheless, the annual cosi®r neurodegeneratiorHetrella et al., 20)1
rate of MCI patients to dementia is alarming 12%), as it is Given that cognitive functions are driven by the interplay
much higher than the one for cognitively healthy seniorsl&  of distributed brain areas in large-scale networkdressler
2%;Petersen et al., 1999 signi cant percentage (80%) ofthe and Menon, 201)) they cannot be adequately approached
current MCI patients is estimated to convert to dementia with by univariate or bivariate models. The brain's complexity
the following ve years Petersen et al., 20)%ut then again formed by the aforementioned interplay represents multiatgi
MCI patients may even reverse back to healthy brain functiomelationships best approached via the human connectome. An
(Petersen et al., 2001, Larrieu et al., 2002 e cient methodology for studying the human connectome is
A variety of developed interventions aim to promote healthygraph theory which has been widely used to characterize complex
brain function and plasticity by usually engaging senior®in brain networks, making it highly suitable to investigatéeedd
computerized physical, and/or cognitive trainingC@lcombe  connectivity in aging{lakagawa et al., 20}, heurodegeneration
and Kramer, 2003; Busse et al., 200ardif and Simard, (Zhou et al., 201p and non-pharmaceutical interventions
2011; Bamidis et al., 20)l4Such interventions allow for the (Hampstead et al., 20).1INevertheless, it remains unclear how
longitudinal evaluation and monitor of the cognitive statu the human connectome can be altered in response to combined
of aging populations and may aid in the development ofphysical and cognitive training among the older adults who
diagnostic biomarkers that can identify early signs along thexperience greater than normal rate of age-related cognitiv
continuum of MCI and AD-related pathologyClark et al., decline.
2008; Woodard et al., 2010; Sperling et al., 2011; Styliadis e In light of the aforementioned research, the current focus
2015)3. Importantly, longitudinal studies may provide insight is on investigating the functional component of the human
toward understanding MCl-related brain plasticity asst@ih connectome at rest that provides insight toward understagdi
with unique types of interventions. MCl-related brain plasticity, associated with combined mitige
The benets of two factors related to lifestyle, physicaland physical interventions. We hypothesize that the combamat
exercise and cognitive training, on cognitive performande oof physical and cognitive training will slow down the typicalv
aging populations have been amply demonstrategh(idis etal., alterations in EEG oscillations, due to their additive beciel
2019. The growing trend toward cost-e ective interventions role in enhancing neuroplasticityswald et al., 2006; Fabel and
calls for physical exercise occurring simultaneously oKempermann, 2008; Fabel et al., 2009; Gonzéalez-Palau et al.,
sequentially in the context of cognitive challenges. Thi®019.
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Herein we present an attempt to identify reliable TABLE 1 | Subject Pool (Means  SDs) and training type details.
electrophysiological indices, based on multivariate maqdels

which are able to capture the combined training e ects. LM AC

Fifty MCI patients were divided into two equally distributed \q of supjects 25 25

groups. The rst group trained using a combination of physicaly, o matesiratio 6 (24%) 6 (24%)

and cognitive exercises, while the second one served as 69.60 5.20 6702 6.40
active control group. EEG data were recorded in eyes clos%SE Se0s 115 Sees 1%
resting condition, before and after each intervention. Ame | . 2340 2.40 2332 1.99
methodology based on group characteristic networks wag, o 150 145 192 218
employed in order to assess the|e ects _of both |ntervent|am§, |yoe 780 297 704 279

a pre/post manner. The networks denSIty was used as an Ind?r%%ervention details PT and CT Watching documentaries
for assessing network organization, while the nodes' giiteare on YouTube

analyzed in order to reveal which cortical areas are resptisi g.qqions Up to 10 hiw Up to 5 hiw
for these e ects.

Duration PT:25.72 6.24h 25 436h
CT:28.04 6.39h
MATERIALS AN D M ETHODS LLM, combined training; PT, physical training; CT, cognitive training; AGctive control;

P .. MMSE, mini mental state examination, (where the range from best to worst perfmance
arthlpantS is 30-0); MOCA, Montreal cognitive assessment (where the range from best toasst

This study involves 50 (12 male) right handed MCI individualsperformance is 30-0); GDS, geriatric depression scale, (where the rangeom severely
(mean ageD 68.76; SDD 5.89) (rab|e ]) Each participant depressed to normal is 15-0); yoe, years of education; h, hour; w, week.

went through a detailed neuropsychological examinationicivh

was a prerequisite for the Long Lasting Memories (LLM)

project (http://www.longlastingmemories.eu/). This exaation  (MOCA) score 25 points, (iv) uent language skills, and
took place 1-14 days prior to the intervention onset. The(v) agreement of a medical doctor and time commitment
participants were divided into two equally populated groups (230 the intervention protocol. The exclusion criteria were) (i
participants per group) and followed distinct training schemegJnrecovered neurological disorders (i.e., stroke, traueriatain

of the LLM project. The protocol was approved by the Bioethic#njury), (i) severe depression or psychological disordei) (i
Committee of the Medical School of the Aristotle University unstable medication within the last 3 months, (iv) severegitg

of Thessaloniki, as well as, the Board of the Greek Assoniati disorder, (v) severe hearing and/or vision de cits not crted

of Alzheimer®Disease and Related Disorders (GAADRD). Priomwith lens or hearing aids, and (vi) concurrent participatiam i
to neurophysiological acquisition, each participant receive another study.

detailed information regarding the study and it was madeacle

to them that they could terminate the experiment at any timeCategorization and Matching

without the need to provide any justi cation for their decisi ~ The participants of the LLM group followed a training protocdl o
(no one did). Then, they provided written informed consent.computerized physical and cognitive exercises. The particgpant
The LLM project was conducted in accordance with the Helsinkbf the Active Control (AC) group underwent a cognitive

Declaration for Human Rights. stimulation protocol consisting of watching a documentary
and answering a questionnaire. All training components were
Neuropsychological Examination matched on parameters such as intensity, sessions, use of

The neuropsychological examination involved the evalumtio computers (sedable 1). The participants of each group were
of the participants' generic cognitive status as well as speci matched on agef;; 48y D 0.995p D 0.324], years of education
cognitive functions (verbal memory, executive functions(yoe) [Fa.48y D 0.835,p D 0.365], male-to-female ratio
independent living, etc.). This is described in detail in aeiet  (both groups' ratio is 6/25), depression as measured by gieriat

study of our group Bamidis et al., 20935 depression scale (GDSj({; 48y D 0.558,p D 0.459] as well as
cognitive state as screened by the MoG#y[48) D 0.456,p D
Diagnostic Procedure 0.503] and the MMSEF|3. 45) D 1.320p D 0.256] (sedable 1).

The diagnosis was performed by a dementia expert neurologist,

naive regarding the treatment each subject received, gakio  Long Lasting Memories (LLM) Intervention
consideration the neurophysiological as well as the medicélLM is an integrated training system that targets both
examination. MCI patients met Petersen's criteriie{fersen physiological and cognitively-impaired aging populations
et al., 2001; Petersen, 200All MCI participants had a Clinical through the adoption of cognitiveSmith et al., 2009and/or

Dementia Rating score of 0.6i(ghes et al., 1992 physical training Billis et al., 2010; Konstantinidis et al., 2016
o It aims at enhancing the independence of senior citizens by
Study Criteria improving their quality of life and their functionality. All

Inclusion criteria for the current study were the followir(@:ages intervention components were computerized, center-based
60 years, (i) 23 Mini Mental State Examination (MMSE) and under supervision. The combined cognitive and physical
score 27 points, (i) 19 Montreal Cognitive Assessment training sessions were performed in a pseudo-randomized
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counterbalanced sequence. The details of each trainifgEG Recordings and Pre-Processing
intervention are described in detail inS(ith et al., 2009; EEG recordings were performed in a dark and sound attenuated

Billis et al., 2010; Bamidis et al., 2015 room. Participants were seated in a comfortable chair andewer
) ) ) instructed to close their eyes and stay calm for 5 min. EEG
LLM Trial Registration signals were recorded with 57 active electrodes placed on the

The trial was registered retrospectively (ClinicalTrial$.go gcalp according to the 10/10 international system (Fpl, F2, F
Identi er: NCT02313935). This was a result of strict project,:4' C3,C4,P3,P4,01,02,F7,F8,T7, T8, P7, P8, Fz, Cz, Pz, TP8
timeline but also unclear areas of responsibility in the prbjecAFz, FCz, CPz, FC1, FC2, CP1, CP2, FC5, FC6, CP5, CP6, Fpz,
(as the trial did not involve any medicinal products covergd b o, F1. POz F2. C1. C2. P1. P2. AF3. AF4. FC3. FC4. CP3. CP4
Directive 2001/20/EC, guidelines from the European Medisinepo’& |:;04’ |£5’ |,:6, C':5, &:6, ,PS, ,P6, F’T7, F'T8, '|:p7)_ Al an’d AZ’
Agency and Eudra CT in speci ¢, indicated that there was naleg served as the reference, while the montage used was the linked
obligation from the sponsor to register it into a trial dataisg. earlobes. Four ocular electrodes were used, two positionecin th
outer canthi of each eye and another two above and below the
left eye. The rst couple was used to form the bipolar signal for

The CT component of LLM is a Greek localization product of the, . :
Brain Fitness software (Posit Science Corporation, Sarce horizontal electrooculogram (EOG) while the second one fedm
' the bipolar signal for the vertical EOG. The signals were aexpli

CA, USA). It employs auditory stimuli forming six exercises of -
user-adaptive di culty level. Each exercise lasted approxetya and d|g|t|zed at500 Hz. . .
’ During the pre-processing stage, the EEG signals were ltered

15 min. Each CT session consisted of four out of six exerCiS%Setween 0.5-45Hz using the EEGLAB' built-in function for
with an overall duration of 1 h. CT was performed for 1 h pert}asic FIR .Iter. This uses a two-way least-squares FIR lter

S;y,e:[czzjeztfgitsordayfogg;s\,/ivr?ezggr\llcgrlznperrlr?:ejmo(:r;a\(,nvﬁgllzj Cm order to correct the phase delay introduced by the Itering
9 y P 9 9 (Delorme and Makeig, 2004In addition, a notch Iter was

reélzltésggesai?\/eéﬂfcﬁgetgerszgiSssgégl;?;’?v;y"t!raI%IQEeO; Zlge- applied in 47-53 Hz to remove the line's noise. The REG-ICA
9 " (Klados et al., 2009, 20)Linethodology was applied for the

20063, removal of ocular artifacts. This methodology was preferred
Physical Training (PT) because it removes the EOG artifacts while keeping the EEG
The PT component of LLM, FitForAll (FFABillis et al., 201)) signals more intact than other methodologigsigdos et al.,

is an elderly-tailored environmenpnstantinidis et al., 20)6 201). Extended-ICA Bell and Sejnowski, 19pas used to
where physical exercise is blended by games (exergaming).dgcompose lItered EEG signals into ICs. Subsequently, the
employs cost e ective, portable and easy to use equipmegorithm proposed byschiogletal. (200Was usedto lter only
(Nintendo Wii, Wii remote and Wii balance-board) so as the EOG contaminated ICs, that are detected manually; ynall
to facilitate an enjoyable digital training experience. Pasw all ICs (cleaned or not) were used to reconstruct the cleaned
performed for three to ve sessions per week 1 h per day during EEG Signals. Afterwards the bad channels were interpolatiedu
period of 8 weeks. PT was performed in the context of computerthe algorithm included in the EEGLAB softwarBglorme and
based games which were appropriately adjusted to the eldelé2keid, 200 As a nal measure, three independent observers
physical status. The games' scenarios targeted body #xjbil checked the EEG signals and removed any bad segments
balance and strength as well as physical endurance througRupPplementary Figure 1. Eventually, 20s of continuous, high
aerobic training. Each participant had to accomplish 20 min ofiuality, artifact-free data were selected for further asialywhile
aerobic exercises, 8-10 resistance exercises, 10 minibilitgx arandomly selected 20 s segments was also used for the \alidati
exercises and a set of balance targeted exercises. Theuparm@f the presented resullts.

and cool-down processes constituted the initial and nakses's . .

components respectively. The e ects of combined aerobic anfortical Activity

strength exercise which is thought to be the most e ectivdn this study we employed the methodology proposed [y
exercise training for improving cognitive function are dissed Vico Fallani et al. (2010here the Boundary Element Model
elsewhere Golcombe and Kramer, 2003; Snowden et al., 201ipethod (BEM) implemented in the Brainstorm toolboXgdel

Cognitive Training (CT)

Tseng etal., 20)1 et al,, 201), was used in order to compute our generic head
model. BEM computes the four di erent compartments of the
Active Control (AC) head model (scalp, outer and inner skull, and cortex) on th&da

AC is widely used to control for potential confound factors of an average MRI reconstructed by 152 normal MRI scans [MNI
such as willingness to adopt an active aging pro le, computetemplate which is part of the FSL toolbox http://fsl.fmrib.as.
skills and social interactiongmith et al., 2009 In the current  uk/fsl/fslwiki/Atlases {enkinson et al., 20)]2 BEM computes
study, though the participants in AC group were exposed tdhe aforementioned compartments by a closed triangle megh wit
similar training parameters (e.g., computer use, intensitg a 4 mm triangle side length and limited number of nodes (in our
duration), they just viewed documentaries on nature, artlan case we used 305 nodes).

history and completed questionnaires about the documeagari  EEG records the activity of the cortical dipoles oriented in
(Miron-Shatz et al., 20)3 Therefore, it may be regarded as atangential or radial directions regarding to the scalp aoH.
cognitive stimulation protocol which does not involve any.PT  Despite that, the variation of the electrical conductivitp@ng
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the di erent head compartments leads to the volume conductiorpopulation we formed two 3D adjacency matrices (LLM: 305
problem, which is a very serious drawback for the functionaB05 25, AC: 305 305 25), one for the pre and one for the
connectivity analysis. To overcome this problem we performegost condition. For each pair of cortical dipoles we compared
the functional connectivity analysis on the cortical layerthe distribution of “post” weights with the distribution of “@"
More precisely, we multiplied the imaging kernel extracted byweights using d-test. All thep-values were adapted according
SLORETA[305 57]with our EEG signals[57 10,000], soasto to the False Discovery Rate (FDR) correctidgejjamini and
obtain the cortical signals on the nodes of the cortex, deddly Hochberg, 199band they were reversed (in order the lower
the triangular mesh extracted by the BEBIi§ et al., 1999; Lithari values that denote high signi cance to correspond to greater

etal., 2012; Klados et al., 2013 graph's weight) using the functiorf:.x) D x C 1, where
. . L. X is the p-value. Now the interval [0 0.05] is mapped to the
Cortical Functional Connectivity [0.095 1], while the values that are lower than 0.095 (correspond

A graph is a mathematical object consisted of a set of elemengs non-signi cant edges) were isolated to Gigure 1).
(vertices / nodes) that may be linked through binary conieats

of weighted connections (edges). In our study, the vertices Lo .

correspond to the position of the estimated cortical dipolesNEtWOrk characteristics Density (DEN) and

while the weight of each edge is given by the Magnitude Squafdode Strength

Coherence (MSC) value within each pair of vertices. For thi¥he density of a graph indicates how many edges are inside
purpose, we used the MSC function of MATLAB v. 7.10 (Thehe graph divided by the maximum possible number of edges
MathWorks Inc.) with a 50% overlap, based on recent evidendeetween the vertices of the graph. This de nition is used for
that it is more suitable to model cerebral networks compard t binary (not weighted) graphs, so we adapted it in order to
other connectivity metricsl(thari et al., 201). The MSC (1) in t our needs. We de ne the density of a weighted network
a particular frequency { ) is de ned as the square of the cross (3) as the summary of all weights divided by the maximum
Power Spectrum Density (PSD) of signalendy divided by the possible number of edges between the vertices multiplied by the

product of the PSDs of andy respectively. maximum value of the current connectivity metric (in our esk)
) of both groups. So we form the following formula:
MSGy () D = 9D (1) p p
Y Pxx (f ) Pyy(f ) Wij Wij
Wij 2 Gand 60 max(G) D 1 Wi 2 Gand 60
The PSD was estimated using the Welch methattich, 196). KD ———/— — ) ERVERTE
The signals were divided into segments containing 50 samples ~ ~~ ° ' o ©)
each, and PSD was then computed using the formula: whereV denotes the number of vertices.
, The node's strength is denoted as the sum of the edges' vgeight
1 V3 ) attached to the speci ¢ node.
Pf)D —— D W f d 2
0D 5 Pu() ()
fs=2
RESULTS

In this formula Dyy is the Discrete Fourier Transform of the ) . . )
signal's correlation sequen&y , fs is the digitization rate (here The analysis of the networks obtained by the cortical dipoles
500Hz, Ls is the segment length ant) is a normalizaton Was performed in the characteristic networks of each
constant ensuring that the PSD is asymptotically unbiased. group (LLM, AC) (see Cortical Functional Connectivity).
from this process we have 50 (25 [€2e25 post) fully connected These networks present the statistical contrast between the
graphs for the LLM group and for each one of the six frequencyesting state functional ConnectiVity before and after heac
bands: delta (0.5-4 Hz), theta (4—8 Hz), alphal (8—10 Hz) aph intervention. Figure 2 presents the characteristic networks
(10-12 Hz), beta (12-30 Hz), gamma (30-45 Hz) and 50 (25 pif@r both groups and for each frequency band, whiigure 3

C 25 post) fully connected graphs for the AC group and for eactiSupplementary Figure 2 depicts the line chart of the density

of the aforementioned frequency bands. among the dierent frequency bands in the clear (random)
o EEG segments. The combined (LLM) intervention signi cantly
Group Characteristic Graphs changes the network's density within the beta activity, while

The extraction of a unique representative graph for each groupC training alters only the low spectral components (delta and
was performed according to the “statistical network Itering theta) with a small di erence in networks' density. In beta lolan
within populations” approach proposed tye Vico Fallani etal. LLM's network density is much higher not only compared to
(2010) which is a novel methodology to extract a connectivitythe density of the AC group, which is found to be zero, but
pattern containing exclusively the signi cant links altdrédy also compared to the rest characteristic networks. The faat t
LLM or AC interventions. According to this methodology we AC's network density is zero indicates that the pre and post
computed the Fisher z-transformation (arc hyperbolic taryen AC networks do not have statistically signi cant alteration
in order to normalize the MSC value and to approximate theln the brain plot of Figure 3 and Supplementary Figure 3the
Gaussian distribution. For each frequency band and for eacéxact LLM's beta network is depicted; the most signi cantly
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FIGURE 1 | This gure is a graphical illustration for the extra ction of groups' characteristic networks. For each group and for each frequency bandN

(N D Number of subjects) functional connectivity matrices werebtained for PRE and POST conditions. The values from each {j cell were obtained forming a
variable withN values for PRE condition and a variable also with N values f®OST condition. These two variables where compared using &test and if their
difference is statistically signi cant|§-value < 0.05), after the FDR correction, the (i, j) cell of the chargeristic network is equal to the (1p) value, while in the opposite
case equals to zero.

FIGURE 2 | Cortex plots illustrate the characteristic netwo rks for both groups and for each frequency band. Each edge represents the inverseg-value,
extracted by the t-test comparison between PRE and POST conditions and correed using FDR. The LLM group shows stronger effect in the betdand's network,
while AC affects only delta and theta networks. This resulg iproduced by one node in the left fronto-temporal area, whib seems to be connected mostly with long
distance nodes. Long distance couplings, especially in lorequencies, are probably due to low frequency signaling ahnot due to synchronous activity, so this effect
cannot be interpreted as a solid one.

altered edges are in parietal, temporal and prefrontadli erences, we employed the node strength in the beta band

regions. network. We chose only to depict nodes that their strength's
In order to observe the links' functional structure and to z-score was greater than 3. The results are depicté&igure 4,

conclude which cortical nodes are responsible for the oleskrv where the size of the marker is in line with the activation atle
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FIGURE 3 | The line plot illustrates the density of the charac  teristic networks in all frequency bands. The highest difference between LLM and AC groups is
observed for beta brainwaves. The axial and sagittal viewsféhe LLM's characteristic network reveal its topology. LLMalters beta rhythm, while other bands remain
almost intact.

node, in terms of nodes' strength. Speci caljigure 4 depicts

the connectivity vector of each node while the network'sesdg
represent thep-value of the statistically signi cant di erence
between the pre and post resting state EEG. The nodes'
connectivity is shared with RSNs, i.e., DMN (node 263), DAN
(node 291), and SMN (nodes 273 and15@ple 2lists the node
coordinates in both CSC and MNI systems. The most active
nodes are in occipital, parietal, temporal and prefrontal regio
Table 3lists the areas with the most robust connections for the
nodes presented ifable 2

DISCUSSION

The present study explores resting state EEG functiona
connectivity characteristics in MCI induced by an eight-
week long intervention of combined physical and cognitive
training. Changes in connectivity as measured via EEG reptes
evidence that: (i) the density of the post vs pre network
changes signi cantly within beta rhythm, (ii) the network
induced by combined training follows both the dorsal and
ventral stream re ecting functional reorganization, and)(the
nodes' connectivity is shared with RSNs re ecting a funcéibn
maintenance of the corresponding neural networks

. FIGURE 4 | Central cortex depicts the nodes' strength with gr een
The DenSIty of the Post vs. Pre Network circles, where the size of each circle is in line with each nod e's

Changes Slgnl Cantly Wlthln Beta Rhythm strength. Only nodes with z score higher than 3 are presented. The small

oo / . cortices indicate the connectivity vector of each node, repsenting their
Our results suggest that signi cant changes in density @8lU | interconnectivity to the cortex. The robustness of each noe's connectivity

of the post vs. pre network for the LLM group are mainly| ranges from minimum (blue areas) to maximum (red areas).
found between oscillations in the beta band (14—30 Hz) gateelr
at the level of relatively distant sources. It appears that

the neuroplastic processes induced by the combined trainingnd disturbed magnetoencephalography (MEG) functional
in MCI patients, previously reported for cortical sources inconnectivity within the beta bandKenig et al., 2005; Goémez
another study of our group Styliadis et al., 201)baect et al, 200Q Given that lower beta band synchronization
also the functional connectivity mainly in the beta band.correlates with lower MMSE scores, this frequency band may
Our nding for MCI patients replicates the link between be of diagnostic importance in dementia, especially in theyearl
beta band power and activities in resting state networkstages $tam et al., 2003Indeed beta-related biomarkers may
usually reported for healthy adult$. §ufs et al., 2003; Mantini be of clinical importance facilitating the AD diagnosis and
et al., 200y. On the other hand, MCI patients compared to the neurodegeneration progressioRd(l et al., 2013 Having
healthy counterparts exhibit decreased EEG synchronization mind that EEG connectivity and connectomic features can
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TABLE 2 | Node topography in both CSC and MNI coordinates.

Node ID Anatomical area BA CSC Coordinates (Brainstorm) MNI Co ordinates (mm)
X, ¥, Z X, ¥, Z

23 Middle occipital gyrus 19 0.061, 0.040, 0.065 40, 79,17

140 Medial temporal lobe 0.009, 0.033, 0.040 33, 28, 7

152 Postcentral gyrus 2 0.003, 0.065, 0.076 65, 14,28

263 Middle frontal gyrus 11 0.058, 0.024, 0.033 24,39, 14

273 Middle frontal gyrus 10 0.065, 0.039, 0.049 39,47,1

291 Medial frontal gyrus 10 0.079, 0.002, 0.034 2,61, 13

BA, Brodmann Area; X, left/right; y, anterior/posterior; z, supesi/inferior; Signi cant at p< 0.05, FDR corrected.

TABLE 3 | Areas with the most robust connections for the nodes pr esented in Table 2.

23 140 152 263 273 291

R superior R middle frontal L occipital fusiform L inferior frontal gyrus L inferior temporal R cingulate gyrus
9 temporal gyrus gyrus gyrus gyrus
% L superior parietal R postcentral L middle temporal L paracentral gyrus L inferior frontal gyrus R lingual gyrus
3 lobule gyrus gyrus
g R middle temporal L middle frontal L occipital pole L precentral gyrus L precentral gyrus L cingate gyrus
g gyrus gyrus
; R superior parietal R brain-stem R superior L superior frontal gyrus L occipital pole R parahippocampal
g lobule temporal gyrus gyrus

reliably identify early signs along the continuum of MCl aAB-  Magnetic Resonance Imaging (fMRI) study on AD patients
related pathologyHrantzidis et al., 2014ftheir information can  showed hypoactivation in the dorsal stream and compensatory
also be employed to serve as a potential index of gains verstecruitment of remote brain areas such as the fusiform gyrus
cognitive declines and neurodegenerative burden. Thus, owvhich is located along the ventral strear®r¢ulovic et al.,
main interpretation of the post- intervention observed chasag 200). On the other hand, a visuospatial task related fMRI
in the network indices of the beta band is that they re ect thestudy revealed enhanced activation in the dorsal stream as a
underlying mechanism of neuroplasticity observed with MCltreatment e ect of therapeutic cholinesterase inhibitorsieth
patients. Finally, the fact that the main e ect was found in thewas found to correlate signi cantly with improved functiarg

beta band may be an indicator that the physical activity dsittee  in terms of activities of daily livingThiyagesh et al., 20).0in
improvement in the combined training of the LLM grouix(gel addition, a memory processing MEG study showed that MCI

and Fries, 2010; Styliadis et al., 20115b patients when compared to healthy controls exhibit increased
bilateral activity in the ventral stream including the madi
The Network Induced by Combined temporal lobe (MTL;Maestu et al., 2008Importantly, a crors]s- .
o sectional and longitudinal MEG study of the same group showe
Training Follows Both ,the Dorsa,‘l and a signicant e ecgt] in both the vent?/al and dorsalgstrepams in
Ventral Stream Re ecting Functional MCI patients who progressed to dementia and interpreted this
Reorganization as a compensation for the loss of e ciency in memory networks

The comparison of the characteristic graphs, reveals that thghich was absent in AD patients after a period of 2, 5 years
MCI patients who underwent a combined scheme of cognitivéMaest( et al., 20)1 Compensatory mechanisms occur early
and physical training activate a functional network of béletl in AD progression, mainly prior to the onset of the clinical
activations with prominent contribution of connections egen  phase, and support the aging brain function in maintaining
frontal and occipitoparietal brain regions. The contributi@f a relatively stable functional responsiveneSsaftzidis et al.,
the temporal sources (medial temporal lobe) is smaller buk014F). Our nding that the sample of the present study, being
still signi cant as there are shared connections with fraint at-risk for dementia (MCI patients), show bilateral activats
sources. As evidenced from our results, the functional netw mainly along the dorsal stream as well as along the ventreésir
induced by combined training seems to mainly follow a dorsabut in a lesser degree could be interpreted as resulting petter
stream but also the ventral at a lesser degree. The dorssfl functional reorganization. Given that the most prominent
stream, which has a functional speci city for the processingsymptoms of MCI and AD are visuospatial impairments and
of spatial information, is reported to be impaired in AD at a memory loss, the functional connectivity pattern employed by
greater degree than the functions related to the ventraastr MCI patients that were consistently stimulated with visual,
(Mendez et al., 1990 Speci cally, a task related functional auditory, and motor information re ects greater e ciencyral
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functional reorganization and is denser than the correspogd functional reorganization proposed here for MCI patients whic
network of their control counterparts and can thus beseems to a ect many resting state network that govern cogniti
regarded as a neuroplastic outcome induced by the combinedemory and attention.
training. o
Strengths and Limitations

The Nodes' Connectivity is Shared with An impo.rtant advantagg of the pres.enF study is.that both

. . intervention groups received a well-distributed social suppor
RSNs Suggesting a Functional to promote the psychological well-being of MCI patients, since
Maintenance of the Corresponding Neural positive mood states could in uence individual cognitiondan
Networks brain function (Subramaniam and Vinogradov, 2013t is also
The nodes of the functional network exhibit connectionstwit Of crucial importance that the training group was comparedwit
widespread brain areas that can be considered to form weln active control group and not a no-contact (passive) group.
identi ed RSNs, which are vulnerable to AD neuropathologyThis strengthens the study results by posing a more di cult
as highlighted in the following literature. For instanceyde comparison criterion and eliminating methodological problem
263 shows connectivity with areas of the DMNg(chle et al., due to a passive control group. A limitation of the study is the
2007. Speci cally, it is connected with the left inferior frorita fact that there was no clinical follow-up on the MCI patents.
gyrus, which is active during both conscious resting-stated ~ Thus, outcome still remains unknown; some may progress to
working memory or reasoning tasks while being signi cant fo develop AD or other dementia while others may remain stable
inhibition control (Mazoyer et al., 2001 This node is also Orimprove to normal. This limits any further insight on whethe
connected with a number of left-hemisphere structures, i.ethe training protocol employed here can be implemented with
paracentral, precentral, and superior frontal gyrus. A commori€liable intensity, frequency and duration to achieve bagfing
characteristic of all the brain regions is that these denras ~ cognitive gains. Nevertheless, the current ndings areupsort
reduced activations in both physiological aginga(at et al., tothe hypothesis that physical exercise and cognitive stitiauia
2004; Damoiseaux et al., 200&8nd pathological aging, i.e., can potentially improve interregional connectivity of braneas
aMCl phase $org et al., 2007and mild dementia \(Vang sub serving cognitive performance in cognitively pathologica
et al., 200y An fMRI study by Greicius et al. Greicius populations Frantzidis et al., 2013a
et al., 200% revealed decreased resting-state activity early in The forward model used for the inverse solution in the present
the course of AD in the posterior cingulate and hippocampusstudy was generated from a boundary element head model based
suggesting also disrupted connectivity between these megio on the standard MNI-template. This strategy is proposed as the
Also,Rombouts et al. (200%ised fMRI to reveal less deactivation most favorable one in the case that no individual MRIs are
in resting state activity of MCI patients compared to contyols available Yatta et al., 201)0but it still generates limitations that
but more than AD, in the anterior and medial frontal cortex. are related with localization inaccuracies in comparisornlite
Node 291 has connections with areas of the DABb(betta individualized head models. A recent comparison of the e ect of
and Shulman, 2002 This network node is mainly connected di erent forward models in EEG inverse solutiorkalin Acar
with the cingulate gyrus of both hemispheres as well as witand Makeig, 20)evealed that the median localization error of
the lingual and the parahippocampal gyrus located on théINI based head model was 5 mm. This should be taken in to
right hemisphere. Previous studies have demonstrated th&ccount when interpreting the exact localization of the pngse
AD neuropathology is more prominent on the hippocampus'resuﬂs, but nevertheless, this should not aect the statsti
precuneus, posterior cingulate cortex, and parieto-occipitain di erences found between conditions in the present study and
regions Kriiger et al., 2012 The AD neuropathology in the hence, it would not a ect the functional outcome of our resuilt
cingulate gyrus is demonstrated through reduced gray matte
amount and diminished connectivitydamoiseaux et al., 20.2 CONCLUSION
The lingual gyrus is an important region involved in cogndiv
processing and participates in the ventral DMN, while it iSAn eight week intense intervention of combined physical
also vulnerable to AD neuropathology. Also, there is evigencexercise and cognitive training induces neuroplasticitpraes
that the right parahippocampal gyrus is aected early in theamong older adults who experience greater than normal rate
AD neuropathology Pantel et al., 200Q3as this structure faces of age-related cognitive decline. Here, we provide evidence
signi cant atrophy during the MCI phase. DMN and DAN are that even short training combining cognitive and physical
of particular interest as the former is engaged by internalllcomponents has the potential to alter the interregional fimral
directed cognition and the latter mediates goal-directédslus-  connectivity. Thus our ndings on the marked signs of furaral
response selection, and hence are anti-correlateuk (et al., reorganization induced by combined training re ect enhaxc
2009. The disturbance of this anti-correlation may be ass@dat neuronal plasticity. Future connectivity studies of similasults
with the attention de cits of AD patients\(Vang et al., 2007  may aim at providing post intervention correlations of furatil
Nodes 152 and 273 have connection with areas of the SMMorganization changes with cognitive function so as taielate
(Biswal et al., 1995 Areas of the SMN have crucial role in the exact bene cial nature of these changes in daily life
the modulation of episodic memory, action recognition andfunctioning and further explore the compensatory mechanisms
spatial navigationRRuss et al., 2003These ndings support the recruited by MCI patients.
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