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Abstract 33 

Background: Recent neuroimaging studies in humans and animal models of Alzheimer’s 34 

disease (AD) demonstrated brain hyper-synchrony under amyloid burden, which is being 35 

identified as a proxy for conversion to dementia. The potential of non-pharmacological 36 

interventions to reverse this neurophysiological phenomenon in the early stages of the disease 37 

is still an open question.  38 

Method: Brain synchrony modulation by cognitive training (CogTr) was examined in a 39 

cohort of healthy controls (HC, n = 41, 22 trained) and individuals with subjective cognitive 40 

decline (SCD, n = 49, 24 trained). Magnetoencephalographic (MEG) activity and 41 

comprehensive neuropsychological scores were acquired before and after completion of a 42 

ten-week CogTr program aimed at improving cognitive function and daily living 43 

performance. Functional connectivity (FC) analyses were carried out using the phase-locking 44 

value. A mixed-effects ANOVA with factors stage (pre-intervention or post-intervention), 45 

CogTr (trained or non-trained), and cognitive status (HC or SCD) was used to estimate 46 

significant FC changes across MEG recordings. 47 

Results: Alpha-band FC increases were observed for the whole sample (both trained and 48 

non-trained), but the effect was different in each group. For the trained group (both HC and 49 

SCD), we report a reduction in the FC increase within temporo-parietal and temporo-occipital 50 

connections. This effect was particularly manifest in trained participants with SCD, for whom 51 

the reduction in the FC increase also correlated with enhanced cognitive performance in 52 

different neuropsychological domains (memory, language, and executive function). 53 
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Conclusions: CogTr programs could mitigate the increase in FC observed in preclinical AD, 54 

promoting brain synchrony normalization in groups at increased risk for developing the 55 

disease. 56 

Keywords: magnetoencephalography; cognitive training; functional connectivity; subjective 57 

cognitive decline; longitudinal study. 58 

Background 59 

Alzheimer’s disease (AD) is a growing healthcare concern as diagnosis rates are expected to 60 

soar in the near future. By 2020, worldwide AD prevalence was estimated at 50 million [1]. 61 

The ubiquitous increase of life-expectancy, advancements in diagnosis, and the absence of 62 

effective pharmacological treatments will predictably raise the rates to 152 million cases by 63 

2050 [2]. These figures could drop in almost 9 million patients if early treatment were to 64 

succeed in delaying the onset of the disease or in slowing down its progression by 1 year [3]. 65 

At present, pharmacological research is focused on exploring disease-modifying therapies 66 

with several agents undergoing clinical trials [4]. However, by 2020 there were no new drug 67 

approvals for the treatment of AD, and in fact, no new drug has been validated since 2003 68 

[5].  69 

In the last decade, animal models of AD have demonstrated an increase in neural excitability 70 

[6], mainly due to the toxicity exerted by soluble amyloid-β oligomers and amyloid-β plaques 71 

to the inhibitory terminals of GABAergic neurons [7]. This phenomenon causes the 72 

disruption of the excitatory/inhibitory synaptic balance leading to a growing probability of 73 

epileptic seizures in AD patients [8], as well as to alpha/beta hyper-synchronization in 74 

neurophysiological recordings in humans [9,10]. This aberrant hyper-synchronization 75 
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introduced by amyloid pathology seems to effectively predict conversion from mild cognitive 76 

impairment (MCI) to dementia [11,12] and appears to be an early sign of the disease in 77 

vulnerable populations [13], such as individuals with subjective cognitive decline (SCD) [14] 78 

and first-degree relatives of AD patients [15]. 79 

Although the use of antiepileptic drugs could represent a potential approach to reduce neural 80 

hyper-excitability [16], different non-pharmacological options could also contribute to 81 

promoting the resilience of the basic neurophysiological activity. Indeed, with 82 

pharmacological research reaching a plateau, non-pharmacological interventions have gained 83 

momentum, particularly cognitive training (CogTr) [17]. CogTr programs are regarded as 84 

cost-effective approaches that could be introduced in the daily routines of individuals 85 

undergoing cognitive decline, to improve their mental abilities, daily-living performance, 86 

and, whenever possible, to preserve cognitive function during the early stages of the disease. 87 

Admittedly, some reviews expressed concern after finding no satisfactory evidence of 88 

improvement following CogTr, casting doubt on previously reported benefits [18,19]. 89 

However, these conclusions could be partly explained by the substantial differences found in 90 

interventional designs and validation procedures, which could lead to underestimating the 91 

therapeutic potential of CogTr. As a matter of fact, several studies have informed of the 92 

advantages of CogTr in individuals with SCD [reviewed in 20], MCI [reviewed in 21], and 93 

mild-to-moderate AD [reviewed in 22]. 94 

Despite the positive reports, there is no currently accepted CogTr protocol to decelerate the 95 

progression of the disease [23]. Furthermore, no previous study has tested the hypothesis of 96 

how a CogTr program might modulate the state of hyper-synchrony observed in preclinical 97 

and prodromal AD. Previous neuroimaging studies have explored brain functional and 98 
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structural changes following cognitive interventions both in healthy aging [e.g., 24,25] and 99 

prodromal AD, mostly MCI [26–31]. These works used functional magnetic resonance 100 

imaging (fMRI) to generally reveal complex patterns of enhanced activity, introduced by 101 

CogTr in a way that might be specific to the degree of disease severity [26]. The sample of 102 

our study included participants in an intermediary stage between healthy aging and MCI, 103 

namely SCD. This condition is an accepted indicator of prospective cognitive impairment 104 

and dementia [32], thus renders a favorable working point along the AD continuum to attempt 105 

preventive care interventions. 106 

In the current study, magnetoencephalographic (MEG) activity and neuropsychological 107 

scores were acquired at two time-points for a sample of healthy controls (HC) and SCD 108 

participants. This sample was blindly randomized into a non-experimental group and an 109 

experimental group that underwent a ten-week period of CogTr. Brain synchronization was 110 

analyzed using a measure of functional connectivity (FC) based on the phase coupling 111 

between neural oscillations. Changes in cognitive performance and FC across time-points 112 

were compared between the experimental and non-experimental groups. We tested: (i) 113 

whether a CogTr program could modulate resting-state FC and (ii) whether its outcome 114 

would be influenced by being in a group at increased risk for developing AD (i.e., SCD). 115 

Based on previous research, we hypothesized that the cognitive improvement promoted by 116 

CogTr should be underpinned by a neutralizing effect over the electrophysiological signature 117 

of the disease, particularly concerning aberrant hyper-synchronous connections. 118 

Methods and materials 119 

Participants 120 
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The sample of this study was recruited from the Centre for Prevention of Cognitive 121 

Impairment (Madrid Salud), the Faculty of Psychology of the Complutense University of 122 

Madrid (UCM), and the Hospital Clínico San Carlos (HCSC) in Madrid, Spain, between 123 

January 2014 and December 2015. Two-hundred thirty older adults were sequentially 124 

enrolled as part of a bigger study. All participants were aged 65―80 years, right-handed [36], 125 

and native Spanish. Research was conducted following current guidelines and regulations. 126 

The study was approved by the Ethics Committee of the HCSC, and every participant signed 127 

informed consent prior to enrolling. A detailed list of the general inclusion and exclusion 128 

criteria can be found in [14]. 129 

During the initial screening session, the following domains were assessed for every 130 

candidate: (i) memory (Rey’s simple figure test form B [RSF, 37], Digit Span Test (forward 131 

and backward), Texts of Verbal Memory, and the Word List of the Wechsler Memory Scale-132 

III-R [WMS-III (Spanish version), 38]); (ii) language (Boston Naming Test [BNT, 39], 133 

Phonemic and Semantic Fluency Tests [40]); (iii) executive function (Trail Making Test parts 134 

A and B [TMT-A and TMT-B, 41]); (iv) cognitive status (Mini-Mental State Examination 135 

[MMSE, 42], 7 Minutes Test [43]); (v) subjective memory (Rivermead Behavioral Memory 136 

Test [RBMT, 44], Memory Failures in Everyday Questionnaire (Spanish adaptation) [45]); 137 

(vi) functional capacity (Functional Activities Questionnaire [FAQ, 46]); and mood 138 

(Geriatric Depression Scale-Short Form [GDS-SF, 47]). Cognitive concerns were self-139 

reported by the candidates in an interview with an expert clinician. Ensuingly, assignment to 140 

the SCD group was agreed on by multidisciplinary consensus after discarding possible 141 

cofounders of SCD (e.g., medication and psycho-affective disorders). SCD participants were 142 

required to be > 60 years at the onset of SCD, having it occurred within the last 5 years [32].  143 
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Out of the initial 230 candidates, 154 were apt for inclusion after discarding candidates with 144 

MCI (n = 43), candidates that did not attend the first MEG session (n = 18), and candidates 145 

without a valid first MEG recording (n = 15). 34 participants did not attend the second MEG 146 

session, and 22 participants presented deficiencies in the recorded or source-reconstructed 147 

signals. Eight participants were excluded because a T1-weighted MRI scan was not available. 148 

The resulting sample of this study included 41 HC and 49 SCD participants, who had been 149 

randomly split into an experimental group (n = 46, 24 of which SCD) and a non-experimental 150 

group (n = 44, 25 of which SCD). The experimental group (hereafter, trained) participated in 151 

the CogTr program, while no cognitive stimulation or placebo activity was appointed for the 152 

non-experimental group (hereafter, non-trained). To keep the non-trained group engaged, 153 

participants were offered the same CogTr program once the study was completed. All groups 154 

were adjusted for age (mean (standard deviation): 70.81 (3.59) (trained HC), 71.58 (5.02) 155 

(trained SCD), 69.42 (4.42) (non-trained HC), 73.24 (5.84) (non-trained SCD); p = 0.0762) 156 

and sex (male/female: 9/13 (trained HC), 10/14 (trained SCD), 6/13 (non-trained HC), 6/19 157 

(non-trained SCD); p = 0.5244). The complete neuropsychological, MEG, and MRI sessions 158 

were repeated for all participants around 6 months after the CogTr interval. A schematic 159 

representation of the study timeline can be found in Fig. 1. 160 

Cognitive training  161 

The CogTr program applied to the trained group was designed in 1994 at the Memory 162 

Training Unit of the City Council of Madrid (UMAM, Madrid, Spain). The CogTr consisted 163 

of 30 sessions (28 regular sessions and two maintaining-booster sessions) of 90 minutes, 164 

organized in groups of 12 to 18 people. Assistance was controlled for all participants. All 165 
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sessions took place in the morning, three times per week, and under professional instruction. 166 

The ‘UMAM method’ is thoroughly detailed in [48]. Altogether, it follows a multifactorial 167 

organization, targeting cognitive stimulation (language, perception, attention), learning of 168 

cognitive strategies (by association, categorization, etc.), intervention in daily-living 169 

performance (role-playing, prospective-retrospective memory training, automatic actions 170 

rehearsal), and analysis of the meta-memory to inspect the causes and variables of one’s own 171 

cognitive failures. The program also includes several activities related to the pursuit of a 172 

healthy life (eating properly, engaging in physical exercise, participating in social and leisure 173 

activities, etc.), and encourages homework hobbies such as crossword puzzles and the use of 174 

new technologies. A schematic representation of the CogTr timeline can be found in Fig. 1. 175 

Magnetic resonance imaging 176 

Three-dimensional T1-weighted anatomical MRI scans were acquired for each participant 177 

with a 1.5 T MRI scanner (GE Healthcare, Chicago, Illinois) using a high-resolution antenna 178 

and a homogenization PURE filter (fast spoiled gradient echo sequence, with parameters: 179 

repetition time/echo time/inversion time = 11.2/4.2/450 ms, flip angle 12º, slice thickness = 180 

1 mm, 256×256 matrix, and field of view = 256 mm). 181 

Magnetoencephalography 182 

Data acquisition and pre-processing 183 

MEG data were acquired at the Laboratory of Cognitive and Computational Neuroscience 184 

(UCM-UPM), in the Centre for Biomedical Technology (CTB) (Madrid, Spain) using a 306 185 

channel (102 magnetometers, 204 planar gradiometers) Vectorview MEG system (Elekta 186 
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AB, Stockholm, Sweden) placed within a magnetically shielded room (VacuumSchmelze 187 

GmbH, Hanau, Germany). Upon their arrival, participants were informed of the MEG 188 

procedure before being conducted to the MEG room, where they were asked to sit 189 

comfortably and still. We acquired a total of four minutes of resting-state 190 

electrophysiological activity while the participants rested awake with their eyes closed. 191 

Before the MEG recording, we digitized the head shape of the participants using a 3D Fastrak 192 

digitizer (Polhemus, Colchester, Vermont). Specifically, we recorded the position of three 193 

fiducial points (nasion and right and left preauricular) and an outline of approximately 400 194 

scalp points. In addition, we placed four head position indicator (HPI) coils in the 195 

participant’s scalp (two in the mastoids and two in the forehead). The position of the HPI 196 

coils was also digitized and used to continuously monitor head movement during the 197 

recording. To capture (i) eye blinks and ocular movements and (ii) cardiac activity, we used 198 

two electrooculogram (EOG) electrodes (set above and below the left eye), and two 199 

electrocardiogram (EKG) electrodes (set diagonally across the chest) in bipolar montages. 200 

MEG data were acquired using a sampling rate of 1000 Hz and an online anti-alias band-pass 201 

filter between 0.1 and 330 Hz. Recordings were processed offline using a tempo-spatial 202 

filtering algorithm [tSSS, 49] (Maxfilter software v 2.2, correlation limit = 0.9, correlation 203 

window = 10 s) to eliminate magnetic noise originating outside the head. The same algorithm 204 

was used to compensate for head movement during the recording. 205 

Ocular, muscular, and jump artifacts were identified using a double approach consisting of 206 

(i) the automatic artifact-detection algorithm of the Fieldtrip toolbox [50] for Matlab 207 

(R2017b, Mathworks, Inc.) and (ii) the visual confirmation of a MEG expert. An independent 208 

component-based algorithm was used to remove the effects of both EOG and EKG signals 209 
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from the data, together with external noises. Data were segmented into 4-s segments of 210 

artifact-free activity (epochs). The number of clean epochs did not differ across groups nor 211 

conditions. Due to the high redundancy found in MEG data after spatial filtering, only 212 

magnetometers’ signals were used in the subsequent analyses [51]. 213 

Source reconstruction 214 

Clean epochs were band-pass filtered in the classical alpha band (8 to 12 Hz) using a 1800th 215 

order FIR filter designed using a Hamming window. To avoid edge effects, the epochs were 216 

padded with 2 seconds (2000 samples) of real data on each end, which were removed upon 217 

filtering. The source model consisted of 1220 sources placed in a homogeneous grid of 1 cm 218 

in a Montreal Neurological Institute (MNI) template that was converted to subject space by 219 

an affine transformation. MEG sources were anatomically parcellated by assigning each 220 

source to one of the 74 regions of interest defined in the Automated Anatomical Labeling 221 

atlas [AAL, 52]. The lead field was calculated with a single-shell head model [53] with a 222 

unique boundary defined by the inner skull (the combination of white matter, gray matter, 223 

and cerebrospinal fluid) generated from the individual T1-weighted MRI using Fieldtrip. 224 

Source reconstruction was performed for each subject using a Linearly Constrained 225 

Minimum Variance (LCMV) beamformer [54]. Beamformer filters were obtained using the 226 

computed lead field, the epoch-averaged covariance matrix, and a 1% regularization factor. 227 

Connectivity analyses 228 

FC was estimated under the hypothesis of phase synchronization using the phase-locking 229 

value [PLV, 55], which demonstrates high reliability across MEG recordings [56]. This 230 

measure is based upon the assumption that the degree of non-uniformity of phase differences 231 
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between two time-series should be a good estimator of their coupling. To reduce the 232 

dimensionality of the FC matrices (1220 by 1220, sources by sources), PLV values were 233 

averaged following the AAL parcellation to obtain a single PLV value between each pair of 234 

areas A and B defined therein (74 by 74, areas by areas): 235 

𝑃𝐿𝑉𝐴,𝐵 = 1𝑁𝐴𝑁𝐵 ∑ ∑ |1𝑇 ∑ 𝑒−𝑗(𝜑𝐴𝑘(𝑡)−𝜑𝐵𝑙(𝑡))𝑡 |𝑁𝐵𝑁𝐴  236 

where 𝜑𝐴𝑘(𝑡) and 𝜑𝐵𝑙(𝑡) are the instantaneous phases of signal 𝐴𝑘 and signal 𝐵𝑙 at instant 𝑡, 237 𝑇 is the number of temporal points per epoch, 𝑗 is the imaginary unit, NA is the number of 238 

sources in area A, and Ak is the kth source inside this area.  239 

Statistical analyses 240 

We performed a mixed-effects ANOVA with two between-subjects factors, (i) cognitive 241 

status (i.e., HC or SCD) and (ii) CogTr (i.e., trained or non-trained), and one within-subject 242 

factor (i) stage (i.e., pre-stage or post-stage) indicating the time point of the MEG recording. 243 

We tested the main effects of all three factors and every second- and third-order interaction 244 

(stage × CogTr, stage × cognitive status, CogTr × cognitive status, stage × CogTr × cognitive 245 

status). In total, the ANOVA model was applied over 2701 FC values (i.e., the symmetrical 246 

PLV values between the 74 AAL cortical areas). To attain a manageable amount of 247 

information, we performed a first analysis focused only on main effects. The outcome was 248 

corrected using a False Discovery Rate [FDR, 57] (𝑞 = 0.05) to address the multiple 249 

comparisons problem. Then, the second and third-order interactions were inspected only for 250 

those FC values (links) surviving multiple comparisons correction in any of the main effects. 251 

The same ANOVA model was applied to the neuropsychological scores recorded during the 252 
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pre- and post-stage. In this case, we limited the study to the interaction effect between the 253 

factors stage and CogTr (stage × CogTr) in order to determine whether the CogTr influenced 254 

the cognitive performance of the trained group at follow-up. 255 

Finally, to explore whether the FC changes observed across MEG recordings in the trained 256 

group (HC and SCD) were associated with an improvement in cognitive performance, we 257 

searched for a relationship between the relative change in both FC and neuropsychological 258 

scores using Pearson’s linear correlation coefficients. Representative neuropsychological 259 

tests were selected from the following cognitive domains: (i) memory, Digit Span Test 260 

(forward); (ii) language, BNT; and (iii) executive function, TMT-A and TMT-B (completion 261 

times). The significance level was established at 0.05 and p-values were corrected using FDR 262 

(𝑞 = 0.2). All the statistical analyses were performed using Matlab (R2017b, Mathworks, 263 

Inc.). 264 

Results 265 

Connectivity analyses 266 

The mixed-effects ANOVA applied to the FC values revealed a significant main effect of 267 

stage (FDR corrected) on the whole-sample. FC in the alpha band was increased in the post-268 

stage in 18 links spanning mainly temporo-parietal (6), fronto-parietal (4), and temporo-269 

occipital (4) connections (lIFGor – lCu: p = 0.0002; lIFGor – rMOccL: p < 0.0001; lSTG – 270 

rCu: p = 0.0001; lSTG – rSOccL: p = 0.0001; lHeschl – rCu: p = 0.0001; lHeschl – rSOccL: 271 

p < 0.0001; rCu – rIFGor: p < 0.0001; rPrecu – rIFGt: p = 0.0002; rPrecu – rIFGor: p = 272 

0.0001; rPrecu – rMTG: p = 0.0001; rPrecu – rITG: p < 0.0001; rPrecu – rFusiG: p < 0.0001; 273 

rPrecu – rHip: p = 0.0002; rSPG – rIFGor: p = 0.0003; rSPG – rITG: p < 0.0001; rSPG – 274 
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rFusiG: p = 0.0001; rITG – rMTG: p < 0.0001) (see Fig. 2). The main effects of cognitive 275 

status and CogTr were non-significant or did not survive multiple comparisons correction. 276 

The interaction effect between stage and CogTr (stage × CogTr) was significant (p < 0.05) 277 

in nine out of the aforementioned 18 links, involving mainly temporo-parietal and temporo-278 

occipital connections (lSTG – rCu: p = 0.0218; lSTG – rSOccL: p = 0.0408; lHeschl – rCu: 279 

p = 0.0427; lHeschl – rSOccL: p = 0.0461; rPrecu – rMTG: p = 0.0053; rPrecu – rITG: p = 280 

0.0028; rPrecu – rFusiG: p = 0.0021; rPrecu – rHip: p = 0.0001; rITG – rMTG: p = 0.0404) 281 

(see Fig. 3). This interaction showed that the main effect of stage was less pronounced in the 282 

trained group than in the non-trained group. In the trained group we observed a reduction in 283 

FC differences between the pre-stage and the post-stage in comparison to the non-trained 284 

group (see Fig. 5 and Additional file 1). 285 

Additionally, a triple interaction between stage, CogTr, and cognitive status (stage × CogTr 286 

× cognitive status) was significant (p < 0.05) in six out of the 18 links (including five of the 287 

nine links from the interaction between stage and CogTr). These connections involved mainly 288 

associations between the right precuneus and nodes of the right temporal lobe (middle and 289 

inferior temporal gyrus, fusiform gyrus) and the right hippocampus (lIFGor – lCu: p = 290 

0.0383; rPrecu – rMTG: p = 0.0101; rPrecu – rITG: p = 0.0110; rPrecu – rFusiG: p = 0.0236; 291 

rPrecu – rHip: p = 0.0083; rITG – rMTG: p = 0.0328) (see Fig. 4). This interaction showed 292 

that the main effect of stage followed a differentiated trend in the trained SCD group. In this 293 

group, we observed that FC in the post-stage appeared to be lower than FC in the pre-stage, 294 

which was not observed in trained HC (see Fig. 5 and Additional file 1). 295 

The results described herein are summarized in Table 1. 296 
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Cognitive outcomes 297 

The mixed-effects ANOVA applied to the neuropsychological scores revealed that the 298 

interaction effect between stage and CogTr (stage × CogTr) was non-significant for all the 299 

cognitive tests included in the analysis (Digit Span Test (forward): F = 1.282, p = 0.261; 300 

Digit Span Test (backward): F = 2.382, p = 0.127; RSF (copy score): F = 0.249, p = 0.619; 301 

RSF (copy time): F = 2.110, p = 0.151; RSF (memory score): F = 0.510, p = 0.477; RSF 302 

(memory time): F = 0.459, p = 0.500; BNT: F = 0.294, p = 0.589; Phonemic Fluency Test: F 303 

= 1.070, p = 0.304; Semantic Fluency Test: F = 0.808, p = 0.371; TMT-A (hits): F = 1.596, 304 

p = 0.210; TMT-A (completion time): F = 0.010, p = 0.919; TMT-B (hits): F = 0.138, p = 305 

0.711; TMT-B (completion time): F = 2.940, p = 0.090; MMSE: F = 0.002, p = 0.960; 7 306 

Minutes Test: F = 0.111, p = 0.740; RBMT: F = 0.952, p = 0.332). As such, we did not 307 

observe any significant cognitive changes across sessions based on the neuropsychological 308 

scores of our sample. 309 

Correlation analyses 310 

The correlation analysis between FC and neuropsychological scores was carried out for the 311 

trained group (HC and SCD). The aim of this analysis was to explore whether the FC changes 312 

observed in the trained group (i.e., maintained/reduced FC in the post-stage) were 313 

significantly associated with an improvement in cognitive performance, particularly in the 314 

case of trained SCD participants for whom the effect of CogTr was more pronounced. 315 

Relative changes in FC were calculated for the significant links obtained from the analysis 316 

of the triple interaction between stage, CogTr, and cognitive status, specifically for those 317 

involving the right precuneus (rPrecu – rMTG, rPrecu – rITG, rPrecu – rFusiG, and rPrecu – 318 
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rHip) (see Table 1). We observed significant correlations in the trained SCD group between 319 

the relative change in FC within some of the aforementioned connections and the relative 320 

change in performance for the cognitive measures included in the analysis. Specifically, FC 321 

changes in the trained SCD group were significantly associated with improved scores in the 322 

following neuropsychological tests: (i) Digit Span Test (forward) (rPrecu – rITG (ρ = -323 

0.4472; p = 0.0324)). (ii) BNT (rPrecu – rHip (ρ = -0.4914; p = 0.0237)); rPrecu – rITG (ρ = 324 

-0.4487; p = 0.0413)). (iii) TMT-A (rPrecu – rITG (ρ = 0.4785; p = 0.0180)). (4) TMT-B 325 

(rPrecu – rFusiG (ρ = 0.5024; p = 0.0124)). No significant associations were found for the 326 

trained HC group. The results described herein are summarized in Table 2. 327 

Discussion 328 

The purpose of the current study was to examine whether a CogTr program could modulate 329 

brain hyper-synchrony, and whether its outcome would be influenced by being in a group at 330 

increased risk for developing AD. Our results reveal whole-sample FC increases across the 331 

two MEG recordings. The most relevant finding of the present work is that the increase in 332 

FC (hyper-synchronization) was significantly mitigated in trained participants, particularly 333 

in trained participants with SCD. For the latter, we also found a relationship between the 334 

change in FC and improved cognitive performance in different neuropsychological domains 335 

(memory, language, and executive function). 336 

Our analysis of FC revealed whole-sample differences between the pre-stage and the post-337 

stage in the alpha band. Specifically, this comparison exposed increased FC in the post-stage 338 

independently of whether participants had undergone CogTr or not, and regardless of their 339 

cognitive status (HC or SCD). As this study followed a longitudinal intra-individual design, 340 
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this outcome suggests an association between increments in FC and the time-gap between 341 

the MEG recordings, and thus, hints to a role of natural aging underneath the change in FC 342 

across stages. Concerning this, recent fMRI longitudinal research has contributed to unveil 343 

the non-straightforward relationship between natural aging and FC trajectories, from early 344 

adulthood up to old age, by acknowledging non-linear non-monotonic effects that were not 345 

discernible in previous cross-sectional studies [58,59]. Concretely, Staffaroni and colleagues 346 

revealed a trend towards whole-brain FC increases between ages 50-70, that peaks around 347 

70 years and then declines in senescence [58]. On the other hand, reduced FC in aging is a 348 

widespread finding in cross-sectional fMRI studies, particularly regarding FC decrements 349 

within high-level processing networks such as the DMN [60,61]. Indeed, the DMN has 350 

received major attention in age-related FC monitoring as a consequence of the reported link 351 

between DMN FC and early-stage AD [62,63]. In our study, FC increases across stages 352 

involved regions typically ascribed to the DMN, and some of them concerned intra-network 353 

connections, which might appear conflicting with the aforementioned work, but that remains 354 

in accordance with longitudinal explorations that account for non-linearities [58]. Outside 355 

the DMN, an fMRI study by Ferreira and colleagues reported ubiquitous age-related 356 

increments of FC across inter-network connections (out of the significant connections found, 357 

99% presented a positive correlation between age and FC) [64]. Age-related FC increases 358 

might be explained by different age-related changes, including vascular and metabolic 359 

alterations such as inflammation, dysfunction of the neurovascular unit, amyloid-β 360 

accumulation, and prion-like spread of neurotoxic proteins [58]. 361 

The study of FC has also been prominent in pathological aging, notably regarding FC changes 362 

that occur across the preclinical and prodromal stages of AD. One distinctive hallmark of AD 363 
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is the accumulation of soluble amyloid-β oligomers and aggregated amyloid-β plaques [65] 364 

that emerge in the early stages of the disease and spread following a specific pattern of 365 

regional progression [66]. The presence of amyloid-β plaques in the surroundings of 366 

pyramidal neurons has been associated with the loss of GABAergic perisomatic synapses, 367 

increasing the activity of pyramidal neurons under amyloid burden [7]. In view of this, in the 368 

case of amyloid pathology, hyper-activity across populations of pyramidal neurons is 369 

expected to increase the likelihood of synchronization between brain areas, establishing 370 

aberrant connections that can be captured by the analysis of FC [11]. In our study, we found 371 

increased FC in the post-stage in 18 significant links spanning mainly temporo-parietal, 372 

fronto-parietal, and temporo-occipital connections. Out of those 18 links, one-third involved 373 

connections with the rPrecu. This finding was particularly interesting since the precuneus 374 

demonstrates a distinct vulnerability to the early deposition of amyloid-β [67]. Accordingly, 375 

abnormal FC with the rPrecu might represent the expression of local excitatory responses to 376 

amyloid pathology. In this regard, previous studies have established a relationship between 377 

amyloid-β deposition and hyper-synchronization within nodes of the posterior DMN, 378 

including the rPrecu, in asymptomatic early stages of the disease [13,68]. It must be pointed 379 

out that even though we have no evidence for amyloid burden within our sample, the 380 

incidence of amyloid positivity by PET has been previously addressed in cohorts of elderly 381 

adults [69–71]. Specifically, Snitz and colleagues informed that 57% of their recruited SCD 382 

participants turned to be amyloid positive, compared to 31% of the HC [69]. Perrotin et al 383 

also reported an association between amyloid-β deposition in the rPrecu and reduced self-384 

confidence in memory abilities (a factor likely to be indicative of prospective SCD) [71]. In 385 

view of this, our results should be interpreted considering that FC increases are influenced at 386 

the same time by age-related changes (e.g., vascular and metabolic) and amyloid pathology, 387 
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particularly in the case of SCD participants for whom amyloid burden is expected to prevail. 388 

Finally, increased FC among SCD subjects might be understood in the context of the “X 389 

model” of AD conversion [11]. According to this neurophysiological model, FC rises 390 

monotonically across the preclinical stages of the disease up to a turning point where it starts 391 

to decrease, possibly indicating network failure eventually leading to dementia. 392 

Interestingly, the aforementioned changes in FC between the pre- and the post-stages 393 

followed different trends in two cases. Firstly, the statistical model revealed a significant 394 

interaction between the variables stage and CogTr. This result demonstrated that FC changed 395 

differently across stages in the case of participants that had undergone CogTr. In the trained 396 

group, FC differences between the pre-stage and the post-stage were diminished or even 397 

equilibrated when compared to the non-trained sample. Such was the case for half of the 398 

original connections, mainly involving temporo-parietal and temporo-occipital links. 399 

Secondly, we found a significant triple interaction between the variables stage, CogTr, and 400 

cognitive status. This result demonstrated that, within the trained group, FC changed 401 

differently across stages depending on the cognitive status. Specifically, trained SCD 402 

participants exhibited decreased FC in the post-stage in one-third of the original connections, 403 

a behavior that was not observed in trained HC. Importantly, two-thirds of the connections 404 

involved in the triple interaction linked the rPrecu with nodes of the temporal lobe. Given the 405 

association between this region and early amyloid deposition, these findings suggest that the 406 

CogTr contributed to counterbalance hyper-synchronous FC patterns derived from amyloid 407 

pathology. Certainly, the effect of CogTr was more pronounced in SCD participants in 408 

comparison to HC. This outcome may be explained by a selective influence of the CogTr 409 

over amyloid-related hyper-synchronization, which might account for enhanced results 410 
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within those participants most vulnerable to developing dementia. This selectiveness is in 411 

consonance with previous evidence of selective FC modulation in patients at risk for AD and 412 

in preclinical AD following a computerized CogTr [26]. To clarify whether the changes in 413 

FC introduced by CogTr in the trained groups were indicative of improved cognitive 414 

performance, we carried out a correlation analysis for a selection of neuropsychological tests. 415 

This analysis revealed that the reduction in post-stage FC observed in trained SCD 416 

participants was significantly associated with improved cognition in a variety of domains 417 

such as memory, language, and executive function. In effect, these domains had been 418 

regularly stimulated during the UMAM CogTr, albeit no significant evidence of 419 

improvement could be extracted from the neuropsychological evaluations conducted at the 420 

pre- and post-stages. Regarding this, it is important to note that SCD individuals exhibit a 421 

self-perceived cognitive decline that virtually goes unnoticed in standardized cognitive 422 

testing [32]. This singularity might challenge the detection of cognitive improvement 423 

following CogTr, as evidenced by the generalized small effect sizes found after non-424 

pharmacological interventions in SCD samples [20]. In this regard, electrophysiological 425 

evidence seems to precede detectability by standard cognitive tests, a finding that highlights 426 

the interest of pursuing neuroimaging studies to assess the efficiency of cognitive 427 

interventions, and to promote the standardization of study designs and protocols.  428 

One limitation of our study is the absence of a more extended longitudinal follow-up. Follow-429 

up studies are encouraged to monitor electrophysiological and cognitive changes that might 430 

become discernible at longer intervals adjusting to neuroplasticity time-scales [20]. 431 

Additionally, measures of amyloid-β deposition within trained samples could shed light on 432 
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the precise relationship between amyloid pathology and FC changes following CogTr. 433 

Unfortunately, such information was not available for this cohort. 434 

Conclusions 435 

Our study offers novel evidence suggesting that CogTr contributes to mitigate brain hyper-436 

synchrony in individuals at increased risk for developing AD. If timely introduced, CogTr 437 

could promote brain synchrony normalization, which might act against the progression of the 438 

disease and derive benefits in cognitive performance, particularly in vulnerable populations. 439 

Importantly, the electrophysiological outcome of CogTr seems to precede detectability by 440 

standard neuropsychological tests, warranting the use of neuroimaging techniques to assess 441 

the validity of cognitive interventions. Altogether, CogTr programs should represent a 442 

valuable strategy for preventive care, providing aging individuals with the tools to boost and 443 

preserve their cognitive well-being, particularly in the absence of effective pharmacological 444 

treatments.  445 
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Fig. 1 Schematic representation of the study design. The participants assigned to the 719 

experimental group engaged in 30 CogTr sessions (28 regular sessions and two maintaining-720 

booster sessions) of 90 minutes scheduled three times per week, while no cognitive 721 

stimulation or placebo activity was appointed for the non-experimental group. Before and 722 

after the CogTr interval, all participants underwent a MEG recording, a T1-weighted MRI 723 

scan, and a complete neuropsychological evaluation.  724 



 

36 

Fig. 2 FC changes across MEG recordings. Red lines represent significant FC increases in 725 

the post-stage (FDR corrected). Left panel: coronal (A), axial (B), and sagittal views (C and 726 

D). Right panel: Circular FC diagram. CV: Coronal view. AV: Axial view. SV: Sagittal view. 727 

RH: Right hemisphere. LH: Left hemisphere. R: Right. L: Left.  728 
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Fig. 3 Interaction effect between stage and CogTr. Green lines represent the connections 729 

where the interaction effect between stage (pre-stage or post-stage) and CogTr (trained or 730 

non-trained) is significant (p < 0.05). Left panel: coronal (A), axial (B), and sagittal views (C 731 

and D). Right panel: Circular FC diagram. CV: Coronal view. AV: Axial view. SV: Sagittal 732 

view. RH: Right hemisphere. LH: Left hemisphere. R: Right. L: Left.  733 
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Fig. 4 Interaction effect between stage, CogTr, and cognitive status. Purple lines 734 

represent the connections where the interaction effect between stage (pre-stage or post-stage), 735 

CogTr (trained or non-trained), and cognitive status (HC or SCD) is significant (p < 0.05). 736 

Left panel: coronal (A), axial (B), and sagittal views (C and D). Right panel: Circular FC 737 

diagram. CV: Coronal view. AV: Axial view. SV: Sagittal view. RH: Right hemisphere. LH: 738 

Left hemisphere. R: Right. L: Left.  739 
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Fig. 5 Selected boxplots of FC values in the two MEG recordings. Boxplots of the FC 740 

values for each participant in the two MEG recordings for the connections with the rPrecu 741 

where the interaction effect between stage (pre-stage or post-stage), CogTr (trained or non-742 

trained), and cognitive status (HC or SCD) was significant (p < 0.05). For each significant 743 

connection, the upper panel represents the FC values in the pre-stage and the post-stage for 744 

the whole sample. The middle panel represents the FC values in the pre-stage and the post-745 

stage separately for non-trained participants (left) and trained participants (right). The lower 746 

panel represents the FC value in the pre-stage and the post-stage separately for the non-747 

trained HC group (upper row, left), non-trained SCD group (lower row, left), trained HC 748 

group (upper row, right), and trained SCD group (lower row, right). The boxplots inform of 749 

each participant’s FC values, the sample median, and the boundaries of the quartiles. The 750 

colored squares next to the abbreviated names of the connections emphasize the significant 751 

results for that connection: red (main effect of stage), green (double interaction between stage 752 

and CogTr), purple (triple interaction between stage, CogTr, and cognitive status). 753 



 

40 
  754 



   

 

41 

Table 1 Summary of the functional connectivity results. Asterisks indicate the significant 755 

connections for the main effect of stage, the double interaction effect between stage and CogTr, 756 

and the triple interaction effect between stage, CogTr, and cognitive status. 757 

Connection Abbreviation 
Main 

effect 

Double 

interaction 

Triple 

interaction 

Left Inferior Frontal Gyrus pars opercularis – Left Cuneus lIFGor ― lCu *  * 
Left Inferior Frontal Gyrus pars opercularis – Right Middle Occipital Lobe lIFGor ― rMOccL *   
Left Superior Temporal Gyrus – Right Cuneus  lSTG ― rCu * *  
Left Superior Temporal Gyrus – Right Superior Occipital Lobe lSTG ― rSOccL * *  
Left Heschl Area – Right Cuneus lHeschl ― rCu * *  
Left Heschl Area – Right Superior Occipital Lobe lHeschl ― rSOccL * *  
Right Cuneus – Right Inferior Frontal Gyrus pars opercularis rCu ― rIFGor *   
Right Precuneus – Right Inferior Frontal Gyrus pars triangularis rPrecu ― rIFGt *   
Right Precuneus – Right Inferior Frontal Gyrus pars opercularis rPrecu ― rIFGor *   
Right Precuneus – Right Middle Temporal Gyrus rPrecu ― rMTG * * * 
Right Precuneus – Right Inferior Temporal Gyrus rPrecu ― rITG * * * 
Right Precuneus – Right Fusiform Gyrus rPrecu ― rFusiG * * * 
Right Precuneus – Right Hippocampus  rPrecu ― rHip * * * 
Right Superior Parietal Gyrus – Right Medial Frontal Gyrus rSPG ― rMFG *   
Right Superior Parietal Gyrus – Right Inferior Frontal Gyrus pars opercularis  rSPG ― rIFGor *   
Right Superior Parietal Gyrus – Right Inferior Temporal Gyrus  rSPG ― rITG *   
Right Superior Parietal Gyrus – Right Fusiform Gyrus rSPG ― rFusiG *   
Right Inferior Temporal Gyrus – Right Middle Temporal Gyrus  rITG ― rMTG * * * 

  758 
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Table 2 Summary of the correlation analysis results. Correlations between the relative 759 

change in both FC and neuropsychological scores in the trained group (HC and SCD). For 760 

clarity, only the connections yielding a significant relationship are included in the table. 761 

Significant values (FDR corrected) are marked in bold. n.s: non-significant. BNT: Boston 762 

Naming Test. TMT-A: Trail Making Test part A. TMT-B: Trail Making Test part B. 763 

Cognitive Test Significant Connection 
Trained HC Trained SCD 𝝆 𝒑 𝝆 𝒑 

BNT rPrecu ― rHip 0.2787 n.s. -0.4914 0.0237 

 rPrecu ― rITG 0.3511 n.s. -0.4487 0.0413 

Digit Span Test (forward) rPrecu ― rITG -0.1161 n.s. -0.4472 0.0324 

TMT-A (completion time) rPrecu ― rITG -0.3491 n.s. 0.4785 0.0180 

TMT-B (completion time) rPrecu ― rFusiG -0.1985 n.s. 0.5024 0.0124 
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Figures

Figure 1

Schematic representation of the study design. The participants assigned to the experimental group
engaged in 30 CogTr sessions (28 regular sessions and two maintaining-booster sessions) of 90 minutes
scheduled three times per week, while no cognitive stimulation or placebo activity was appointed for the
non-experimental group. Before and after the CogTr interval, all participants underwent a MEG recording,
a T1-weighted MRI scan, and a complete neuropsychological evaluation.

Figure 2

FC changes across MEG recordings. Red lines represent signi�cant FC increases in the post-stage (FDR
corrected). Left panel: coronal (A), axial (B), and sagittal views (C and D). Right panel: Circular FC
diagram. CV: Coronal view. AV: Axial view. SV: Sagittal view. RH: Right hemisphere. LH: Left hemisphere.
R: Right. L: Left.



Figure 3

Interaction effect between stage and CogTr. Green lines represent the connections where the interaction
effect between stage (pre-stage or post-stage) and CogTr (trained or non-trained) is signi�cant (p < 0.05).
Left panel: coronal (A), axial (B), and sagittal views (C and D). Right panel: Circular FC diagram. CV:
Coronal view. AV: Axial view. SV: Sagittal view. RH: Right hemisphere. LH: Left hemisphere. R: Right. L:
Left.



Figure 4

Interaction effect between stage, CogTr, and cognitive status. Purple lines represent the connections
where the interaction effect between stage (pre-stage or post-stage), CogTr (trained or non-trained), and
cognitive status (HC or SCD) is signi�cant (p < 0.05). Left panel: coronal (A), axial (B), and sagittal views
(C and D). Right panel: Circular FC diagram. CV: Coronal view. AV: Axial view. SV: Sagittal view. RH: Right
hemisphere. LH: Left hemisphere. R: Right. L: Left.



Figure 5

Selected boxplots of FC values in the two MEG recordings. Boxplots of the FC values for each participant
in the two MEG recordings for the connections with the rPrecu where the interaction effect between stage
(pre-stage or post-stage), CogTr (trained or non-trained), and cognitive status (HC or SCD) was signi�cant
(p < 0.05). For each signi�cant connection, the upper panel represents the FC values in the pre-stage and
the post-stage for the whole sample. The middle panel represents the FC values in the pre-stage and the
post-stage separately for non-trained participants (left) and trained participants (right). The lower panel
represents the FC value in the pre-stage and the post-stage separately for the non-trained HC group (upper
row, left), non-trained SCD group (lower row, left), trained HC group (upper row, right), and trained SCD
group (lower row, right). The boxplots inform of each participant’s FC values, the sample median, and the
boundaries of the quartiles. The colored squares next to the abbreviated names of the connections
emphasize the signi�cant results for that connection: red (main effect of stage), green (double interaction
between stage and CogTr), purple (triple interaction between stage, CogTr, and cognitive status).
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