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tasks, action naming, object naming, spatial memory, 
spatial attention). Patients underwent neuropsycho-
logical and EEG examination before  (T0), after treat-
ment  (T1), and after 40  weeks  (T2), to evaluate the 
effects of rehabilitation therapy. “Small World” (SW) 
graph approach was introduced allowing us to model 
the architecture of brain connectivity in order to cor-
relate it with cognitive improvements. We found that 
following 6  weeks of intensive daily treatment the 
immediate results showed an improvement in cogni-
tive scales among AD patients. SW present no differ-
ences before and after the treatment, whereas a cru-
cial SW modulation emerges at 40-week follow-up, 
emphasizing the importance of rTMS-COG rehabili-
tation treatment for AD. Additional results demon-
strated that the delta and alpha1 SW seem to be diag-
nostic biomarkers of AD, whereas alpha2 SW might 
represent a prognostic biomarker of cognitive recov-
ery. Derived EEG parameters can be awarded the role 
of diagnostic and predictive biomarkers of AD pro-
gression, and rTMS-COG can be regarded as a poten-
tially useful treatment for AD.
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Introduction

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disorder in elderly population and 

Abstract Alzheimer’s disease (AD) is the most 
common neurodegenerative disorder in elderly sub-
jects. Recent studies verified the effects of cognitive 
training combined with repetitive transcranial mag-
netic stimulation (rTMS-COG) in AD patients. Here, 
we analyzed neuropsychological and neurophysi-
ological data, derived from electroencephalography 
(EEG), to evaluate the effects of a 6-week protocol 
of rTMS-COG in 72 AD. We designed a randomized, 
double-blind, sham-controlled trial to evaluate effi-
cacy of rTMS on 6 brain regions obtained by an 
individual MRI combined with COG related to brain 
areas to stimulate (i.e., syntax and grammar tasks, 
comprehension of lexical meaning and categorization 
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the main cause of cognitive impairment. To date, the 
most used treatments for AD are pharmacological 
therapies that can transiently slow cognitive decline 
but do not modify the progression of the disease [1]. 
Limited effectiveness of pharmacological treatments 
has prompted the scientific community to test com-
plementary therapeutic strategies for AD. Recent 
studies have verified the potential effects of cogni-
tive training (COG) on brain plasticity [2]. In general, 
COG includes sessions composed of paper-and-pencil 
or electronic form tasks designed to involve cognitive 
abilities [3, 4].

Together with cognitive training one innovative 
strategy includes non-invasive brain stimulation tech-
niques (NIBS) such as repetitive transcranial mag-
netic stimulation (rTMS). rTMS has been shown to 
facilitate cortical activity: It can modulate cortical 
excitability depending on the parameters of stimula-
tion, and there is evidence that it is effective for many 
conditions, including AD [5–8]. Particularly, Cotelli 
and colleagues explored the effect of rTMS on the 
dorsolateral prefrontal cortex (DLPFC) to evaluate 
language abilities in control and AD groups. They 
have found that rTMS improves performance both in 
controls and AD patients [9, 10].

Based on the assumptions above, some researchers 
hypothesized that a treatment combining rTMS and 
COG may result in synergic effects more effective 
compared to applying the two therapies separately.

A few studies have investigated the impact of 
dual-stimulation rTMS-COG to evaluate improve-
ments and long-term effects. Lee et al. [11] reported 
that rTMS-COG provided by the NeuroAD system 
(Neuronix) can improve scores of neuropsychological 
scales such as the Alzheimer’s Disease Assessment 
scale in cognitive subdomain (ADAS-Cog) which 
include memory and language ability. More recently, 
Brem and collaborators [12], in a clinical trial funded 
by Neuronix, has reported that rTMS-COG by Neu-
roAD can improve the cognitive status of AD patients 
with a predictive role of TMS in cognition’s change 
after the intervention period.

Our study builds on and overcomes some limita-
tions of this study in three important ways. First, 72 
patients were enrolled against the smaller sample size 
of Brem’s research. Furthermore, while in the previ-
ous study the patients were monitored only after treat-
ment, in the present they carried out a follow-up of 
about 40  weeks. Again, the most important novelty 

was the introduction of electroencephalography 
(EEG) at the beginning  (T0), at the end of treatment 
 (T1), and again at 40-week follow-up  (T2) together 
with clinical assessment of ADAS-Cog. Indeed, 
because of its high temporal resolution and wide use 
in neurodegenerative disease, EEG is crucial for the 
study of brain activation [13–15]; modern methods 
based on graph analysis on EEG data were devel-
oped to estimate brain connectivity changes. The 
“Small World” (SW) graph approach is hypothesized 
to reflect the balance between local processing and 
global integration, and it was introduced allowing to 
model the architecture of brain connectivity in order 
to correlate it with cognitive improvements [16–18].

Within this frame, we analyzed neuropsychologi-
cal and neurophysiological data to evaluate the effects 
of a 6-week high-frequency rTMS-COG in mild-to-
moderate AD patients [12] immediately after the end 
of treatment and in the long-term follow-up. Further-
more, we investigated the role of SW indexes as diag-
nostic and prognostic biomarkers for cognitive recov-
ery in AD, exploring possible correlations between 
network abnormalities and clinical assessment.

Subjects and Methods

Inclusion and Exclusion Criteria

A dataset of 72 mild-to-moderate AD patients was 
recruited  (T0) (54% females, age 72.43 ± 1.05 stand-
ard error, education 12.7 ± 0.59) (DSM 5, NIA-
AA [19]) A total of 63 patients (Table 1), net of all 
patients who dropped out, completed the entire pro-
tocol with neurophysiological and EEG evaluation 
after the treatment  (T1), and 36 of these underwent an 
average 40-week long-term follow-up  (T2). The entire 

Table 1  Demographic data of AD patients in A, B, C groups. 
n is the number of patients in each group; age, education, and 
MMSE are expressed in terms of Mean ± Standard Error (SE), 
whereas gender by means of male/female ratio (M/F)

Group A Group B Group C

n 30 17 16
Age (years) 71.07 ±1.25 72.24 ±2.29 75.2 ±2.29
Education 13.87 ±0.78 11.47 ±1.23 11.81 ±1.22
MMSE 22.93 ±0.51 20.64 ±0.66 21 ±0.79
Gender (M/F) 14/16 10/7 5/11
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protocol is shown in Fig. 1. All the experiments were 
undertaken with the informed and signed consent of 
each participant and caregiver/family representative, 
according to Code of Ethics of the World Medical 
Association (1997), and the experimental procedures 
were conforming to the Declaration of Helsinki. The 
rTMS and EEG protocols were performed in accord-
ance with safety guidelines procedures.

AD was diagnosed according to the National Insti-
tute on Aging-Alzheimer’s Association workgroups 
[20]. In addition, all patients included in the study 
needed to have fluent Italian-speaking skills as their 
first language and to have a brain MRI excluding any 
focal brain lesion that might have affected cognitive 
function. Patients receiving cholinesterase inhibitors 
and/or memantine therapy were allowed to partici-
pate, provided the medication was taken for at least 
3 months prior to the beginning of the study and the 
dosage of which was stable in the 60 days before the 
start of the study.

The exclusion criteria for AD included: Clinical 
Dementia Rating (CDR) score of 0 or 3, a history 
of epilepsy, severe agitation, lack of cooperation, 

unstable medical conditions, alcoholism and/or drug 
abuse, other neurological or psychiatric disorders dif-
ferent from AD, or regular use of benzodiazepines or 
other hypnotics (up until 2  weeks before the begin-
ning of the study). Finally, patients who had con-
traindications for MRI execution or TMS treatment—
according to TMS questionnaire [21] (e.g., patients 
with cardiac pacemaker or electrodes, intracranial 
implants, cochlear implants, metal clips, infusion 
medication pumps)—were not included in the study.

Experimental study design

We designed a randomized, double-blind, sham-
controlled trial of efficacy of rTMS stimulation com-
bined with cognitive training, consisting in 3 groups. 
Patients were randomly assigned in similar number in 
treated and sham/control groups:

• Group A: real rTMS stimulation and cognitive 
training (rTMS-COG)

• Group B: sham TMS stimulation and cognitive 
training (equal to group A)

Fig. 1  Experimental protocol timeline: After the initial 
screening, the enrolled patients underwent EEG recording 
and neuropsychological evaluation before the treatment  (T0). 
The rehabilitation treatment (rTMS-COG for group A, sham 

rTMS-COG for group B, and COG for group C) lasted 6 weeks 
and immediately after the treatment  (T1) and in a long-term 
40-week follow-up the EEG and neuropsychological evaluation 
were repeated
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• Group C: sham TMS stimulation and pseudo-cog-
nitive training.

The patients in the group A received daily treat-
ment sessions for 6 weeks, 1 session/day for 5 days/
week, for a total of 30 sessions, in which rTMS was 
applied to six different brain regions activated dur-
ing the performance of cognitive tasks with comput-
erized cognitive training. The patients in the group 
B were treated with the same procedure, receiving 
sham rTMS and computerized cognitive training. 
The patients in the group C were also treated with the 
same protocol, applying sham rTMS interleaved with 
pseudo-cognitive training.

The application of combined rTMS-COG was 
achieved using a paid NeuroAD device (Neuronix 
Ltd., Israel). A rTMS figure-of-eight magnetic coil, 
included in the system, was positioned following 
stereotactic navigation on a personalized template 
extracted by individual volumetric MRI to stimulate 
6 brain regions (Broca’s area, R-dlPFC and L-dlPFC, 
Wernicke’s area R-pSAC and L-pSAC). The TMS 
treatment intensity was set to 90% of the MT inten-
sity at the frontal cortex because of inconvenient eye 
twitches and 110% of the MT intensity at the other 
regions. Several paradigms were developed for the 
tasks including syntax and grammar tasks for the 
Broca’s area (e.g., is the sentence “Stop red means” 
correct or incorrect), comprehension of lexical mean-
ing and categorization tasks for the Wernicke’s area 
(e.g., is the word “vud” a word or not a word?), 
action naming, object naming, and spatial memory 
(of shapes, colors, and letters) tasks for both the 
R-dlPFC and the L-dlPFC brain areas (e.g., showing 
a picture of a wardrobe where patients have to choose 
between the category “furniture” or “fruit”), spatial 
attention (for shapes and letters) tasks for both the 
R-pSAC and L-pSAC brain areas (e.g., the red ver-
tical rectangle does or does not appear). The cogni-
tive tasks were displayed on a 22″ computer touch 
screen (Elo-Touch, USA) in front of the patient, who 
selected the answers by touching graphical buttons 
on the screen. Each daily treatment session lasted 
about 45  min/1  h, including preparation, and three 
brain areas were targeted and stimulated separately 
as described in the following. For each brain area, 
the treatment consisted of 20–30 trains of rTMS (2 s 
of 10 Hz/train and 20 pulses/train), followed by 1–4 
COG tasks, during a period of 20–40 s. In addition, in 

order to meet safety limitations of up to 1,500 pulses 
a day [6] the protocol was designed so that 3 brain 
areas were mainly impacted by cognitive tasks each 
day, for which 20–30 trains composed of 2  s pulses 
of 10 Hz each were administrated per brain area for 
a total of 1200–1400 pulses per day. The sham/con-
trol groups went through the same procedure using a 
sham coil that imitated auditory and somatosensory 
effects without effective magnetic stimulation. Each 
group was subjected to 30 sessions of rehabilita-
tion for 6  weeks (1 session/day for 5  days/week for 
6 weeks). rTMS was applied every day to three differ-
ent brain regions, and subsequently, cognitive rehabil-
itation was performed involving the same stimulated 
areas with selective tasks. The level of difficulty for 
the COG tasks was developed on a patient-to-patient 
basis, by controlling for task variables such as the 
time available to complete each task and the num-
ber of objects. NeuroAD cognitive training consisted 
of 10 difficulty levels (Very Easy, Easy, Moderate, 
Moderate-1, Moderate-2, Moderate-Pro, Advanced, 
ADV-1, ADV-2, ADV-Pro): Patients began cogni-
tive training at the easiest, the level of difficulty of the 
cognitive tasks was adapted to the individual perfor-
mance of the patient for the entire treatment period, if 
the patient was able to successfully solve 70% of cog-
nitive exercises pertaining to a single stimulated area, 
he was offered exercises of the next difficulty level. 
Each “next level” is characterized by an increase in 
stimulus response time, i.e., the time range from the 
presentation of the stimulus to the moment in which 
the subject must respond, or by increasing the number 
of displayed target and distracter stimuli. The corti-
cal area stimulated by the rTMS corresponded to the 
cognitive domain that is trained shortly after. For the 
patients in the sham group, pseudo-cognitive train-
ing consists in simple objects or nature movies (e.g., 
a flower or animals or a landscape), presented on the 
screen, unrelated to cognitive function, and they sim-
ply chose whether or not they liked them.

Data recordings and preprocessing

Patients underwent neuropsychological and neuro-
physiological examination before  (T0), after the treat-
ment  (T1) and during a last follow-up after about 
40  weeks  (T2); in particular, they were evaluated 
through ADAS-Cog scale assessment and EEG clini-
cal recording to evaluate the effects of rehabilitation 
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therapy. EEGs were measured at rest before and 
after the rTMS-COG treatment, without any task to 
perform, in at least 6 min of resting condition. EEG 
signals were measured from 32 electrodes positioned 
according to the augmented International 10–20 sys-
tem. Two separate channels, vertical and horizontal 
EOGs, were used to monitor eyes blinking. Imped-
ance was kept below 5 KΩ, and the sampling rate 
frequency was set up at 512 Hz. The data were pro-
cessed in MATLAB (MathWorks, Natick, MA) using 
scripts based on EEGLAB toolbox (Swartz Center for 
Computational Neurosciences, La Jolla, CA) [22–24]. 
The EEG recordings were band-pass filtered from 0.2 
to 47 Hz using a finite impulse response (FIR) filter. 
Imported data were divided in 2-s duration epochs, 
and principal artifacts in the EEG recordings (i.e., 
eye movements, scalp muscle contraction, and car-
diac activity) were removed first by means of an EEG 
expert visual inspection, and later with ICA algorithm 
[25, 26], that enables the separation of statistically 
independent sources from multichannel EEG record-
ings [25, 27, 28] as implemented in the EEGLAB. 
At the end of the artifact removal procedure at least 
5 min remained for subjects.

Functional connectivity of cortical sources analysis

Brain connectivity was computed using exact Low 
Resolution Electromagnetic Tomography (eLO-
RETA) [29, 30] software on Regions Of Interest 
(ROIs) defined according to the Brodmann areas 
(Bas): 42 ROIs (BAs: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 13, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27, 28, 
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 
42, 43, 44, 45, 46, 47). ROIs are needed for the esti-
mation of electric neuronal activity that is used to 
analyze brain functional connectivity. Among the 
eLORETA current density time series of the ROIs, 
intracortical Lagged Linear Coherence, extracted by 
“all nearest voxels” for the 84 ROIs and centered 
on each BA of interest by a sphere of 19  mm for 
the resting sub-networks, was computed [29, 31] 
between all possible pairs of the ROIs for each of 
the seven independent EEG frequency bands [32] of 
delta (2–4 Hz), theta (4–8 Hz), alpha 1 (8–10.5 Hz), 
alpha 2 (10.5–13  Hz), beta 1 (13–20  Hz), beta 2 
(20–30 Hz), and gamma (30 – 45 Hz) for each sub-
ject. Moving from the definition for the complex-
valued coherence [33, 34] between time series x and 

y in the frequency band ω, which is based on the 
cross-spectrum given by the covariance and vari-
ances of the signals, the lagged linear coherence in 
the frequency band ω is reported on the following 
equation. [29, 35]:

where Var and C ov are variances and covariance of 
the signals x e y and ImCov and ReCov denote the 
imaginary and real part of covariance, respectively. 
This equation was developed to provide a measure of 
true physiological connectivity not affected by vol-
ume conduction and with low spatial resolution. The 
values of connectivity computing between all pairs 
of ROIs for each frequency band and for each subject 
were used as measure of weight of the graph in the 
following graph analyses.

Graph analysis

A network is a mathematical representation of a 
real-world complex system. It is defined by a set of 
nodes (vertices) and links (edges) between couples 
of nodes. Nodes usually represent brain regions, 
while links represent anatomical, functional, or 
effective connections, depending on the dataset. 
Functional connections correspond to magnitudes 
of temporal correlations in activity and may occur 
between pairs of anatomically unconnected regions. 
A weighted graph is a mathematical representa-
tion of vertices that may be linked through connec-
tions of variable weights. In the present study two 
measures of graph theory were computed using the 
toolkit available at http:// www. brain- conne ctivi ty- 
toolb ox. net and adapted by MATLAB scripts [22, 
36, 37] to define the Small World (SW) index: the 
normalized Clustering Coefficient Cw and the nor-
malized Path Length Lw [38]. The normalization 
was obtained dividing the values of characteris-
tic path length and of clustering coefficient by the 
mean values obtained by the average measure of 
each parameter in all frequency bands. SW index is 
the ratio of these two measures [39], and it was used 
to describe the balance between the local connect-
edness and the global integration of a network.

LagR2

xyw
=

[

ImCov(x, y)
]2

Var(x)xVar(y) −
[

ReCov(x, y)
]2
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Statistical Evaluation

A statistical ANOVA design between two factors, 
Groups (A, B, C) and Time  (T0 and  T1), was used to 
evaluate the statistical differences between pre- and 
post-treatment in terms of ADAS-Cog score through 
the 3 groups (A, B, C), with a statistical cutoff level 
of p < 0.05. The same analysis between groups and 
time was also used but considering A and B together, 
thus having a treated group and a sham one (A + B, 
C).

ANOVA design was likewise addressed for the 
data derived from EEG; in particular, the statisti-
cal analysis of the SW values was performed among 
three factors: Groups (A, B, C), Bands of interest 
(delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma), 
and Time  (T0 and  T1) and separately for groups A 
and group B in the factors Bands (delta, theta, alpha 
1, alpha 2, beta 1, beta 2, gamma) and Time  (T0,  T1, 
 T2) with a statistical cutoff level of p < 0.05. ANOVA 
was implemented with the software Statistica (Stat-
Soft Inc.). The normality of the data was tested using 
the Kolmogorov–Smirnov test, and the hypothesis of 
Gaussianity could not be rejected. ANOVA was cho-
sen since it is known to be robust with respect to the 
departure of normality and homoscedasticity of data 
being treated [40]. Greenhouse and Geisser correc-
tion was used for the protection against the violation 
of the sphericity assumption in the repeated-measure 
ANOVA.

Furthermore, in order to evaluate the possible 
diagnostic and predictive role of SW, in the first case 
Pearson’s linear correlation analysis was also per-
formed between SW parameter and ADAS-Cog score 
in every considered time  (T0,  T1,  T2) grouping all 
patients together. Similarly, correlation analysis was 
applied to establish the predictive role of SW, corre-
lating its values at  T0 and the ADAS-Cog defined at 

 T2 considering all patients together (Bonferroni cor-
rected to obtain p < 0.05).

Results

Behavioral results

The patients in the treatment group (A) exhibited an 
improvement of -1.40 points on the ADAS-Cog score 
at  T1 immediately after the end of rTMS-COG treat-
ment from  T0; this value, albeit not statistically signif-
icant, satisfied one endpoint of this study: an improve-
ment of ADAS-Cog score at the end of rTMS-COG 
treatment. However, the patients in the group B (only 
COG) showed an improvement of -1.76 points on the 
ADAS-Cog score, also in this case statistically not 
significant. An important result to highlight is a wors-
ening of + 0.44 in the ADAS-Cog score in the control 
group (Table 2).

Considering the group A and B together as the 
treated group, the statistical ANOVA for the treated 
and Sham patients showed a significant interaction (F 
(1, 61) = 3.7979, p = 0.05) between all factors (groups 
and Time). The Duncan post hoc analysis showed that 
only treated patients presented a significant decre-
ment (p = 0.039).

At  T2 follow-up, all groups presented a worsen-
ing in the ADAS-Cog score although group A pre-
sented the less one: A =  + 1.59, B =  + 3.29, C =  + 15. 
Of note, 22 patients of the group A were available 
to come back after 40 weeks, 13 of the group B, and 
only two patients of group C.

Neurophysiological data

The ANOVA reported in Fig. 2 for the evaluation of 
the SW index showed not a significant interaction 

Table 2  Alzheimer’s 
Disease Assessment scale 
in cognitive subdomain 
(ADAS-Cog) scores in A, 
B, C groups at  T0,  T1,  T2 in 
terms of Mean ± Standard 
Error (SE). ADAS-Cog 
differences between 
baseline T0 and, 
respectively, T1 and T2 are 
also shown

Measurement
(ADAS—Cog)

Group A (Mean ± SE) Group B (Mean ± SE) Group C (Mean ± SE)

Pre-treatment (T0) 23.5 ± 1.44 26.7 ± 2.06 25.8 ± 1.7
Post-treatment (T1) 22.2 ± 1.54 25.3 ± 2.05 26.1 ± 1.7
Difference (T1 – T0) -1.40 -1.76  + 0.44
Last follow-up (T2) 23.5 ± 3.1

(22 subjs)
30.1 ± 3.2
(13 subjs)

52 ± 2.8
(2 subjs)

Difference (T2 – T0)  + 1.59  + 3.29  + 15
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(F(12, 342) = 0.53481, p = 0.89168) between fac-
tors time  (T0,  T1), frequency band (delta, theta, alpha 
1, alpha 2, beta 1, beta 2, and gamma), and groups 
(A, B, C). The conditions of the disease are stable 
in each group at  T1 immediately after the end of the 
treatment.

If additionally the last follow-up  (T2) was con-
sidered, the ANOVA evaluation of the SW index 
between time  (T0,  T1,  T2) and frequency band (delta, 
theta, alpha 1, alpha 2, beta 1, beta 2, and gamma) 
showed a not significant interaction in group A (F(12, 
252) = 0.68035, p = 0.76987) (Fig. 3a), while it showed 
a significant one in group B (F(12, 144) = 1.9675, 
p = 0.03126) (Fig. 3b). The Duncan post hoc analysis 
showed that in group B, at the last follow-up  (T2) com-
pared to baseline, SW values presented a significant 

decrease in delta (p = 0.028) and beta 1 (p = 0.05), and 
a significant increase in alpha 1 (p = 0.05).

Diagnostic and predictive role of SW

To establish the possible role of diagnostic bio-
marker, correlation analysis was performed consider-
ing all subjects in every time  (T0,  T1,  T2) between the 
SW index in all frequency bands and the ADAS-Cog 
score relative to the considered time. The investiga-
tion showed a negative correlation between ADAS-
Cog and delta SW index (r = -0.3103, p = 0.00007) 
(Fig.  4a). Furthermore, a positive correlation is pre-
sent between ADAS-Cog and alpha 1 SW (r = 0.1771, 
p = 0.0261), namely the higher the alpha 1 SW index, 

Fig. 2  ANOVA interaction of Small World index among 
groups (A, B, C), Time  (T0,  T1), and frequency band (delta, 
theta, alpha 1, alpha 2, beta 1, beta 2, and gamma). The analy-

sis reported a not significant interaction (F(12, 342) = 0.53481, 
p = 0.89168) between all factors
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the lower the ADAS-Cog score (which corresponds to 
a better health condition of the patient) (Fig. 4b).

Correlation analyses were also performed con-
sidering all subjects as a group and SW indexes at 
the baseline in all bands; results in Fig.  5 showed 
that ADAS-Cog in long-term follow-up  (T2) cor-
relates negatively with SW in alpha 2 (r = -0.3932, 
p = 0.0177), underlining the possibility of predicting 
the improvement of cognition starting by the analysis 
of EEG data at the beginning of the training session.

Discussion

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disorder in elderly patients. To date, 

the current pharmacological treatments for AD are 
little and transiently efficacious. The main aim of the 
present work was to evaluate the synergic effects of 
a 6-week protocol of rTMS combined with cogni-
tive computerized training in mild-to-moderate AD 
patients compared to placebo groups. The effective-
ness of the treatment was matched with the improve-
ment of the patient’s cognitive functions and in 
respect of the brain network organization after the 
experimental protocol and in a long-term period. 
Starting from the hypothesis that complex brain 
dynamics can be characterized by several network 
measures and that AD is increasingly considered a 
network disconnection syndrome, functional brain 
abnormalities can be reflected in early changes of 
connectivity and networks architecture taking place 

Fig. 3  ANOVA interaction of Small World index in A 
(3a) (F(12, 252) = 0.68035, p = 0.76987) and B (3b) (F(12, 
144) = 1.9675, p = 0.03126) groups at  T0,  T1, and  T2. The Dun-
can post hoc analysis showed that in group B, at the last fol-

low-up  (T2) compared to baseline  (T0), SW values presented a 
significant decrease in delta (p = 0.028), beta 1 (p = 0.05), and 
a significant increase in alpha 1 (p = 0.05)
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well in advance to symptoms onset and continu-
ing throughout the disease progression [41–43]. AD 
brain network topography can be exemplified and 
explained by means of graph analysis parameters, 
such as Small World (SW), because of the progres-
sive derangement in hub regions and long-distance 
connection, causing SW architecture alteration [16, 
17, 37, 44, 45].

Regarding the primary objectives in our study, 
we found that following 6  weeks of intensive daily 
treatment (at  T1) the immediate results showed an 
improvement in cognition among the AD patients 
after rTMS-COG treatment; particularly, the mean of 
ADAS-Cog scores among the group A improved by 
-1.40 points after rTMS-COG intervention, among 
group B improved by -1.76 after only cognitive 

Fig. 4  Pearson’s correlation analysis was performed consid-
ering all subjects in  T0,  T1,  T2 between Small World in every 
frequency and ADAS-Cog scores, showing a strong negative 
correlation between ADAS-Cog and delta SW (r = -0.3103, 

p = 0.00007) (4a) and a positive one between ADAS-Cog and 
alpha 1 (r = 0.1771, p = 0.0261) (4b). The lower delta SW or 
the higher alpha 1 SW index, the lower ADAS-Cog score, cor-
responding to a better cognitive condition of the patient

Fig. 5  Pearson’s correla-
tion analysis was performed 
considering all subjects 
as a groups Small World 
values at  T0 and ADAS-Cog 
scores at  T2, showing that 
ADAS-Cog at long-term 
follow-up  T2 correlates 
negatively with alpha 2 SW 
(r = -0.3932, p = 0.0177), 
highlighting the prediction 
power of alpha 2 SW index
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training, compared to a worsening of + 0.44 points in 
the Control group C. After 40 weeks from treatment, 
we evaluated only patients in terms of variation in the 
ADAS-Cog scale to assess the long-term effects of the 
rTMS on the disease. The outcomes showed a wors-
ening of ADAS-Cog scores compared to the baseline 
in all groups, with group A showing a significantly 
lower one (A =  + 1.59, B =  + 3.29, C =  + 15). How-
ever, patients in group C evaluated at the long-term 
follow-up  (T2) are only 2. We remember that group C 
underwent a treatment basically based on the admin-
istration of cognitive training, with sham rTMS. The 
reason lies in a large percentage of patients in this 
group whose conditions suddenly worsened over this 
period (about a year) and consequently were not moti-
vated, preferring to leave the study.

A second relevant observation of the current 
study was to investigate whether the rTMS-Cog 
protocol was able to modulate cortico-cortical con-
nectivity measured on resting-state and high-density 
EEG recordings via network-based graph analy-
sis. Brain connectome is, in fact, a useful approach 
for understanding brain cognitive functions and its 
alterations [23]. Regarding the evaluation of condi-
tion after the end of the treatment, statistical analy-
sis for the evaluation of the SW index showed not 
a significant variation between  T0 and  T1 in each 
group and frequency bands. The conditions of the 
AD patients are stable in each group at  T1 immedi-
ately after the end of the treatment. A relevant result 
to underline stems from the SW at 40 weeks  (T2) in 
comparison with the baseline. Namely, in line with 
the cognitive results (as evaluated by ADAS-Cog), 
patients undergoing the complete treatment pro-
tocol (group A) showed no differences in terms of 
SW over time, whereas the ones who were treated 
through only cognitive training (group B) showed a 
significant variation in terms of SW in delta, alpha 
1, and beta 1 frequency bands.

Finally, the correlation analysis has shown a strong 
negative correlation between the ADAS-Cog score 
and delta SW and a positive correlation between the 
ADAS-Cog score and alpha 1 SW; namely, lower 
delta SW, higher the ADAS-Cog score that represents 
a worse cognitive condition of the patient and lower 
alpha 1 SW, lower the ADAS-Cog score, that empha-
sizes an improving cognitive state. Furthermore, a 
significant negative correlation between the improve-
ment of ADAS-Cog score and baseline alpha 2 Small 

World index was evident, giving alpha 2 SW index 
the weight of recovery prediction.

In this study, we found considerable effects on 
dual-outcome assessment scales evaluating cogni-
tive (ADAS-Cog) and functional change at brain net-
works level. ADAS-Cog is the most widely used scale 
to assess the level of cognitive dysfunction in AD, 
and studies demonstrated that ADAS-Cog is able to 
detect important changes at mild and moderate stages 
of the disease [46]. Regarding the neuropsychologi-
cal results, in terms of ADAS-Cog scale, the present 
findings suggest a potential role of this combined 
rehabilitation approach in slowing down the progres-
sive decline of cognitive functions and the advance-
ment of disease in AD patients. This result appears 
remarkable in view of the fact that the disease pro-
gression in AD patients across all available and rel-
evant literature sources is estimated as 5.5 points on 
ADAS-Cog per year, depending on the severity of 
the disease [47]. An important novelty compared to 
the previous studies is represented—besides the EEG 
connectivity analysis—by the enlargement of the time 
range of observation post-treatment, that we extended 
until 40  weeks (about 1  year after the intervention) 
compared with a maximum of 6 weeks as in Brem’s 
[12] paper. At this time point, we observed a worsen-
ing on the mean ADAS-Cog score from baseline in 
both treatment and sham group, that was lower in the 
first one compared to the second one, although not 
statistically significant. However, the contribution of 
rTMS to treatment success would seem limited from 
the point of view of the neuropsychological scale and 
similar results seem to have been achieved with cog-
nitive training alone, at least the end of the treatment.

A further purpose of the current study was to 
investigate whether the rTMS-Cog protocol was able 
to modulate cortico-cortical connectivity measured 
on resting-state and high-density EEG recordings via 
network-based graph analysis. The parameter evalu-
ated in the present study was the SW, a concept intro-
duced as a model of network organization allowing 
an optimal balance between local specialization and 
global integration [38, 48, 49] SW characteristics 
reflect complex inhibitory and excitatory brain cir-
cuits consisting of functionally specialized regions 
that continuously and mutually cooperate to acquire, 
share, and integrate information and that are also 
governed by a number of variables including atten-
tion, emotion, motivation and which finally could 
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influence network performance [50, 51]. Unfortu-
nately, it was evident that SW between groups, bands, 
and time present no significant differences observed 
after the treatment  (T1), whereas various crucial out-
comes emerge at  T2, considering the 40-week follow-
up. In particular, by comparing SW among frequency 
bands in  T0,  T1,  T2, patients in group A have shown 
no differences in time; meanwhile, SW values of 
patients in group B worsen in the different frequency 
bands (delta, alpha-1, and beta-1). These results are 
in line with a previous study in which the SW pattern, 
evaluated in AD and in elderly healthy subjects, pre-
sented a SW values in AD lower than normal elderly 
in the low frequencies band and the opposite one in 
the alpha band [52]. The observed SW reduction in 
the low-frequency bands (delta) in group B at  T2 rep-
resents a more ordered structure being interpreted as 
a loss of efficiency of the network communication 
flow and functional disconnection. Miraglia and col-
leagues [52] showed that AD patients presented lower 
values of SW in delta band compared to mild cogni-
tive impairment (MCI) patients and to normal elderly 
people. Additionally, several studies have revealed 
that an increase of alpha SW parameter correlates 
with a reduced brain region synchronization and inte-
gration, namely a more randomized network, reflect-
ing a cognitive dysfunction. In line with previous 
evidences a reduction of SW in beta 1 was revealed. 
Vecchio et al. [53] have shown that beta 1 SW is lower 
compared to normal elderly people, also demonstrat-
ing a positive correlation of this parameter with the 
hippocampal volume on volumetric MRI. Assessing 
the subjects in the subsequent follow-ups was there-
fore crucial to understand whether this improvement 
was maintained over time and to understand whether 
rTMS might yield long-term effects not immediately 
visible. Indeed, rTMS is well-documented method 
that has been shown to facilitate cortical excitability 
for long-lasting effects: It can modulate cortical excit-
ability, decreasing or increasing it, depending on the 
parameters of stimulation with an effect that seems to 
persist over time [5–7, 54]. Moreover, cognitive func-
tions are regulated by synaptic neuronal activities, 
and synaptic strength can be altered by co-activation 
of input neurons. rTMS may promote the neural coac-
tivation to change synaptic strength to further facili-
tate memory and language [55]. This effect has been 
demonstrated by other studies, e.g., Cotelli and col-
leagues identified that rTMS has an important role in 

improving language and auditory sentence compre-
hension [9, 56, 57] and then another report showed 
that rTMS can facilitate verbal responsiveness in AD 
patients [58].

Lastly, correlation analysis was able to assess the 
role of diagnostic and prognostic biomarkers to SW 
indexes. The diagnostic role is played by delta and 
alpha 1 SW: In particular, a higher score of ADAS-
Cog scale, that represents a worse condition in cogni-
tive terms, may be described by a lower SW in the 
delta band and a higher SW in the alpha 1 band. In 
addition, the prognostic role is acted by alpha 2 SW 
analyzed at the baseline: It might be hypothesized 
that resting SW characteristic in EEG alpha 2 band 
correlates with recovery and might therefore repre-
sent a biomarker of possible functional recovery. This 
index could be used as a predictive factor for cogni-
tive recovery to address patients with improving func-
tion following a rehabilitation therapy, regardless of 
the therapy itself.

In conclusion, rTMS combined with cognitive 
training can be regarded as a potentially useful treat-
ment for AD, not modifying the neuropathological 
changes, but slowing down their effects on brain net-
works and providing important groundwork for future 
studies to build upon. Derived EEG parameters can 
be awarded the role of diagnostic and predictive bio-
markers of AD progression.

Limitations and Future Perspectives

Some limitations should be taken into account as 
listed in the following. The number of patients 
enrolled is limited based on the availability and feasi-
bility of our clinical center. The results of the present 
paper highlight that in the long term there are lasting 
effects potentially given by the rTMS application. 
In future studies, it would be interesting to increase 
the number of patients to design a fourth group of 
rTMS and sham cognitive training with the pur-
pose to emphasize the results obtained in the present 
paper. Moreover, increase the total number of patients 
enrolled could be fundamental to define the correla-
tion results which actually have a wide distribution 
that require a careful interpretation. Furthermore, as 
the present treatment of rTMS-Cog involved mul-
tiple brain networks, future trials could be designed 
to be more focal to involve specific regions widely 
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demonstrated to be crucial in the alteration during 
AD, such as the default mode network (DMN). In 
addition, further researches are necessary to under-
stand which parameters could improve the effective-
ness of the treatment: The personalization of the stim-
ulation is certainly crucial and decisive, for example 
defining as modified parameters, such as the fre-
quency of stimulation, may affect the outcomes of the 
rehabilitation therapy. Following studies should have 
a protocol design, testing different rTMS parameters 
to establish the optimal stimulation based above all 
on the individuality of the patient.
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