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a b s t r a c t 

The default mode (DMN) and the salience (SN) networks show functional hypo-connectivity in 

Alzheimer’s disease (AD) and the behavioral variant of frontotemporal dementia (bvFTD), respectively, 

along with patterns of hyper-connectivity. We tested the clinical and neurobiological effects of noninva- 

sive stimulation over these networks in 45 patients (AD and bvFTD) who received either anodal (target 

network: DMN in AD, SN in bvFTD) or cathodal stimulation (target network: SN in AD, DMN in bvFTD). 

We evaluated changes in clinical, cognitive, functional and structural connectivity, and perfusion mea- 

sures. In both patient groups, cathodal stimulation was followed by behavioral improvement, whereas 

anodal stimulation led to cognitive improvement. Neither functional connectivity nor perfusion showed 

significant effects. A significant interaction between DMN and SN functional connectivity changes and 

stimulation protocol was reported in AD. These results suggest a protocol-dependent response, whereby 

the protocols studied show divergent effects on cognitive and clinical measures, along with a divergent 

modulatory pattern of connectivity in AD. 

© 2021 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Abbreviations: AD, Alzheimer’s disease; ASL, arterial spin labeling; bvFTD, be- 

havioral variant frontotemporal dementia; DMN, default mode network; FC, func- 

tional connectivity; rs-fMRI, resting-state functional magnetic resonance imaging; 

SN, salience network. 
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1. Introduction 

Alzheimer’s disease (AD) and the behavioral variant of fron- 

totemporal dementia (bvFTD) are 2 major causes of neurodegen- 

eration, involving a progressive decline in cognitive abilities and 

behavioral control, ultimately leading to loss of functional capac- 

ity ( Ferri et al., 2005 ; Neary et al., 2005 ). These diseases involve 

multiple complex mechanisms, from abnormal protein deposition 

(i.e., amyloid and hyperphosphorylated tau in AD; tau, TAR DNA 

binding protein-43 or fused-in-sarcoma (FUS) pathology in FTD) to 
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neuronal dysfunction, inflammation, and neuronal loss ( DeTure and 

Dickson, 2019 ; Mackenzie and Neumann, 2016 ). While a large body 

of research has focused on the molecular hallmarks of diseases, 

less attention has been paid to the mechanisms of network dys- 

function, which might represent an alternative therapeutic target 

( Palop and Mucke, 2016 ). It has been hypothesized that toxic pro- 

teins may spread across functional networks through a “prion-like”

mechanism in neurodegenerative diseases (Buckner et al., 2005; 

Pini et al., 2020 ; Seeley et al., 2009 ; Zhou et al., 2010 ). Functional 

networks can be quantified noninvasively with resting-state func- 

tional magnetic resonance imaging (rs-fMRI). This technique mea- 

sures the relationship between the blood oxygenation level depen- 

dent (BOLD) signal between different regions. Brain areas showing 

temporal correlation in BOLD levels are functionally related and are 

commonly referred to as “networks” ( Biswal et al., 1995 ). These cir- 

cuits might provide the functional scaffolding of cognitive and so- 

cial abilities ( Laird et al., 2011 ; Pezzulo et al., 2021 ; Shine et al., 

2016 ). Different cortical networks support specific abilities, such 

as the default mode network (DMN) for memory ( Ranganath and 

Ritchey, 2012 ) or the salience network (SN) for attention, social 

cognition, emotion control and behavior regulation ( Menon and 

Uddin, 2010 ). Similarly, their functional breakdown is linked to 

cognitive impairment in several neurological disorders, including 

AD and bvFTD ( Seeley et al., 2009 ; Buckner et al., 2005 ; Zhou et al., 

2010 ; Pini et al., 2021 ). Aberrant functional connectivity (FC) of the 

DMN is a well-established feature in AD and is associated with 

clinical severity and episodic memory impairment ( Buckner et al., 

2005 ; Zhang et al., 2010 ). In bvFTD, reduced FC within the SN is 

associated with clinical symptoms ( Seeley et al., 2009 ; Day et al., 

2013 ). Moreover, brain regions belonging to DMN and SN exhibit 

distinct alterations in the cerebral blood flow (CBF) in AD and 

bvFTD ( Benedictus et al., 2017 ; Hu et al., 2010 ). 

Abnormal network connectivity is emerging as a promising tar- 

get for intervention in neurodegenerative diseases. We and oth- 

ers have previously proposed that functional neuroimaging could 

help guide the implementation of brain stimulation paradigms 

( Fox et al., 2014 ; Pievani et al., 2016 ; Sale et al., 2015 ). Noninva- 

sive brain stimulation (NIBS) is the method of choice to directly 

alter brain activity by increasing or reducing cortical excitability 

( Sandrini et al., 2011 ). The 2 most common NIBS interventions are 

repetitive transcranial magnetic stimulation (rTMS) and transcra- 

nial direct current stimulation (tDCS). rTMS can perturb network 

dynamics by increasing or decreasing cortical excitability, whereas 

during tDCS a weak electrical current is applied directly to specific 

regions to modulate neuronal membrane potentials with excitatory 

or inhibitory effects depending on polarity ( Bikson et al., 2013 ; 

Sandrini et al., 2011 ). These techniques could be used to modu- 

late FC of cortical networks, with both local and distal effects in 

brain circuits ( Fox et al., 2014 ). To date, several studies have com- 

bined NIBS with rs-fMRI in healthy individuals showing that the 

propagation of NIBS-induced perturbation follows pathways that 

are functionally or structurally connected with the stimulation tar- 

get ( Ozdemir et al., 2020 ; Schintu et al., 2020 ). Consistent modula- 

tion of FC has been reported after NIBS, with both local and distal 

effects ( Amadi et al., 2014 ; Ozdemir et al., 2020 ; Lindenberg et al., 

2016 ; Stagg et al., 2014 ). These effects could be mediated by mod- 

ulation of GABAergic and glutamatergic pathways, although further 

studies are needed to shed light on the microscale effects of both 

rTMS and tDCS (see ( Pini et al., 2018 ) for a comprehensive review). 

To date, several studies have investigated NIBS-induced clinical 

and cognitive changes in neurodegenerative disorders, without fo- 

cusing specifically on brain networks, and their efficacy has not 

yet been demonstrated ( Lefaucheur et al., 2017 ; 2020 ). Only a few 

studies have assessed NIBS-induced modulation of connectivity in 

AD or FTD. Meinzer et al. (2015) reported in patients with mild 

cognitive impairment a “normalization” of FC after anodal tDCS in 

brain regions involved in the language network (i.e., the left infe- 

rior frontal gyrus). Recently, Koch and colleagues (2018) adopted 

the electroencephalography (EEG)-TMS approach to investigate the 

effect of high-frequency rTMS of the precuneus, a key node of 

the DMN, in prodromal AD patients, reporting improved memory 

and changes in EEG-based DMN connectivity ( Koch et al., 2018 ). 

In line with these studies suggesting that NIBS can modulate net- 

work connectivity, our aim was to investigate whether NIBS can 

(1) enhance connectivity and perfusion of the networks affected in 

AD and bvFTD (i.e., DMN and SN, respectively), (2) improve clinical 

and cognitive measures. Compared with previous EEG-TMS studies, 

we will employ multimodal MRI to assess functional and structural 

connectivity with rs-fMRI and diffusion MRI, and perfusion with 

arterial spin labeling (ASL). 

Furthermore, DMN and SN show divergent patterns in the 

healthy brain (i.e., when the SN is activated, the DMN is deacti- 

vated, and vice versa; Sridharan et al., 2008 ). Similarly, anticorre- 

lated connectivity patterns are observed in AD and bvFTD, with re- 

duced DMN connectivity in AD accompanied by hyper-synchrony 

in the SN, and, conversely, reduced SN connectivity in bvFTD by 

DMN hyper-synchrony ( Zhou et al., 2010 ). Based on these relation- 

ships, we hypothesize that NIBS interventions aimed at inhibiting 

anticorrelated networks might induce similar effects to approaches 

aimed at enhancing hypo-connected networks. 

The aim of the study was, therefore, to test the effect of tDCS on 

clinical, cognitive, structural and functional connectivity, and per- 

fusion features in AD and bvFTD by implementing 2 paradigms, 1 

aimed at excitation of the hypo-connected network (i.e., the DMN 

in AD, and the SN in bvFTD), and 1 at inhibition of the anticorre- 

lated network (i.e., the SN in AD, and the DMN in bvFTD). 

2. Methods 

2.1. Participants and study design 

This study was conducted in accordance with the principles of 

the Declaration of Helsinki. Patients were enrolled at the IRCCS Is- 

tituto Centro San Giovanni di Dio Fatebenefratelli in Brescia (Italy) 

and underwent clinical, cognitive, and imaging assessment at base- 

line (T0) and after 3 weeks (T1). See Fig. 1 for a flowchart of the 

study. Patients were also evaluated after 6 months (T2 follow-up); 

these data were not included in the current investigation. Biolog- 

ical samples (blood) were collected for APOE genotyping. Clinical, 

cognitive, and imaging variables were collected only once (T0) in 

age-matched healthy controls (HC) recruited through advertising or 

among caregivers. 

Inclusion criteria were a clinical diagnosis of AD or bvFTD 

( McKhann et al., 2011 ; Rascovsky et al., 2011 ), age between 50 

and 85 years, ability to provide written informed consent, and 

availability of a collateral source. Exclusion criteria for patients 

were (1) moderate/severe dementia (Mini Mental State Examina- 

tion - MMSE score < 18), (2) any medical condition that could in- 

terfere with evaluations, (3) contraindications for MRI and tDCS 

(metal implants, pacemakers, prosthetic heart valves, claustropho- 

bia, epilepsy). Additionally, patients with cortical vascular lesions 

on MRI were excluded for tDCS safety. The concomitant use of 

drugs was not an exclusion criterion, but patients had to be on 

a stable dosage regimen for at least 12 weeks before inclusion and 

until the end of the study. Eventual changes in therapy were mon- 

itored during the study. Exclusion criteria for HC were a medical 

history of neurologic or psychiatric conditions that could interfere 

with the assessment (e.g., transient ischemic attack, stroke, head 

trauma, epilepsy, multiple sclerosis, neuropathy, mood disorders, 

substance abuse) plus contraindications for MRI. 
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Fig. 1. Experimental design of the study. Patients underwent an extensive clinical/cognitive assessment and a multimodal MRI exam at week 0 (baseline). This baseline 

evaluation was followed by 2 weeks of intervention. At week 3, patients underwent the same cognitive/clinical and MRI exam as follow-up. 

2.2. Study procedures 

2.2.1. Randomization and sample size calculation 

Upon inclusion, participants were randomly assigned to 2 

groups (1:1 ratio): (1) anodal tDCS stimulation of the DMN in AD 

(aDMN protocol) and of the SN in bvFTD (aSN protocol), or (2) 

cathodal tDCS stimulation of the SN in AD (cSN protocol) and of 

the DMN in bvFTD (cDMN protocol). A covariate adaptive random- 

ization procedure was adopted to control for disease severity and 

age by dichotomizing both variables into 2 categories (MMSE cut- 

off: 21 for AD, 24 for bvFTD; age cutoff: 70 years) ( Lin et al., 2016 ). 

The sample size for this pilot study (n = 10 per group) was esti- 

mated based on a previous study assessing FC changes in the DMN 

in AD patients after pharmacological intervention ( Lorenzi et al., 

2011 ). Moreover, based on a study using multi-session applica- 

tion of excitatory rTMS to modulate FC of DMN hubs in adults 

( Wang et al., 2014 ), we estimated that this sample size would 

provide at least 90% power to detect a 0.9 ± 0.85 difference (ef- 

fect size of 1.06) in FC of the DMN after rTMS at the significance 

level of 0.05 using a 2-sided paired t-test. These studies were se- 

lected based on their commonalities with our study, such as the 

same outcome measure (DMN connectivity; Lorenzi et al., 2011 ) 

or the similar intervention (multi-session modulation of the DMN 

through a NIBS approach; Wang et al., 2014 ). Moreover, this sample 

size is largely overlapping with several previous studies investigat- 

ing tDCS-induced effects in patients with dementia (see Table 3 in 

( Pini et al., 2018 ). 

Patients, caregivers, and all study staff involved in the as- 

sessment were blinded to group assignment at the conclusion of 

follow-up. Patients were aware of the position of the electrodes on 

the skull, but not of the polarity of stimulation. Caregivers were 

blinded to the entire procedure. The researchers responsible for 

tDCS were blind to the clinical and cognitive characteristics of the 

patients. 

2.2.2. tDCS procedures 

Each patient underwent 10 daily 25-minutes tDCS sessions 

(fade-in and fade-out periods = 10 seconds) over 2 weeks. tDCS 

was delivered by a battery-powered constant current stimulator 

(BrainStim, EMS, Bologna, Italy) connected to a pair of sponge elec- 

trodes (anode and cathode). The size of the anode/cathode was 

based on whether the electrode was the ‘target’ (5 × 5 cm 

2 ) or 

the “reference” (6 × 8 cm 

2 ). The reference electrode was larger 

than the target electrode to improve the focality of the stimula- 

tion. The current intensity was set to 1.5 mA, leading to a maxi- 

mum of 0.06 mA/cm2 current intensity under the target electrode, 

within safety limits ( Poreisz et al., 2007 ). The electrodes were se- 

cured using elastic bands, and to reduce contact impedance an 

electro-conductive gel was applied under the electrodes. No cogni- 

tive tasks were administered. Patients were asked to remain seated 

and relaxed during the whole stimulation session. 

The target electrode was positioned according to the results 

of a previous meta-analysis of DMN and SN rs-fMRI studies 

( Pievani et al., 2017 ). For the aDMN protocol, the target (anode) 

was placed over the right inferior parietal DMN node (P4-P6 on the 

EEG 10/20 system), whereas the reference (cathode) was placed 

over the contralateral supraorbital region. For the cSN protocol, 

the target (cathode) was positioned over the right dorsolateral pre- 

frontal SN node (Fp2-AF4), whereas the reference (anode) was po- 

sitioned over the inion. In bvFTD, the same configuration was used, 

but the polarity of the electrodes was reversed: for the aSN proto- 

col, the anode was placed over the right dorsolateral prefrontal SN 

hub (Fp2-AF4) and the cathode over the inion; for the cDMN pro- 

tocol, the cathode was placed over the right inferior parietal DMN 

lobe (P4-P6) and the anode over the contralateral supraorbital cor- 

tex. Supplementary Figure S1 shows the tDCS montage for the 4 

tDCS protocols, and Supplementary Figure S2 shows the tDCS cur- 

rent flow modeling. 

2.3. Cognitive and clinical assessment 

The neuropsychological evaluation assessed: global cognition 

with the MMSE ( Folstein et al., 1975 ); memory with Auditory Ver- 

bal Learning Test, immediate and delayed recall ( Carlesimo et al., 

1996 ), Rey–Osterrieth Complex Figure recall ( Caffara et al., 2002 ), 

story recall ( Novelli et al., 1986a ), digit span backward and for- 

ward tests ( Monaco et al., 2013 ) and the paired associates learn- 

ing test; language with verbal fluency (phonemic and seman- 

tic) tasks ( Novelli et al., 1986b ), and Token Test ( Spinnler and 

Tognoni 1987 ); attention and executive functions with Trail Mak- 

ing Test part A and part B ( Amodio et al., 2002 ; Giovagnoli et al., 

1996 ) visuo-constructional abilities with Rey–Osterrieth Complex 

Figure copy ( Caffara et al., 2002 ) and the clock test ( Caffara et al., 

2011 ); emotion recognition with the Reading the Mind in the 

Eyes ( Serafin and Surian, 2004 ), and the 60 Ekman faces tests 

( Dodich et al., 2014 ). Controls underwent cognitive evaluation only 

at baseline, for comparison purposes, whereas patients repeated 

the cognitive evaluation at all time points considered. Finally, we 
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computed composite scores for each cognitive domain (i.e., mem- 

ory, language, executive, visuo-constructional and emotion recogni- 

tion). To this aim, patients’ scores on each test were z-transformed 

according to the performance distribution of the HC sample. Z- 

scores from each test were then averaged for each domain. 

The clinical battery included the Clinical Dementia Rat- 

ing (CDR) Scale (global and sum of boxes (CDR-SOB) scores) 

( Hughes et al., 1982 ), the Neuropsychiatric Inventory (NPI) 

( Cummings et al., 1994 ), and the Frontal Behavior Inventory (FBI, 

for bvFTD only) ( Kertesz et al., 1997 ). In addition, the following 

clinical scales were collected to evaluate disease severity: Barthel 

index ( Mahoney and Barthel, 1965 ), Instrumental Activities of Daily 

Living scale (IADL) ( Lawton and Brody 1969 ), Geriatric Depression 

Scale (GDS) ( Yesavage et al., 1982 ). 

2.4. MRI acquisition protocol 

Rs-fMRI, diffusion MRI, and ASL data were acquired on a 3T 

Philips Achieva system equipped with an 8-channel head-coil (Uni- 

versity Hospital of Verona, Italy). The following sequences and pa- 

rameters were used: 2D gradient echo echo-planar imaging (GRE- 

EPI) sequence for functional connectivity analysis (time repeti- 

tion (TR)/echo time (TE) = 30 0 0/30ms; flip angle = 80 °, resolu- 

tion = 3mm isotropic; 48 axial slices; volumes = 200); 2D GRE- 

EPI pseudo-continuous ASL for CBF measurement (TR/TE = 4376/12 

ms; labeling duration/postlabeling delay = 1650/1800ms, 2 back- 

ground suppression pulses at 1700 ms and 2926 ms from the start 

of the scan; flip angle = 90 °; resolution = 3 × 3 × 4 mm 

3 ; 26 

slices; volumes = 90); 3D structural T1-weighted (TR/TE = 8/3.7 

ms; flip angle = 8 °; resolution = 1 mm isotropic; 180 sagit- 

tal slices); 2D fluid attenuated inversion recovery for white mat- 

ter hyperintensities (WMHs) assessment (TR/TE = 90 0 0/90 ms; 

TI = 2500 ms; flip angle = 150 °; resolution = 0.86 × 0.86 × 5 

mm3; 35 axial slices). Finally, diffusion data were acquired us- 

ing an axial spin-echo EPI sequence (TR/TE = 10269/55 ms; flip 

angle = 90 °; resolution = 2mm isotropic; 60 axial slices; b- 

value = 10 0 0 s/mm 

2 ; 32 directions plus 1 b = 0 s/mm 

2 ). Addi- 

tionally, a calibration scan with the same parameters as the ASL 

sequence but with a longer TR (10s) and without background sup- 

pression was acquired for CBF quantification, and for both ASL and 

rs-fMRI data a set of images with opposite phase encoding direc- 

tions were collected for distortions correction. Subjects were asked 

to abstain from alcohol the day before and from caffeine the morn- 

ing before each MRI exam. Subjects were instructed to lie still in 

the scanner, keep eyes closed but not fall asleep while the images 

were collected. 

2.5. Functional connectivity preprocessing 

The first 5 volumes were discarded to allow for mag- 

netic field stabilization. Scans were corrected for distortions 

using the FMRIB’s Software Library (FSL, fmrib.ox.ac.uk/fsl/) 

topup tool ( Andersson and Sotiropoulos, 2016 ) and coregis- 

tered to the first scan. Additionally, data were scrubbed using 

ArtRepair toolbox ( cibsr.stanford.edu/tools/human- brain- project/ 

artrepair-software.html) for SPM12 ( fil.ion.ucl.ac.uk/spm/software/ 

spm12/ ). Scrubbing was performed on outlier volumes, defined as 

frames with excessive motion ( > 3 mm or > 0.05 °) or spikes in the 

global signal ( > 3% deviation from the mean) and per-slice cor- 

rected by temporal linear interpolation. Patients were excluded 

from further analysis when more than 25% of frames were clas- 

sified as outliers after scrubbing. Subsequently, images were lin- 

early spatially normalized to the Montreal Neurological Institute 

(MNI) template and spatially smoothed with a 6 mm FWHM. Non- 

neuronal sources of BOLD fluctuations were removed by regress- 

ing out the 6 rigid body head motion parameters and the sig- 

nal from the CSF and white matter (WM) compartments, which 

were segmented from the T1-weighted scan and registered to the 

rs-fMRI space using SPM unified segmentation and affine regis- 

tration. Finally, functional data were temporally high-pass filtered 

with a cut-off of 100 seconds (0.01 Hz) to reduce the effect of low- 

frequency drifts. 

Changes in rs-fMRI connectivity were assessed through an in- 

dependent component analysis (ICA) using the Group ICA Tool- 

box (GIFT version 3.0a). The number of independent components 

extracted (n = 30) was chosen according to the minimum de- 

scription length criteria ( Li et al., 2007 ). Networks were extracted 

from the pooled group of HC and patients (for patients both time- 

points were considered). The resulting group maps were used to 

derive the corresponding individual components, through a back- 

reconstruction step. The estimated spatial maps were then con- 

verted into z-scores. The networks of interest (DMN and SN) were 

identified using a template matching spatial correlation procedure 

with standard templates ( Shirer et al., 2012 ) through the FSL utility 

fslcc . 

2.6. Arterial spin labeling preprocessing 

ASL data were preprocessed and analyzed using FSL. Data were 

first realigned to account for spatial motion displacement and then 

corrected for nuisances (6 head motion parameters, CSF and WM 

signals) using linear regression. In addition, the ASL calibration 

scan was chosen as the reference image for estimating the coreg- 

istration parameters from ASL to the individual T1-weighted im- 

age by applying a rigid-body registration with 6 ° of freedom and 

Boundary-Based Registration cost function. Each T1-weighted im- 

age was also registered to the MNI space with 2-mm spatial reso- 

lution using a nonlinear method. 

Preprocessed control and label volumes were pair-wise sub- 

tracted and averaged to obtain perfusion-weighted images, which 

were quantified into CBF [ml/100g/min] by applying the general ki- 

netic model as follows: 

CBF = 

60 0 0 · λ · �M · e 
PLD 
T 1 b 

2 · α · αin v · T 1 b · M 0 t ·
(

1 − e 
−τ
T 1 b 

)

where λ is the brain-blood partition coefficient (0.9 mL/g), �M 

represents the perfusion-weighted maps, PLD is the postlabeling 

delay corrected for label decay in ascending slices acquired with 

2D readout, T 1b is the longitudinal relaxation time of arterial blood 

(1650 ms at 3T), α is the labeling efficiency (0.85 for pCASL), αinv 

corrects for the decrease in labeling efficiency due to 2 background 

suppression pulses (0.83) ( Buxton et al., 1998 ). M 0t is the tissue 

equilibrium magnetization, voxel-wise estimated from the calibra- 

tion scan, and τ represents the labeling duration ( Alsop et al., 

2015 ). 

Considering the relatively low ASL spatial resolution and brain 

atrophy, partial volume corrected (PVC) CBF maps for grey mat- 

ter were created for each subject. In detail, tissue probability maps 

derived from the segmentation of the individual T1-weighted im- 

age were first smoothed with a 3 × 3 × 4 mm 

3 kernel to mimic 

the ASL resolution. These smoothed maps were then downsam- 

pled to the ASL space using the inverse of the previously estimated 

transformation matrix and finally applied to calculate the PVC CBF 

maps following the equation CBF corr = CBF uncorr /(P gm 

+ 0.4 ·P wm 

) 

( Du et al., 2006 ). Finally, the joint ASL/T1-weighted and T1- 

weighted/MNI space transformation parameters were used to spa- 

tially normalize the estimated PVC CBF maps. 

http://www.cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html)
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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2.7. DTI processing 

Data preprocessing was carried out with the FMRIB’s Diffu- 

sion Toolbox (FDT, fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT), part of FSL. 

The topup tool was used to correct for susceptibility-induced dis- 

tortions along with eddy to correct for eddy current-induced dis- 

tortions and subject’s motion. The DTIfit toolbox (part of FDT) 

was used to estimate the diffusion tensor and calculate fractional 

anisotropy (FA), mean (MD), axial (AxD), and radial (RD) diffusivity 

maps. 

A tract-of-interest approach was used to measure the mi- 

crostructural parameters (FA, MD, AxD, RD) within the WM tracts 

of the networks of interest. DMN and SN WM tract ROIs were 

defined using a previously published probabilistic atlas in MNI 

space ( Figley et al., 2015 ). For each network, the WM probability 

maps (dorsal and ventral components of the DMN, anterior and 

posterior components of the SN) were thresholded at 25%, bina- 

rized, and combined to derive a single tract-mask for each net- 

work. Structural connectivity analysis was then carried out in the 

native diffusivity space of each subject, as follows. The Tract-Based 

Spatial Statistics (TBSS; fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) tool was 

used to compute the nonlinear transformations bringing native dif- 

fusion images into a standard reference space ( Smith et al., 2006 ). 

The affine- and nonlinear transformations warping each subject’s 

FA to a FA template in MNI space (FMRIB58_FA standard-space 

FA template) were computed using the FMRIB’s Nonlinear Image 

Registration Tool (FNIRT, part of FSL). The inverse transformations 

were then computed and applied to each network ROI for back- 

projection from MNI space to each subject’s diffusion space. The 

ROI analysis was restricted to the normal appearing WM by ex- 

cluding WMHs and CSF voxels, as follows. WMHs were segmented 

from the FLAIR images using the lesion prediction algorithm (LPA) 

implemented in the LST toolbox (statistical-modelling.de/lst.html) 

( Schmidt et al., 2012 ). The T1 image of each subject was used 

as a reference image for co-registration before lesions’ segmenta- 

tion. Lesion probability maps were threshold at 0.95 and binarized. 

WMHs maps were then warped from T1 to DTI space by concate- 

nating the nonlinear transformation bringing each subject’s T1 im- 

age to the standard MNI template (computed with FSL FNIRT tool) 

with the inverse of the nonlinear warp bringing each DTI image 

to MNI space (computed with TBSS). The CSF was segmented from 

the MD maps using the FAST tool (part of FSL) and a 2-class seg- 

mentation. 

2.8. Data analysis 

The nonparametric Friedman test was used to evaluate the ef- 

fect of time (T0 vs . T1) on clinical and cognitive variables, sepa- 

rately for each diagnostic group (AD and bvFTD) and tDCS protocol. 

For cognitive measures, a single composite score was computed for 

each domain by averaging the z-transformed scores according to 

the mean and SD of the HC group. Statistical significance was set at 

p < 0.05 using the Statistical Package for the Social Sciences (SPSS 

– Inc, version 23.0. Chicago). 

For FC, the individual GIFT z-score maps of the DMN and the 

SN were thresholded at z > 2 and the mean global FC was com- 

puted for each subject. For ASL, the thresholded FC maps were 

used as masks to compute the network mean CBF for each patient 

(Supplementary Figure S3). For DTI, average fractional anisotropy 

(FA), mean diffusivity (MD), axial diffusivity (AxD), and radial dif- 

fusivity (RD) were computed within the WM tracts connecting the 

nodes of each network of interest (i.e., the DMN and SN). To assess 

the effect of time, tDCS protocol, and network on FC, CBF, and DTI 

measures, linear models for repeated measures were performed in- 

cluding the 3 main effects and their interactions as predictors: (1) 

time, (2) protocol and (3) network as within-subject factors. 

2.9. Monitoring of side effects 

Adverse events were monitored through 2 structured question- 

naires. A first questionnaire, administered at the end of the first 

and last tDCS sessions, was used to monitor the occurrence of the 

most common tDCS induced discomfort sensations and their in- 

tensity ( Fertonani et al., 2015 ). A second questionnaire was admin- 

istered to monitor adverse events occurring within 24 hours after 

each tDCS session. 

3. Results 

Twenty-six AD and 27 bvFTD patients were assessed for eligi- 

bility between June 2015 and July 2018 (Supplementary Figure S1). 

A sample of 20 HC was enrolled. Twenty-two AD and 23 bvFTD 

patients were randomized to either the anodal (11 AD; 12 bvFTD) 

or cathodal (11 AD; 11 bvFTD) tDCS protocol (Supplementary Ta- 

ble S1). Three patients were withdrawn by the investigators for 

safety reasons (i.e., psoriasis, n = 1; cortical vascular lesions on 

MRI, n = 2) and 2 patients withdrew from the study, leaving 10 

patients in each group ( Table 1 ; Supplementary Figure S1). 

On average, patients performed MRI exam 4.5 ± 4.3 days before 

the first tDCS session, with no differences between AD (days 4.1 

± 3.9) and bvFTD (days 4.9 ± 4.7) ( p = 0.731; U = 268). The MRI 

exam at follow-up was performed 3.4 ± 1.8 days after the last tDCS 

session with no differences between patient groups (AD: days 3.0 

± 0.2; bvFTD: 3.7 ± 2.5; p = 0.758; U = 212). 

3.1. Cognitive and clinical measures 

In AD, the aDMN protocol showed significant improvement in 

memory ( + 7%; delta mean T1-T0: 0.3 ± 0.2, p = 0.002) and lan- 

guage ( + 23%; delta mean T1-T0: 0.7 ± 0.6, p = 0.01; Table 2 ). 

Memory improvement was also reported in the cSN group ( + 6%; 

delta mean T1-T0: 0.3 ± 0.3, p = 0.01; Table 2 ). In bvFTD, we found 

a significant improvement in language in the aSN group ( + 16%; 

delta mean T1-T0: 0.7 ± 0.9, p = 0.01), whereas the cDMN group 

showed no cognitive changes ( Table 2 ). 

In AD, the aDMN protocol showed no significant effect in clin- 

ical variables (time effect: p > 0.06 for global CDR, CDR-SOB, NPI; 

Table 3 ). In the cSN protocol, no significant effect on CDR was re- 

ported (time effect: p > 0.32), whereas we found a significant im- 

provement for NPI (30% improvement; delta mean T1-T0 of 3 ± 6, 

p = 0.01; Table 3 ). In bvFTD, the aSN protocol showed no effect on 

clinical measures (time effect: p > 0.06 for global CDR, CDR-SOB, 

NPI, FBI; Table 3 ). No improvement was reported for CDR in the 

cDMN group (time effect: p = 1), whereas NPI showed a signifi- 

cant improvement (20% improvement; delta mean T1-T0 of 6 ± 11, 

p < 0.03). No FBI effects were found ( p = 0.74; Table 3 ). 

3.2. Imaging network measures 

3.2.1. Functional network connectivity 

Rs-fMRI scans were available for 38 out of 40 patients (n = 1 

bvFTD incomplete scan; n = 1 bvFTD excessive motion). In AD, 

no significant effect of time for either DMN or SN ( p > 0.90) was 

found ( Fig. 2 , Supplementary Table S2). This null effect was due to 

a divergent pattern of FC changes between the 2 arms ( Fig. 3 ). The 

linear model for repeated measure revealed a significant time ∗arm 

interaction for the DMN ( p = 0.009), and a nonsignificant trend for 

the SN ( p = 0.17), whereby the aDMN group showed FC changes in 

line with the hypothesis (i.e., DMN increases and SN decreases), 
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Fig. 2. Changes in imaging measures after tDCS in AD and bvFTD groups. Panel A) Functional connectivity: In AD a significant time ∗protocol interaction effect was found 

within the DMN, suggesting a divergent DMN modulation after the 2 tDCS paradigms. No significant effect was found in the bvFTD group; Panel B) Perfusion: No significant 

time or interaction effects were reported for both AD and bvFTD patients. Panel C) Diffusion: No significant time or interaction effects were reported for AD. No changes were 

reported in fractional anisotropy in bvFTD patients, whereas mean, radial and axial diffusivity in bvFTD showed a significant time effect. Significant results (marked with ∗) 

and standard error bars are reported. AD: aDMN protocol, dark blue; cSN protocol, dark red; bvFTD: aSN protocol, light blue; cDMN protocol, orange (For interpretation of 

the references to color in this figure legend, the reader is referred to the Web version of this article). 
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Table 1 

Baseline sociodemographic and clinical characteristics of Alzheimer’s disease (AD) and behavioral 

variant frontotemporal dementia (bvFTD) patients included in the study 

AD bvFTD 

aDMN cSN aSN cDMN 

n = 10 n = 10 p n = 10 n = 10 p 

Age 72 ± 6 73 ± 6 0.912 71 ± 10 69 ± 11 0.796 

Sex (% Female) 60% 40% 0.371 30% 50% 0.361 

Education 9 ± 3 8 ± 5 0.280 10 ± 4 8 ± 3 0.579 

Onset age 68 ± 6 69 ± 6 0.912 66 ± 11 65 ± 10 0.739 

MMSE 21 ± 2 21 ± 2 0.853 21 ± 5 23 ± 3 0.529 

IADL (lost functions) 2 ± 2 2 ± 1 0.912 4 ± 3 4 ± 2 1 

Barthel Index 99 ± 2 100 ± 0 0.481 94 ± 9 90 ± 12 0.436 

GDS (30 items) 7 ± 3 6 ± 4 0.393 9 ± 9 9 ± 4 0.222 

ARWMC scale 4.6 ± 1.6 5.8 ± 3.8 0.631 5.8 ± 4 4.6 ± 5.3 a 0.274 

Differences were assessed with the Wilcoxon signed-rank or chi-squared tests as appropriate. 

Key: ARWMC, age-related white matter changes scale; GDS, geriatric depression scale; IADL, Instru- 

mental activities daily living; MMSE, Mini mental state examination. 
a Data available for 8 subjects. 

Table 2 

Changes in cognitive performance after brain network stimulation 

T0 Mean (SD) Delta Mean (SD) Time effect p value T0 Mean (SD) Delta Mean (SD) Time effect p value 

Alzheimer’s disease (AD) 

aDMN (n = 10) cSN (n = 10) 

Memory -4.4 (0.7) 0.3 (0.2) 0.002 a -4.7 (0.5) 0.3 (0.3) 0.01 a 

Language -3.1 (1.6) 0.7 (0.6) 0.01 a -3.2 (1.3) 0.4 (0.6) 0.06 

Executive Functions -4.4 (3.5) 0.3 (2.9) 0.74 -5.6 (4.9) -0.3 (2.4) 0.53 

Visuospatial -3.8 (2.5) 1.2 (1.1) 0.10 -3.2 (2.2) 0.0 (1.6) 0.53 

Emotion Recognition -1.6 (1.3) 0.1 (0.5) 1 -1.4 (1.4) 0.1 (0.6) 0.74 

Behavioral variant frontotemporal dementia (bvFTD) 

aSN (n = 10) cDMN (n = 10) 

Memory -4.0 (1.1) 0.1 (0.3) 0.21 -3.7 (1.1) 0.2 (0.3) 0.06 

Language -4.5 (2.2) 0.7 (0.9) 0.01 a -4.5 (1.6) 0.4 (0.6) 0.21 

Executive Functions -6.3 (6.3) 0.7 (2.3) 0.21 -5.5 (4.2) -0.7 (1.6) 0.06 

Visuospatial -2.8 (1.8) 0.1 (0.8) 0.53 -3.7 (2.1) 0.4 (0.9) 0.21 

Emotion Recognition -3.2 (1.9) 0.3 (1.2) 0.21 -3.3 (1.3) 0.1 (0.9) 0.10 

Nonparametric repeated measure ANOVA was used to assess time effect (Friedman test). 
a Denotes statistically significant effects. 

Table 3 

Changes in clinical and behavioral scales after brain network stimulation 

T0 Mean (SD) Delta Mean (SD) Time effect p value T0 Mean (SD) Delta Mean (SD) Time effect p value 

Alzheimer’s disease (AD) 

aDMN (n = 10) cSN (n = 10) 

CDR global score 0.7 (0.2) -0.1 (0.2) 0.32 0.7 (0.3) 0.0 (0.0) 1 

CDR-SOB score 3.2 (1.2) 0.1 (0.4) 1 3.3 (1.1) 0.0 (0.2) 0.32 

NPI 11 (10) -1 ± (3) 0.06 10 (7) -3 (6) 0.01 a 

Behavioral variant frontotemporal dementia (bvFTD) 

aSN (n = 10) cDMN (n = 10) 

CDR global score 0.8 (0.3) 0.0 (0.0) 1 0.9 (0.6) 0.0 (0.0) 1 

CDR-SOB score 4.6 (2.1) -0.1 (0.3) 0.32 5.1 (3.3) 0.0 (0.0) 1 

NPI 28 (15) -1 (4) 0.06 30 (11) -6 (11) 0.03 a 

FBI 26 (12) -2 (4) 0.53 32 (6) -4 (8) 0.74 

Nonparametric repeated measure ANOVA was used to assess time effect (Friedman test). 

Key: CDR, clinical dementia rating scale; CDR-SOB, clinical dementia rating scale – sum of boxes; NPI, neuropsychiatric inventory; FBI, frontal 

behavioral inventory. 
a Denotes statistically significant effects. 

whereas the cSN group showed the opposite pattern. The signifi- 

cance of the triple interaction time ∗arm 

∗network ( p = 0.02) con- 

firmed the divergent pattern of DMN and SN networks across the 

2 groups ( Fig. 3 , Supplementary Table S2). Within bvFTD patients, 

null time effects were reported for FC of the 2 networks (DMN 

and SN, p > 0.16; Fig. 2 , Supplementary Table S2). Null time effects 

were not driven by protocol or network differences (protocol ∗time 

interaction and protocol ∗time ∗network interactions not significant; 

Supplementary Table S2). 

3.2.2. Cerebral blood flow 

ASL scans were available for 34 out of 40 subjects (6 data not 

available due to motion [n = 2] or incomplete data [n = 4]) in- 

cluding 18 AD (n = 9 for each arm) and 16 bvFTD (n = 7 for 

aSN and n = 9 for cDMN) for the analysis. We did not report 

a significant effect of time within the 2 networks, in either AD 

( p > 0.30) or bvFTD ( p > 0.10; Fig. 2 ; Supplementary Table S2). 

In addition, no significant time ∗protocol ∗network interaction was 

found for AD ( p = 0.673) and bvFTD ( p = 0.119). Moreover, no sig- 
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Fig. 3. Network interaction effect after tDCS in AD patients. In AD, a significant 

time ∗protocol ∗network effect was reported, showing a divergent effect of aDMN and 

cSN stimulation on functional connectivity. 

nificant time ∗protocol interaction was reported in any diagnostic 

group (Supplementary Table S2). 

3.2.3. Structural network connectivity 

Diffusion MRI scans were available for 36 out of 40 patients (2 

bvFTD were excluded due to incomplete scan, 2 bvFTD for arti- 

facts/excessive motion). In AD, no significant effect was reported 

for all comparisons ( p > 0.2; Fig. 2 ; Supplementary Table S3). 

In bvFTD no time effect was reported for FA ( p > 0.5), whereas 

we observed a significant increase in MD (DMN: p = 0.004; SN: 

p = 0.002), combined with increases in both AxD and RD metrics 

( p < 0.01 for both networks; Fig. 2 ; Supplementary Table S3). By 

contrast, no time ∗protocol or time ∗protocol ∗network interactions 

were reported ( p > 0.4), indicating that this effect was not driven 

by network or intervention (Supplementary Table S3). 

3.3. Side effects 

The incidence of adverse events was slightly higher in the 

cathodal arm than in the anodal arm (Supplementary Table S4), al- 

though the difference was not statistically significant ( χ2 = 2.23; 

p = 0.13). All the reported adverse effects resolved within 24 hours. 

In general, tDCS was well tolerated by the patients. The most fre- 

quent discomfort sensation was pinching (n = 14), followed by 

itching (n = 5) and burning (n = 5). All of these discomfort per- 

ceptions were rated as mild (See supplementary Table S4). At T2, 1 

bvFTD patient assigned to the cDMN arm dropped out of the study 

due to a serious adverse event occurring between T1 and T2 (in- 

testinal infarction). 

4. Discussion 

This study assessing NIBS-induced clinical, cognitive, and net- 

work connectivity changes in AD and bvFTD using multimodal 

imaging suggests a divergent polarity-dependent effect of stimu- 

lation on clinical and cognitive measures. Specifically, our results 

suggest that cathodal tDCS stimulation of the SN in AD and of the 

DMN in bvFTD seems effective at im proving behavior, whereas an- 

odal tDCS stimulation of the disease-specific network (DMN in AD 

and SN in bvFTD) might restore cognition. 

In AD, improvements in memory and language performance 

were observed after anodal DMN stimulation. The link between 

DMN and memory in AD is well established ( Buckner et al., 2005 ) 

and our results suggest that this tDCS stimulation protocol may 

improve memory and other DMN-associated functions. Overall, the 

positive effect of anodal tDCS of the DMN on cognition coupled 

with the lack of clinical/behavioural effects suggests that this pro- 

tocol might be more effective for cognitive rehabilitation than for 

clinical/behavioral recovery. Conversely, positive behavioral effects 

were reported in AD after cathodal tDCS stimulation of the SN. The 

SN plays a key role in modulating behavior ( Seeley et al., 2007 ) 

and our findings in AD suggest that cathodal stimulation of this 

network might be effective in restoring SN-related symptoms. This 

finding is in line with previous evidence in major depression re- 

porting an improvement of symptoms after prefrontal inhibition 

( Brunelin et al., 2014 ). Moreover, memory improvement was also 

observed in the cSN group, suggesting that suppression of the SN 

might have similar effects on memory. 

A similar, sharp divergent clinical-cognitive pattern was ob- 

served in the bvFTD group: anodal tDCS stimulation of the SN 

resulted in no clear clinical benefit but cognitive improvement, 

whereas cathodal tDCS stimulation of the DMN improved behav- 

ioral symptoms but not cognition. These results are supported by 

reports of improvement in cognition but not in behavioral scores 

in bvFTD patients after anodal stimulation ( Benussi et al., 2020 ). 

Overall, these divergent patterns suggest a trade-off between cog- 

nitive and behavioral effects after network stimulation through 

tDCS, as neither protocol outperformed the other. 

This divergent clinical/cognitive pattern was echoed by rs- 

fMRI results in the AD cohort: anodal DMN stimulation was 

accompanied by positive DMN connectivity changes and con- 

comitant decreases in SN, whereas cathodal SN stimulation 

showed opposite changes. The increase in DMN connectivity af- 

ter anodal stimulation is in line with studies targeting key 

DMN hubs and reporting consistent changes in FC of the DMN 

( Antonenko et al., 2018 ; Keeser et al., 2011 ). Recently, in healthy 

adults, Antonenko et al. (2018) reported increased DMN after an- 

odal stimulation targeting the right temporoparietal cortex asso- 

ciated with improved memory performance. Moreover, previous 

studies have reported that the effects of parietal stimulation might 

not be limited to the DMN, but may spread to other frontal net- 

works, such as the SN ( Hunter et al., 2015 ). These findings are in 

line with our results in the anodal DMN group. By contrast, al- 

though cathodal stimulation is often predicted to have inhibitory 

effects ( Nitsche et al., 2003 ), cathodal-induced FC changes are less 

consistent compared to anodal stimulation. Polania et al. (2012) re- 

ported that cathodal tDCS over the motor cortex decreased FC in 

the cortico-striatal circuit. However, several studies reported op- 

posite effects (i.e., increased FC) or no effect after cathodal stim- 

ulation ( Amadi et al., 2014 ; Antonenko et al., 2017 ). Accordingly, 

our results suggest that a linear cathodal-inhibitory assumption 

may be too simplistic and that the effect of anodal versus cathodal 

stimulation on neuronal signal might involve other mechanisms, 

such as signal enhancement or noise reduction ( Battaglini et al., 

2017 ). Based on this model, we speculate that cathodal stimulation 

of the SN might cause a reduction of noise within the SN, thereby 

increasing its FC, and subsequently the interactions of the SN with 

the DMN. According to the triple network model ( Menon, 2011 ), 

this may have caused a disengagement of the DMN, leading to 

a reduction of its FC. Conversely, anodal stimulation of the DMN 

might have strengthened its intrinsic correlation (signal enhance- 

ment mechanism), meanwhile decreasing connectivity of the SN. 

For both tDCS protocols, we speculate that symptoms improve- 

ment would be driven by an enhancement of FC of the correspond- 

ing network (DMN-cognition, SN-behavior). These interpretations, 
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however, should be taken with caution, since we detected no sig- 

nificant effect for the main factors, that is, time and protocol, but 

only a significant network ∗protocol ∗time interaction. 

In bvFTD, the distinct clinical/cognitive patterns were not par- 

alleled by divergent network FC changes (no significant interac- 

tion) and no effect of time and protocol was observed. This null 

effect might depend, at least partially, on structural connectivity 

alterations in the disease ( Zhang et al., 2009 ). In the DTI analysis, 

we found a significant effect of time on MD, AxD and RD mea- 

sures. Reshaping of FC after brain stimulation significantly depends 

on structural connectivity ( Schintu et al., 2020 ) and although the 

coupling between structural and functional connectivity in demen- 

tia is poorly elucidated, it is possible that greater microstructural 

changes in bvFTD compared with AD ( Zhang et al., 2009 ), might 

have reduced the effect of tDCS-induced network perturbation. Un- 

expectedly, we observed increased diffusivity in all directions after 

tDCS (i.e., increased MD, AxD, and RD). Changes in water diffusion 

may results from multiple biological processes, including changes 

in microstructure of connections (e.g., demyelination, axonal dam- 

age), increased extracellular volume, and/or increased membrane 

permeability ( Beaulieu, 2002 ). These changes may reflect inflam- 

matory response elicited by tDCS, which has been reported in ani- 

mal models after anodal and cathodal tDCS ( Rueger et al., 2012 ). 

Alternatively, increased diffusivity might indicate a faster spread 

of pathology along connections due to tDCS-induced axonal acti- 

vation ( Chakraborty et al., 2018 ). Clarifying these mechanisms is 

critical to understanding whether these tDCS effects are beneficial 

or detrimental. 

Few studies have investigated the effect of tDCS on CBF to date. 

Studies in animals, controls, and MCI have reported an increase in 

CBF after anodal and/or a decrease in CBF after cathodal stimula- 

tion ( Wachter et al., 2011 ; Stagg et al., 2013 ; Das et al., 2019 ), a 

trend similar to that observed in our AD population, albeit not sig- 

nificant. Similarly, in bvFTD aSN was associated with (not signifi- 

cantly) higher CBF values in the investigated networks. This pattern 

was also observed in the cDMN group. These results might sug- 

gest that in bvFTD, which generally exhibits marked hypoperfusion 

in frontal areas compared to AD ( Hu et al., 2010 ), tDCS induces 

a weak increase in perfusion, regardless of the paradigm. How- 

ever, these assumptions remain speculative, since CBF changes in 

AD and bvFTD were not significant. Further studies should assess 

the impact of tDCS network perturbation on CBF in these neuro- 

logical diseases. 

4.1. Limitations and strengths 

The main limitation of our study is the small sample size, which 

limits the generalizability of the results. A second limitation is the 

lack of a placebo group. In this pilot study, we prioritized com- 

parisons between anodal/cathodal groups and the analysis of the 

perturbation of the dynamic relationship between SN and DMN 

connectivity in AD and bvFTD. While the lack of a placebo group 

does not enable to assess “practice effect” caused by repeated test- 

ing of clinical and cognitive measures ( Goldberg et al., 2015 ), this 

limitation would not impact imaging measures that are generally 

unaffected by practice effects. Moreover, while a traditional refer- 

ence group was lacking, by implementing 2 active tDCS paradigms 

each protocol served as a reference for the other, similar to a pre- 

vious study assessing DMN reorganization after brain stimulation 

( Eldaief et al., 2011 ). Notwithstanding these limitations, our study 

has 2 main strengths: (1) defining targets based on functional net- 

works relevant to AD and bvFTD, and (2) collecting surrogate mea- 

sures of network changes, thus providing direct measures of target 

engagement. Future NIBS studies could further improve this ap- 

proach by developing personalized protocols to stimulate individ- 

ual networks, for example, by computing the target from individual 

functional network maps. 

5. Conclusion 

Our study highlights the feasibility of designing noninvasive 

stimulation protocols targeting AD and bvFTD networks. Overall, 

patients showed changes on clinical and cognitive outcomes de- 

pendent on the stimulation protocol. While no difference was de- 

tected in functional network measures, in AD we observed a diver- 

gent FC pattern, suggesting that the 2 protocols elicit distinct clin- 

ical and biological responses. The choice of the best protocol for 

AD might thus depend upon the intended use (e.g., cognitive reha- 

bilitation versus treatment of behavioral symptoms). While similar 

conclusions may apply to bvFTD, the observation of increased dif- 

fusivity after stimulation warrants further investigation to ascertain 

their impact on patients. These data further add to the body of ev- 

idence indicating the need to explore the complex nature between 

brain perturbation and functional organization to develop effective 

interventions in dementia. 
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