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Abstract

Non-invasive brain stimulation (NIBS) is emerging as a prom-

ising rehabilitation tool for a number of neurodegenerative 

diseases. However, the therapeutic mechanisms of NIBS are 

not completely understood. In this review, we will summa-

rize NIBS results in the context of brain imaging studies of 

functional connectivity and metabolites to gain insight into 

the possible mechanisms underlying recovery. We will brief-

ly discuss how the clinical manifestations of common neuro-

degenerative disorders may be related with aberrant con-

nectivity within large-scale neural networks. We will then fo-

cus on recent studies combining resting-state functional 

magnetic resonance imaging with NIBS to delineate how 

stimulation of different brain regions induce complex net-

work modifications, both at the local and distal level. More-

over, we will review studies combining magnetic resonance 

spectroscopy and NIBS to investigate how microscale chang-

es are related to modifications of large-scale networks. Fi-

nally, we will re-examine previous NIBS studies in dementia 

in light of this network perspective. A better understanding 

of NIBS impact on the functionality of large-scale brain net-

works may be useful to design beneficial treatments for neu-

rodegenerative disorders. © 2019 S. Karger AG, Basel

Introduction

Dementia is a chronic syndrome characterized by a 
progressive decline in cognition, behavior, and everyday 
activities that affects mainly older people and, with the 
population aging at a fast rate worldwide, its burden is 
destined to increase dramatically [1]. To date, no phar-
macological treatment is available to prevent or cure de-
mentia, thus highlighting the urgent need for new, effec-
tive, therapeutic strategies.

In recent years, non-invasive brain stimulation (NIBS) 
techniques, such as transcranial magnetic stimulation 
(TMS) and transcranial direct current stimulation 
(tDCS) have been developed and are currently under in-
vestigation in patients with dementia [2]. During TMS, 
transient rapid-changing magnetic fields are used to in-
duce secondary electric currents in the underlying corti-
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cal surface, which, in turn, trigger neuronal action poten-
tials [3]. Single-pulse TMS is commonly employed to 
study brain functioning, while repetitive TMS (rTMS) is 
the preferred approach to induce long-lasting changes in 
brain activity. By contrast, during tDCS, a weak electrical 
current is directly applied to the scalp to modulate neu-
ronal membrane potentials without directly inducing 
synchronized neuronal discharge [4]. Both rTMS and 
tDCS can have excitatory or inhibitory effects, depend-
ing on the frequency (rTMS) and the polarity (tDCS), 
respectively [5]. Low-frequency (< 1 Hz) rTMS is thought 
to have inhibitory effects, high-frequency stimulation  
(> 5 Hz) excitatory effects; tDCS induces neural hyperpo-
larization under the cathode and depolarization under 
the anode, respectively, reducing/increasing the respon-
siveness of the target neurons to the ongoing afferent 
brain activity [6, 7]. Recently, theta-burst stimulation 
(TBS), a variant of TMS, has received increasing interest 
thanks to its ability to induce long-lasting changes just 
after a few minutes of application of burst of high fre-
quency stimulation, delivered either as a continuous 
(cTBS) or intermittent (iTBS) train [8]. The former pro-
tocol is characterized as being “inhibitory” and the latter 
“excitatory,” according to the changes produced in mo-
tor evoked potentials size [9]. 

Although preliminary evidence indicates promising 
effects of NIBS in neurodegenerative diseases [10, 11], 
there are still several barriers to the application of these 
techniques in the clinical practice. First, the mechanisms 
by which NIBS exerts its clinical effects are yet to be de-
termined. Specifically, it is unclear how the transition of 
NIBS effects from the cellular to the mesoscopic, macro-
scopic, and behavioral levels occurs [12]. In the case of 
dementia, this issue is complicated by the presence of ag-
ing- and disease-related phenomena (e.g., atrophy, re-
duced intrinsic plasticity) that may importantly mitigate 
the impact of NIBS. Furthermore, NIBS after-effects are 
highly dependent on a variety of parameters (e.g., the lo-
calization of TMS coil or tDCS electrodes, intensity, and 
duration) [13], all aspects for which there is no consensus 
yet. Finally, NIBS is usually applied focusing on the be-
havioral effects but overlooking the possible underlying 
biological processes. However, it is now well established 
that the major dementias are linked to specific molecular 
pathologies and that these pathologies affect specific 
large-scale networks [14].

In the past 10 years, resting-state functional MRI (rs-
fMRI) identified neural networks associated with specific 
cognitive and motor-sensory functions, and the neurode-
generative disorders associated with a dysfunction of 

these networks (Fig. 1). Studies suggest that memory is 
sustained by two networks, the default mode network 
(DMN) and the limbic network [15]. Neocortical net-
works such as the frontoparietal (FPN), visual, and lan-
guage networks underlie executive, visuospatial, and lan-
guage abilities, respectively [16]. Moreover, the so-called 
salience network (SN) is involved in social behavior, 
emotion regulation, and self-awareness [17].

There is increasing evidence that neurodegenerative 
diseases affect specific networks, leading to the hypothe-
sis of “molecular nexopathy” models of disease progres-
sion (i.e., the conjunction mechanism between molecular 
pathology and neural network disruption) [18]. This as-
sumption is supported by several studies reporting a close 
correspondence between network disruption, molecular 
disease, and clinical symptoms [14]. In typical late-onset 
Alzheimer’s disease (AD), consistently with the core 
symptom (i.e., memory impairment), the DMN and the 
limbic network show selective vulnerability [19]. Con-
versely, early-onset AD variant preferentially affects neo-
cortical functions such as language, executive and visuo-
spatial abilities, showing aberrant connectivity in neocor-
tical networks sustaining these functions [20]. Within the 
frontotemporal dementia spectrum, primary progressive 
aphasia (PPA), a disorder characterized by language im-
pairment [21], shows disruption of the language network 
[22], while the behavioral variant of frontotemporal de-
mentia (bvFTD), which is characterized by a range of be-
havioral disturbances [23], is associated with the disrup-
tion of the SN [24]. Similarly, posterior cortical atrophy, 
a condition characterized by predominant visuospatial 
dysfunctions [25] is associated with lower connectivity in 
the higher visual network [20]. Network abnormalities in 
Parkinson’s disease (PD) and corticobasal syndrome 
(CBS), two disorders of the motor spectrum, seem to in-
volve the cerebello-thalamo-cortical and sensorimotor 
networks, respectively [14, 26]. While this evidence points 
to a clear correspondence between functional networks 
and syndrome-specific core symptoms, network dysfunc-
tion is not limited to a single circuit but generally involves 
several networks [17]. 

The disruption of large-scale neural networks might 
provide an intermediate link between pathology and clin-
ical symptoms for neurodegenerative dementias. There-
fore, brain stimulation of affected neural networks may 
offer a novel therapeutic strategy. To date, most of NIBS 
clinical interventions have focused on the effect of modu-
lation on single brain areas, possibly overlooking more 
widespread effects of stimulation over distal areas or 
large-scale networks. This approach provides a fragment-



Non-Invasive Network Stimulation 283Neurodegener Dis 2018;18:281–301
DOI: 10.1159/000495945

ed view of NIBS effects and prevents a clear understand-
ing of the NIBS mechanisms underlying cognitive im-
provement in dementia. Conversely, a “network perspec-
tive” would consider not only the effects in targeted brain 
regions but within areas integrated in complex, distrib-
uted, large-scale neural networks [27], and this approach 
may better capture the neural correlates of behavioral 
changes after stimulation. 

This review aims to provide a network perspective on 
NIBS interventions for healthy individuals and patients 
with dementia. In the next paragraph, we will review 
studies combining NIBS with functional imaging in cog-
nitively healthy adults, showing how NIBS induces both 
local and distal connectivity changes. Subsequently, we 
will investigate the possible mechanisms underlying NIBS 
effects by reviewing studies in healthy combining stimu-
lation with proton magnetic resonance spectroscopy (1H 
MRS), a MRI modality that enables to measure the level 
of specific neurotransmitters and neurometabolites un-
derlying neuronal communication. Finally, we will retro-

spectively evaluate previous NIBS clinical applications in 
the most common neurodegenerative disorders in the 
light of the above considerations. 

Local and Distal Connectivity Effects of NIBS

To date, several studies have combined NIBS with rs-
fMRI in young healthy subjects to investigate the modula-
tory effects of NIBS on brain networks (Table 1). Overall, 
these studies consistently reported that NIBS alters con-
nectivity in the target brain region (local effect) but also 
in remote regions interconnected within the stimulated 
area (distal effect). These studies, reviewed below, are 
classified according to the target of stimulation (Fig. 2).

Sensorimotor and Auditory Cortex
Studies investigating NIBS effects over the sensorimo-

tor cortex generally used the primary motor region (M1) 
as the target of stimulation, consistently showing in-

Default mode network Frontoparietal network Salience networkLimbic network

Memory

Late-onset Alzheimer’s disease Early-onset Alzheimer’s disease Behavioral variant
frontotemporal dementia

Executive functions Social behavior

Language network

Language abilities

Primary progressive aphasia Posterior cortical atrophy

Visuospatial functions

Visual network Sensorimotor networks

Sensorimotor functions

Parkinson‘s disease, corticobasal syndrome

Fig. 1. Neural networks associated with specific cognitive and sensorimotor functions and the associated neuro-
degenerative disorders. Maps were extracted through independent component analysis from a sample of 20 
healthy subjects. 
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Table 1. Non-invasive brain stimulation studies in healthy controls using rs-fMRI as outcome measure

First author, year [Ref.] Sample NIBS 
technique

Target site Stimulation 
parameters and 
design

MRI scanner, 
rs-fMRI 
acquisition, 
and analysis

Main results

Sensory-motor and auditory cortex

Amadi, 2014 [28] 11 young 
adults

tDCS Active: L M1
Reference: R 
supraorbital

One 10-min session 
(1 mA), atDCS, 
ctDCS, and sham 
carried out 1 week 
apart

3T, offline, 
ICA, seed ROI

Increased FC within the DMN 
and motor network and 
increased inter-hemispheric 
connectivity between target 
site and R M1 and between L 
and R SMA after ctDCS; no 
effects after atDCS

Antonenko, 2017 [29] 48 elderly tDCS Active: L M1
Reference: R 
supraorbital

One 15-min session 
(1 mA), atDCS, 
ctDCS, and sham 
carried out 1 week 
apart

3T, online, 
ICA, and seed 
ROI

Decreased FC between target 
site and R M1 and within the 
motor network during atDCS; 
no effects during ctDCS

Antonenko, 2018 [30] 30 young 
adults and 30 
elderly

tDCS Active: L M1
Reference: R 
supraorbital

One 15-min session 
(1 mA), atDCS, 
ctDCS, and sham 
session carried out 1 
week apart

3T, online, 
graph-theory

Increased FC in the target site 
and parietal regions in young 
adults and decreased pattern 
in older adults; no effects 
during ctDCS

Bachtiar, 2015 [31] 12 young 
adults

tDCS Active: L M1
Reference: R 
supraorbital

One 20-min session 
(1 mA), atDCS and 
sham carried out 1 
week apart

3T, offline, 
ICA

Increased FC between the 
stimulated area and the motor 
network after atDCS

Lindenberg, 2016 [32] 24 young 
adults

tDCS Bihemispheric 
Active: L M1 
anode and R M1 
cathode
Unilateral active:  
L M1; reference:  
R supraorbital

One 30-min session 
(1 mA), unilateral 
atDCS, 
bihemispheric tDCS, 
and sham carried out 
1 week apart

3T, online, 
graph-theory

Increased distal and reduced 
local FC after bilateral tDCS; 
increased local FC after 
unilateral atDCS

Polanìa, 2011 [33] 13 young 
adults

tDCS Active: L M1
Reference: R orbit

One 10-min session 
(1 mA), atDCS and 
sham carried out 8 
days apart

3T, offline, 
seed ROI, and 
graph-theory

Increased local and decreased 
distal synchronization; 
increased FC between target 
site and motor cortex and 
between R DLPFC and R 
insula after atDCS

Polanìa, 2012a [34] 14 young 
adults

tDCS Active: L M1
Reference: R orbit

One 10-min session 
(1 mA), atDCS, 
ctDCS, and sham 
carried out 8 days 
apart

3T, offline, 
seed ROI

Increased FC after atDCS and 
decreased FC after ctDCS in 
the cortico-striato-thalamo 
circuit

Polanìa, 2012b [35] 14 young 
adults

tDCS Active: L M1
Reference: R orbit

One 10-min session, 
1mA, atDCS, ctDCS, 
and sham carried out 
8 days apart

3T, offline, 
graph-theory

Increased communication 
between the target site and the 
rest of the M1 network after 
atDCS; increased strength of 
connections at local level after 
ctDCS

Sankarasubramanian,  
2017 [36]

10 young 
adults

tDCS Active: R M1
Reference: L 
supraorbital

One 20-min session 
(1 mA), atDCS and 
sham carried out 1 
week apart 

3T, offline, 
seed ROI

Increased FC of sensory 
network after M1 atDCS
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First author, year [Ref.] Sample NIBS 
technique

Target site Stimulation 
parameters and 
design

MRI scanner, 
rs-fMRI 
acquisition, 
and analysis

Main results

Sehm, 2012 [37] 12 young 
adults

tDCS Bihemispheric 
Active: R M1 
anode and L M1 
cathode
Unilateral Active: 
R M1; 
Reference: L orbit

One 20-min session 
(1 mA), unilateral 
atDCS, bihemisheric 
tDCS, and sham 
carried out 1 week 
apart

3T, offline and 
online, graph-
theory

Widespread increased 
functional coupling both 
during and after unilateral 
atDCS and bilateral tDCS

Sehm, 2013 [38] 12 young 
adults

tDCS Bihemispheric 
Active: R M1 
anode and L M1 
cathode 
Unilateral Active: 
R M1
Reference: L orbit

One 20-min session 
(1 mA), unilateral 
atDCS, 
bihemispheric tDCS, 
and sham carried out 
1 week apart

3T, offline and 
online, seed 
ROI

Online: reduced FC during 
both unilateral atDCS and 
bilateral atDCS; offline: 
increased FC only after 
bilateral tDCS

Stagg, 2014 [39] 10 young 
adults 

tDCS Active: L M1
Reference: R 
supraorbital

One 10-min session 
(1 mA) atDCS 

3T, offline, 
ICA, seed ROI

Increased FC in the motor 
network and between target 
site and R M1 after atDCS

Watanabe, 2014 
[40]

6 young 
adults

TMS Active: L M1 One 30-min QPS 
session, excitatory 
(200 Hz) and 
inhibitory (20 Hz) 
carried out 1 week 
apart

3T, seed ROI Reduced FC correlation with 
target site after excitatory 
TMS; increased FC correlation 
with target site after inhibitory 
TMS

Andoh, 2015 [41] 17 young 
adults

TBS Active: R HGal
Active: L HGal
Control: vertex

One 50-Hz session 
(70–80% ATM), R 
HGal cTBS, L HGal 
cTBS, and vertex 
cTBS carried out on 
3 separate days

3T, ICA, and 
seed ROI

Reduced FC in auditory and 
motor networks after R HGal 
cTBS. Reduced FC in the 
somatosensory and increased 
FC in the auditory after vertex 
cTBS

Valchev, 2015 [42] 18 young 
adults

TBS Active: L S1 One 50-Hz session 
(80% ATM), cTBS 
and sham session 
carried out on 2 
separate days

3T, ICA, and 
seed ROI

Reduced FC between 
stimulated area and motor 
regions, within the 
sensorimotor network

Frontal cortex

Keeser, 2011 [43] 13 young 
adults

tDCS Active: L DLPFC
Reference: R 
supraorbital

One 20-min session 
(2 mA), atDCS, and 
sham carried out 1 
week apart

3T, offline, 
ICA

Increased FC within DMN 
and FPN after atDCS

Meinzer, 2012 [44] 20 young 
adults

tDCS Active: L IFG
Reference: R 
supraorbital

One 17-min session 
(1 mA), atDCS and 
sham carried out 1 
week apart

3T, online, 
graph-theory

Increased connectivity in the 
stimulated site and in hubs 
overlapping with language 
network after atDCS

Meinzer, 2013 [45]
20 elderly tDCS Active: L IFG

Reference: R 
supraorbital

One 20-min session 
(1 mA), atDCS and 
sham carried out 1 
week apart

3T, online, 
graph-theory

Increased connectivity in 
posterior-DMN and decreased 
connectivity in 
frontotemporal (showing 
baseline hypoconnectivity and 
hyperconnectivity, 
respectively) after atDCS 
(“normalization” effect)

Table 1 (continued)
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First author, year [Ref.] Sample NIBS 
technique

Target site Stimulation 
parameters and 
design

MRI scanner, 
rs-fMRI 
acquisition, 
and analysis

Main results

Park, 2013 [46] 39 young 
adults

tDCS Active: L DLPFC
Reference: R 
supraorbital

One 20-min session 
(1 mA), atDCS or 
sham 

3T, offline, 
seed ROI

Increased FC between L 
DLPFC and frontal, temporal 
and subcortical regions of 
right hemisphere and 
decreased in regions around 
stimulation site

Pena-Gomez, 2012 [47] 10 young 
adults 

tDCS Active: L and R 
DLPFC
Reference: R and L 
supraorbital

Two 20-min session 
(2 mA), L atDCS, R 
atDCS, and sham 
carried out 1 month 
apart (1st session: 
sham and L atDCS; 
2nd session: sham 
and R atDCS)

3T, offline, 
ICA

Increased FC within FPN 
hubs and decreased FC within 
posterior and anterior DMN 
hubs after either L or R atDCS

Sankarasubramanian,  
2017 [36]

10 young 
adults

tDCS Active: R DLPFC 
Reference: L 
supraorbital

One 20-min session 
(1 mA), atDCS and 
sham carried out 1 
week apart

3T, offline, 
seed ROI

Increased FC of affective (VPL 
thalamus) and sensory 
networks (MD thalamus) after 
DLPFC atDCS

Wörsching, 2017 [48] 20 young 
adults

tDCS Bihemispheric 
Active: R DLPFC 
anode and L 
DLPFC cathode

One 20-min session 
(2 mA), 
bihemispheric tDCS 
or sham

3T, offline and 
online, ICA

Mixed (increased/decreased) 
FC changes within the DMN 
and bilateral FPN after 
bihemispheric tDCS

Bilek, 2013 [49] 39 young 
adults

TMS Active: R DLPFC One 5-Hz session 
(90% ATM), 
excitatory and sham 
carried out 1 week 
apart

3T, seed ROI No effect on resting state 
connectivity

Tik, 2017 [50] 60 young 
adults

TMS Active: L DLPFC
Sham: vertex

One 10-Hz session 
(90% ATM), 
excitatory and sham 
carried out 1 week 
apart

3T, ICA Increased FC in ACC within 
the FPN after excitatory 
stimulation

Van der Werf, 
2010 [51]

10 young 
adults

TMS Active: L DLPFC One 1-Hz session, 
(90% ATM), 
inhibitory and sham 
carried out on 2 days

3T, ICA Reduced FC in hippocampus 
and lateral temporal lobes 
bilaterally and increased FC in 
the R caudate nucleus

Gratton, 2013 [52] 27 young 
adults

TBS Active: L DLPFC 
Active: L aI/fO
Control: L S1

One 50-Hz session, 
(80% ATM), 1 
DLPFC cTBS, 1 aI/
fOcTBSand 1 S1 
cTBS carried out on 
3 separate days

3T, seed ROI Increased FC within and 
between cognitive networks 
(FPN and salience)

Iwabuchi, 2017 
[53]

28 young 
adults

TBS Target: L DLPFC One 50-Hz session 
(80% ATM), iTBS 
and sham carried out 
4 days apart

3T, GCA Reduced frontoinsular 
connectivity

Mastropasqua, 
2014 [54]

36 young 
adults

TBS Active: R DLPFC One 50-Hz session 
(80% ATM), cTBS or 
sham 

3T, seed ROI Decreased FC correlation 
between stimulated site and R 
parietal cortex

Table 1 (continued)
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First author, year [Ref.] Sample NIBS 
technique

Target site Stimulation 
parameters and 
design

MRI scanner, 
rs-fMRI 
acquisition, 
and analysis

Main results

Temporoparietal cortex

Antonenko, 2018 [55] 20 young 
adults and 20 
elderly

tDCS Active: R 
temporoparietal
Reference: L 
supraorbital

Three 20-min 
session (1 mA), 
atDCS or sham 

3T, offline, 
ICA, and seed 
ROI

Increased FC between 
stimulated site and DMN and 
increased FC within DMN 
associated with better memory 
recall performance in both 
young and elderly

Callan, 2016 [56] 28 young 
adults

tDCS Active: R parietal
Reference: L 
shoulder

One 30-min session 
(1 mA), atDCS or 
sham 

3T, offline and 
online, fALLF

Increased resting state activity 
in the precuneus after atDCS

Clemens, 2014 
[57]

11 young 
adults

tDCS Active: R angular 
gyrus 
Reference: L 
supraorbital

One 20-min session 
(2 mA), atDCS 

3T, offline, 
ICA

Increased FC within anterior-
DMN, cerebellar, task positive 
(DAN), sensorimotor, 
executive, and visual 
networks, while decreased FC 
within posterior-DMN and R 
frontoparietal networks after 
atDCS

Hunter, 2015 [58] 11 young 
adults

tDCS Active: R superior 
parietal 
Reference: L upper 
arm

One 30-min session 
(2 mA), atDCS 

3T, offline, 
ICA

Increased FC in motor, FPN, 
SN, and cerebellar networks, 
while decreased FC in the 
ACC and basal ganglia 
networks after atDCS; no 
DMN effects

Möller, 2017 [59] 60 young 
adults

tDCS Bihemispheric 
Active: B frontal; 
reference: B 
occipital or B 
supraorbital
Bihemispheric 
Active: B parietal; 
reference: B 
occipital

Five 25-min sessions 
(1 mA), bilateral 
frontal atDCS or 
bilateral parietal 
atDCS or sham

3T, offline, 
voxel-to-voxel

Divergent modulation of FPN 
after bilateral atDCS and 
atDCS

Eldaief, 2011 [60] 25 young 
adults

TMS Active: L IPL 
(DMN hub)

One 20-Hz or 1-Hz 
session (110% 
ATM), excitatory 
and inhibitory 
carried out 1 week 
apart

3T, seed ROI 20 Hz reduced FC between 
target and DMN ROIs; 1 Hz 
increased FC in DMN ROIs 
and between target and 
bilateral hippocampus

Mancini, 2017 [61] 15 young 
adults

TBS Active: precuneus One 50-Hz session 
(80% ATM), cTBS 
and sham carried out 
1 day apart

3T, graph-
theory

Distal effect in the temporal 
pole after cTBS: reduction of 
its functional connectivity

Cerebellum

Halko, 2014 [62] 9 subjects TBS Active: R lateral 
cerebellum (DMN 
hub)
Active: midline 
cerebellum (non 
DMN hub)

One 50-Hz session 
(100% ATM), lateral 
cerebellum iTBS, 
midline cerebellar 
iTBS, and sham 
carried out at least 2 
days apart

3T, seed ROI Increased FC of cerebral 
cortical DMN after 
stimulation of the lateral 
cerebellum
Increased FC of dorsal 
attention network after 
stimulation of the midline 
cerebellum

Table 1 (continued)
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creased connectivity after atDCS. Increased functional 
connectivity (FC) was found both in regions proximal to 
the electrode [30, 34, 38] and in distal regions belonging 
to the sensorimotor network [31, 36, 39]. Similarly, stud-
ies using graph theory, an approach taking into account 
network topology and synchronization between brain 

hubs [64], suggested a network-specific enhancement of 
connectivity following atDCS [32, 33, 35, 37]. Taken to-
gether, these results suggest that atDCS targeting the mo-
tor cortex induce increased connectivity, exerting both 
local and distal effects within the sensorimotor network. 
However, in elderly atDCS seems to decrease FC of motor 

First author, year [Ref.] Sample NIBS 
technique

Target site Stimulation 
parameters and 
design

MRI scanner, 
rs-fMRI 
acquisition, 
and analysis

Main results

Rastogi, 2017 [63] 12 young 
adults

TBS Active: lateral 
cerebellum

One 50-Hz session 
(80% ATM), cTBS 
and sham carried out 
at least 2 days apart

3T, seed ROI Reduced FC between 
stimulated site and frontal and 
parietal regions

ACC, anterior cingulate cortex; atDCS, anodal transcranial direct current stimulation; ATM, active motor threshold; aI/fO, anterior insula/frontal 
operculum; B, bilateral; cTBS, continuous theta burst stimulation; ctDCS, cathodal transcranial direct current stimulation; DAN, dorsal attention network; 
DLPFC, dorsolateral prefrontal cortex: DMN, default mode network; FC, functional connectivity; FPN, frontoparietal network; GCA, granger causality 
analysis; HGal, Heschl’s gyrus; ICA, independent component analysis; IFG, inferior frontal gyrus; iTBS, intermitting theta burst stimulation; IPL, inferior 
parietal lobe; L, left; M1, primary motor cortex; MD, medial dorsal; QPS, quadripulse stimulation; R, right; S1, primary somatosensory; SMA, supplementary 
motor area; TBS, theta burst stimulation; TMS, transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; VPL, ventroposterolateral.

Table 1 (continued)

Sensorimotor
network

Frontoparietal
network

Default mode
network

M1 IPL

TP

Cerebellum
IFG

DLPFC

4 7

Salience network Language network

Fig. 2. Common targets of NIBS reported 
in the literature (yellow spheres on 3D 
brain) are major nodes of large-scale func-
tional networks. Each target can be used as 
a seed to derive functionally related (i.e., 
synchronous) regions of the brain. Stimu-
lation of specific brain regions results in 
both local and distal functional connectiv-
ity modulation. Orange-yellow colors on 
axial slices represent the intrinsic function-
al connectivity degree (z score) of the major 
large-scale networks, extracted through in-
dependent component analysis from a 
sample of 20 healthy subjects.
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network suggesting a differential effect of atDCS due to 
age [29, 30], although the behavioral significance of these 
changes is not yet clear. The relationship between ctDCS 
and functional changes is also unclear, since variables ef-
fects have been reported to date (i.e., no change, increased, 
decreased FC) [28–30, 34]. 

Only one study has used TMS to investigate the rela-
tionship between polarity (high/low frequency) and FC 
changes in the motor network [40]. The study targeted 
the left M1 and reported reduced FC following excitatory 
TMS, while inhibitory TMS increased FC. This pattern 
differs from that reported for tDCS and suggests that the 
mechanism of action of the two methodologies might not 
be directly comparable.

Two studies have used TBS to test the effect of motor 
cortex inhibition. Inhibitory cTBS over the somatosen-
sory cortex (S1) reduced FC between the stimulated re-
gion and functionally connected motor network regions 
[42]. Similarly, cTBS over the bilateral auditory cortex re-
duced FC within the auditory network [41]. These studies 
suggest that cTBS may be more effective than ctDCS in 
inhibiting FC. 

Frontal and Parietal Cortex
Studies targeting the dorsolateral prefrontal cortex 

(DLPFC), a key hub for executive functions, working 
memory and reasoning, consistently reported increased 
FC within the FPN after atDCS [43, 47, 48]. Studies tar-
geting the temporo-parietal cortex, a key region of the 
DMN, reported relatively consistent changes within this 
network. Increased FC within the DMN was observed 
after 3 atDCS sessions targeting the right temporo-pari-
etal cortex, and these changes were associated with bet-
ter memory recall performance [55]. Similarly, Clemens 
et al. [57] reported increased FC within the anterior 
DMN after a single atDCS targeting the right angular 
gyrus, although divergent effects were reported for 
DMN posterior hubs [56, 57]. These preliminary results 
suggest that atDCS over DLPFC and parietal cortex may 

be effective in modulating specific neural networks rely-
ing over these cortical hubs, the FPN and the DMN, re-
spectively. Nevertheless, connectivity changes were also 
observed in other neural networks: frontal stimulation 
affected FC within the DMN [43, 47], the language net-
work [44], and subcortical nuclei [36, 46]. Moreover, 
frontal stimulation resulted in interactions between 
FPN and DMN FC [47]. Similarly, parietal stimulation 
effects were not limited to the DMN but also involved 
the FPN and SN [57, 58]. 

The reason for these internetwork changes following 
tDCS remains to be elucidated. Between-networks effects 
may be related to accidental (co)stimulation of directly 
adjacent brain regions, which in turn may cause multiple 
network effects and even unexpected negative effects on 
cognitive outcomes [59]. To resolve this issue, rs-fMRI 
could be used to identify non-overlapping hubs from spe-
cific networks. Indeed, procedures of signal decomposi-
tion such as independent component analysis (ICA) en-
able to extract distinct (spatially non-overlapping) nodes 
for each network (Fig. 3). However, some degree of over-
lap between networks might be unavoidable. Macroscop-
ic anatomical brain connectivity studies suggest a so-
called “rich club” organization of the brain, whereby 
highly interconnected nodes show a strong tendency to 
connect with other highly connected nodes, thus result-
ing in numerous between-network connections [65]. 
While the sensorimotor network shows a relatively small 
proportion of rich club nodes (6–8%), the DMN, SN, and 
FPN show considerably more rich club nodes (up to 23%) 
[66]. Thus, although different DLPFC and posterior pari-
etal subregions are exclusively part of a network, they may 
be highly interconnected, and this observation may, in 
part, explain the different neuromodulatory effects re-
ported in the studies above. Conversely, the lower pro-
portion of rich club within the sensorimotor network 
may explain the higher consistency between studies tar-
geting motor cortex with atDCS electrodes and the rela-
tively selective effect on this network. 

Default mode network

Salience network

Frontoparietal network

Language network

Fig. 3. Non-overlapping hubs for the major 
cognitive networks (language, frontoparie-
tal, salience, and default mode networks). 
Maps were extracted through independent 
component analysis from a sample of 20 
healthy subjects and overlaid into the MNI 
template. Circles highlight the spatial local-
ization of non-convergent dorsal frontal and 
parietal hubs of each functional network. 
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To date, only one study assessed local and distal con-
nectivity effects following frontal stimulation in elderly 
[45]. After atDCS over the left IFG, participants signifi-
cantly improved performance up to the level of younger 
controls, along with a “normalization” of network con-
nectivity [45]. This finding provides the first evidence 
that NIBS may be suited to modulate brain networks con-
nectivity in elderly populations.

Studies using TMS reported more variable findings. 
Three studies used TMS [49–51] and 3 TBS [52–54] to 
stimulate the DLPFC. Two studies showed coherent find-
ings, i.e. increased FC within the frontal hub of the FPN 
after excitatory TMS [50], and reduced FPN after inhibi-
tory TBS [54], while the others did not report differences 
in FPN connectivity after TMS/TBS [49, 51], or reported 
an inverted direction of effects (i.e., increased FC after 
inhibitory or decreased FC after excitatory TBS) [52, 53]. 
Similarly, Eldaief et al. [60] using rs-fMRI at baseline to 
identify individual DMN parietal targets, reported oppo-
site effects according to the frequency of TMS: low-fre-
quency stimulation increased DMN FC, while high-fre-
quency stimulation decreased it [60]. However, a subse-
quent study reported the opposite effect, i.e. inhibitory 
cTBS of the precuneus reduced DMN FC [61]. While the 
reason for the differences between TMS and TBS effects 
is unclear, it seems that the mechanism of action of the 
two techniques is different. Moreover, differences in 
methodology (i.e., stimulation parameters) may explain, 
at least in part, this discrepancy, as well as in the target 
(IPL vs. precuneus) and coil positioning and orientation, 
which are known to affect the neurophysiological re-
sponse to TMS [67].

Cerebellum 
Modulation of cognitive networks was also observed 

after the stimulation of cerebellar hubs, which are tradi-
tionally associated with motor functions. As in the study 
by Eldaief et al. [60], Halko et al. [62] used the baseline 
rs-fMRI of participants to localize the cerebellar node of 
the DMN. Stimulation through iTBS of the DMN-cere-
bellum node resulted in increased FC of cortical nodes of 
the DMN. Targeting the midline cerebellum, which is not 
part of the DMN, increased FC of the dorsal attention 
network [62]. Rastogi et al. [63] found reduced FC in 
frontal and parietal cognitive regions after cTBS of the 
crus I of the lateral cerebellum. These results confirm the 
modulatory effect of cerebellar stimulation on large-scale 
cognitive networks and the opposite effect of excitatory 
and inhibitory TBS on connectivity.

Mechanisms of Network Modulation: Brain 

Neurometabolites

The investigation of brain neurotransmitters in rela-
tion to NIBS effects can provide insight into the mecha-
nisms of action of NIBS. Indeed, neuronal plasticity de-
pends upon a complex balance between excitatory and 
inhibitory neurotransmitters: glutamate (Glu) is the main 
brain excitatory neurotransmitter, while the γ-amino- 
butyric acid (GABA) is the main inhibitory neurotrans-
mitter [68]. Pharmacological studies indicate that excit-
atory changes induced by atDCS are Glu dependent but 
are also involving a reduction in GABA transmission 
[69], whereas the inhibitory effects induced by ctDCS 
seem to involve a reduction in Glu transmission [70]. 
Glutamatergic/GABAergic involvement is also observed 
in TMS-induced excitatory and inhibitory effects on the 
brain, which have been linked to long-term potentiation 
and long-term depression, respectively [71].

Neuroimaging can offer an alternative approach to 
pharmacological studies to study these mechanisms. The 
concentration of GABA and glutamatergic metabolites, 
Glu/glutamine (Glx), can be measured reliably in vivo 
with 1H MRS [72], using “Spectral editing” techniques 
[73]. In recent years, these 1H MRS techniques have been 
increasingly used in conjunction with NIBS and rs-fMRI 
in healthy adults (Table 2). The areas of interest (rs-fMRI) 
or targeting (NIBS) have been principally studied by us-
ing a single-voxel MRS technique and, to our best knowl-
edge, the measurements of the GABA/Glx published are 
mainly relative (ratio), not absolute concentrations (Ta-
ble 2).

The majority of these studies investigated neurome-
tabolite changes in the motor cortex in young adults, re-
porting a consistent reduction of GABA after atDCS [31, 
70, 75, 76], except for Tremblay et al. [77]. The above 
finding was generally coupled with increased FC over the 
motor network [31, 39], indicating that these connectiv-
ity changes may be driven by a decrease in the inhibitory 
neurotransmitter. Indeed, Stagg et al. [76] estimated a de-
crease of around 12% of GABA levels in the motor cortex 
following motor atDCS and an inverse correlation with 
motor network FC [39]. Conversely, the effects of ctDCS 
on brain metabolites levels are less clear, one study re-
porting no effect [75], and one decreased GABA and Glu 
levels [70]. Age may modulate the effects of NIBS on 
brain neurometabolites. One study to date has assessed 
this topic. Antonenko et al. [29] reported a reduction of 
GABA concentrations following atDCS together with a 
decreased FC in the sensorimotor cortex in elderly. This 
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pattern is different from that observed in young adults 
[30, 31, 39]. Stratification of the elderly sample into 
younger (< 63 age) and older (> 63 age) revealed a differ-
ential effect of atDCS-induced GABA modulation and 

network coupling: in younger, lower GABA correlated 
with higher sensorimotor strength (i.e., the same pattern 
observed in young adults), while in older the correlation 
was reversed [29]. Therefore, functional network reorga-

Table 2. Non-invasive brain stimulation studies in healthy controls using 1H MRS-derived metabolites as outcome measures

First author, 
year [Ref.]

Sample NIBS 
technique

Target site Stimulation param-
eters and design

MRI scanner, MRS 
sequence

Main results

Antonenko, 
2017 [29]

48 elderly tDCS Active: L M1
Reference: R 
supraorbital

One 15-min session 
(1 mA), atDCS, 
ctDCS, and sham 
carried out 1 week 
apart

3T, offline, MEGA-
PRESS, single voxel, 
ratio to total creatine

Reduced GABA in the stimulated 
area after atDCS; no main effect 
in glutamate, but post hoc 
exploratory analysis revealed 
reduced glutamate after ctDCS

Bachtiar, 2015 
[31]

12 young 
adults

tDCS Active: L M1
Reference: R 
supraorbital

One 20-min session 
(1 mA), atDCS and 
sham carried out 1 
week apart

3T, offline and 
online, MEGA-
PRESS, single, ratio 
to creatine

Reduced GABA in the stimulated 
area developing during atDCS 
and lasting after stimulation

Clark, 2011 [74] 10 young 
adults

tDCS Active: R parietal
Reference: L upper 
arm

One 30-min session 
(2 mA), atDCS 

3T, offline, standard 
PRESS, single, 
concentration

Increased Glx in the stimulated 
area after atDCS

Hunter, 2015 
[58]

11 young 
adults

tDCS Active: R parietal 
Reference: L upper 
arm

One 30-min session 
(2 mA), atDCS 
session

3T, offline, standard 
PRESS, single, 
concentration

Increased Glx in the stimulated 
area after atDCS

Kim, 2014 [75] 35 young 
adults

tDCS Active: L M1
Reference: R 
supraorbital

One 15-min session 
(1.5 mA), atDCS, 
ctDCS, or sham 

7T, offline, STEAM, 
single, concentration

Reduced GABA in the stimulated 
area after atDCS; no effects for 
Glx

Stagg, 2009 [70] 11 young 
adults

tDCS Active: L M1
Reference: R 
supraorbital

One 10-min session 
(1 mA), atDCS, 
ctDCS, and sham 
carried out 1 week 
apart

3T, offline MEGA-
PRESS, single, ratio 
to creatine

Reduced GABA in the stimulated 
area after atDCS; reduced GABA 
and Glx (driven by glutamate) in 
the stimulated area after cTDCS

Stagg, 2011 [76] 12 young 
adults

tDCS Active: L M1
Reference: R 
supraorbital

Two 10-min 
sessions (1 mA), 
atDCS

3T, offline, MEGA-
PRESS, single, ratio 
to NAA

Reduced GABA in the stimulated 
area after atDCS

Tremblay, 2016 
[77]

8 young 
adults

tDCS Active: L/R M1
Reference: R/L M1

One 20-min session 
(1 mA), atDCS L/R 
and ctDCS R/L, and 
sham carried out on 
3 days

3T, offline, MEGA-
PRESS, single, 
concentration

No metabolites changes after 
tDCS

Iwabuchi, 2017 
[53]

28 young
adults

TBS Active: L DLPFC One 50-Hz session 
(80% AMT), iTBS 
and sham, carried 
out on 2 separate 
days

3T, PRESS, single, 
ratio

Reduced GABA/Glx ratio after 
iTBS in the target site and distal 
area (frontoinsular)

Vidal-Piñeiro, 
2015 [78]

36 young 
adults

TBS Active: L IPL One 50-Hz session 
(80% AMT), iTBS, 
or cTBS, or sham

3T, MEGA-PRESS, 
single, ratio to total 
creatine

Increased GABA in distal area 
(PCC-DMN) but not in the target 
area after iTBS; no Glx change; 
neurometabolites modulation in 
PCC related to baseline 
connectivity between PCC and 
target site

atDCS, anodal transcranial direct current stimulation; ctDCS, anodal transcranial direct current stimulation; cathodal transcranial direct current 
stimulation; DLPFC, dorsolateral prefrontal cortex; DMN, default mode network; ctDCS; Glx: combined glutamate and glutamine; iTBS, intermitting theta 
burst stimulation; IPL, inferior parietal lobe; mA, milliamps; M1, Primary motor cortex; PCC, posterior cingulate cortex; PRESS, point-resolved spectroscopy; 
STEAM, Stimulated Echo Acquisition Mode; tDCS, transcranial direct current stimulation; TBS, theta burst stimulation.
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Table 3. Non-invasive brain stimulation studies carried out in patients with cognitive decline and dementia

First author, year 
[Ref.]

Sample NIBS 
technique

Target site Stimulation parameters 
and design

Sessions and 
training

MRI Main results

Alzheimer’s disease

Bystad, 
2016 [81]

25 AD tDCS Active: L temporal 
Reference: R frontal

Six 30-min sessions (2 
mA), atDCS or sham 

Multiple;
no training

/ No cognitive differences 
between atDCS and sham

Boggio, 
2009 [82]

10 AD tDCS Active: L frontal or 
L temporal 
Reference: R 
supraorbital

One 30-min session (2 
mA), atDCS DLPFC, 
atDCS temporal, and 
sham carried out 2 
days apart

Single; 
no training

/ Improved visual recognition 
memory after both DLPFC 
and temporal atDCS; no 
improvement of attention

Boggio, 
2012 [83]

15 AD tDCS Active: B temporal 
Reference: R deltoid 
muscle

Five 30-min sessions 
(2 mA), atDCS or 
sham carried out 1 
month apart

Multiple; 
no training

/ Improved visual recognition 
memory after atDCS; no 
global cognitive and visual 
attention improvement

Cotelli, 2014a 
[84]

36 AD tDCS Active: L frontal
Reference: R deltoid 
muscle

Ten 25-min sessions 
(2 mA), atDCS or 
sham

Multiple; 
memory 
training or 
motor training

/ Improved memory induced 
by memory training 
irrespective of tDCS protocol

Ferrucci, 2008 
[85]

10 AD tDCS Active: B temporal 
Reference: R deltoid 
muscle

One 15-min (1.5 mA), 
atDCS, ctDCS, and 
sham carried out 1 
week apart

Single; 
no training

/ Improved verbal memory 
task after atDCS, while 
decreases after ctDCS

Khedr, 
2014 [86]

34 AD tDCS Active: L frontal
Reference: R 
supraorbital

Ten 25-min sessions 
(2 mA), atDCS, ctDCS, 
or sham 

Multiple; 
no training

/ Improved MMSE after both 
atDCS and ctDCS, while 
improved WAIS only after 
ctDCS

Suemoto, 
2014 [87]

40 AD tDCS Active: L frontal
Reference: R orbit

Six 20-min sessions 
(2 mA), atDCS or 
sham

Multiple; 
no training 

/ No cognitive and clinical 
differences between atDCS 
and sham

Ahmed, 
2012 [88]

45 AD TMS B frontal Five 20-Hz or 1-Hz 
sessions (150% ATM), 
excitatory, inhibitory, 
or sham

Multiple; 
no training

/ Improved IADL, MMSE, and 
GDS score after excitatory 
TMS

Cotelli, 
2008 [89]

24 AD TMS L frontal or R 
frontal

One 20-Hz session 
(90% ATM) excitatory 
L DLPFC, excitatory R 
DLPFC, and sham 
carried out the same 
day

Single; 
no training

/ Improved naming 
performance after excitatory 
TMS targeting either R and L 
DLPFC

Cotelli, 
2011 [90]

10 AD TMS L frontal Twenty 20-Hz sessions 
(100% ATM), 
excitatory or excitatory 
+ sham 

Multiple; 
no training

/ Improved auditory sentence 
comprehension after 
excitatory TMS; no 
improvement of naming 
performance

Eliasova, 
2014 [91]

10AD TMS R frontal or R 
temporal or vertex

One 10-Hz session 
(90% ATM), excitatory 
IFG, excitatory STG, 
and excitatory vertex 
carried out 1 day apart

Single; 
no training

sMRI for 
target 

Improved attention and 
psychomotor speed after 
excitatory TMS of the R IFG

Koch, 2018 [92] 14 AD TMS L parietal Ten 20-Hz sessions 
(100% ATM), 
excitatory sham carried 
out 2 weeks apart

Multiple; 
no training

/ Improved episodic memory 
after excitatory TMS; no 
change in other cognitive 
domains; increased rs-EEG 
activity in target site and 
medial frontal DMN
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First author, year 
[Ref.]

Sample NIBS 
technique

Target site Stimulation parameters 
and design

Sessions and 
training

MRI Main results

Rabey, 2013 [93] 15 AD TMS 6-region AD-
signature (3 
regions/day)

Thirty 10-Hz sessions 
(90% ATM), excitatory 
or sham 

Multiple; 
cognitive 
training

sMRI  
for  
target

Improved ADAS-COG 
performance and CGIC after 
excitatory TMS

Rabey, 2016 [94] 30 AD TMS 6-region AD-
signature (3 
regions/day)

Thirty 10-Hz, (90–
110% ATM), excitatory 

Multiple; 
cognitive 
training

sMRI  
for  
target 

Improved ADAS-COG and 
MMSE after excitatory TMS

Subjective memory complaints and mild cognitive impairment 

Manenti, 2017 [
95]

22 SMC tDCS Active: L DLPFC
Reference: R 
supraorbital

One 15-min session 
(1.5 mA), atDCS or 
sham 

Single; 
no training

/ Improved up to 30 days on 
verbal episodic memories

Meinzer, 2015 
[96]

18 MCI tDCS Active: L IFG
Reference: R 
supraorbital

One 20-min session (1 
mA), atDCS and sham 
carried out 1 week 
apart

Single; 
no training 

rs-fMRI 
online 
as out-
come

Improved semantic word 
retrieval and “normalization” 
of baseline aberrant FC 
during atDCS

Drumond Marra, 
2015 [97]

34 MCI TMS Active: L DLPFC Ten 10-Hz sessions 
(110% ATM), 
excitatory or sham

Multiple; 
no training

/ Improved memory after 
excitatory TMS

Turriziani, 2012 
[98]

8 MCI TMS Active: L DLPFC or 
R DLPFC

Two 1-Hz sessions (% 
ATM), inhibitory L 
DLPFC, inhibitory R 
DLPFC, and 2 sham 
carried out 3 weeks 
apart (1st session: L 
DLPFC and sham; 2nd 
session: R DLPFC and 
sham)

Multiple; 
no training

/ Improved memory 
recognition after inhibitory 
TMS of R DLPFC

Primary progressive aphasia 

Cotelli, 2014b [99] 16 PPA tDCS Active: L DLPFC
Reference: R arm

Ten 25-min sessions (2 
mA), atDCS and sham 
carried out 3 months 
apart

Multiple; 
no training

/ Improved naming after both 
atDCS and sham, greater 
improvement after atDCS

Ficek, 2018 [100] 24 PPA tDCS Active: L IFG
Reference: R cheek

Fifteen 20-min sessions 
(2 mA, atDCS or 
sham)

Multiple; 
language 
training

rs-fMRI 
offline  
as out- 
come

Decreased FC between 
stimulated site and language 
network and between 
language network and DMN, 
correlating with language 
improvement 

Gervits, 2016 
[101]

6 PPA tDCS Active: L fronto-
temporal
Reference: L 
occcipitoparietal

Ten 20-min sessions 
(1.5 mA), atDCS 

Multiple; 
no training

/ Improved speech production 
and grammatical 
comprehension

Hung, 2017 [102] 5 PPA tDCS Active: L 
temporoparietal
Reference: forehead

Ten 20-min sessions 
(1.5 mA), atDCS 

Multiple; 
semantic 
training

/ Improved naming accuracy 
after tDCS

McConathey, 
2017 [103]

7 PPA tDCS Active: L prefrontal
Reference: L 
occipital

Ten 20-min sessions 
(1.5 mA), atDCS and 
sham carried out 3 
months apart

Multiple;
no training

/ No cognitive effect

Roncero, 2017 
[104]

10 PPA tDCS Active: L 
temporoparietal
Reference: R fronto-
orbital

Ten 30-min sessions (2 
mA), atDCS and sham 
carried out 2 months 
apart 

Multiple; 
naming 
training

sMRI  
for  
target 

Improvement in picture-
naming test after atDCS

Table 3 (continued)
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First author, year 
[Ref.]

Sample NIBS 
technique

Target site Stimulation parameters 
and design

Sessions and 
training

MRI Main results

Teichmann, 2016 
[105]

12 PPA tDCS Active: anode over the 
left or cathode over 
the right temporal
Reference: R or L 
supraorbital

One 20-min session 
(1.6 mA), atDCS L, 
ctDCS R, and sham 
carried out 1 week 
apart

Single; 
no training

sMRI for 
target 

Improved semantic accuracy 
task after both atDCS and 
ctDCS and improved 
processing semantic speed 
after ctDCS

Tsapkini, 2014 
[106] 

6 PPA tDCS Active: L IFG
Reference: Na

Fifteen 20-min sessions 
(1-2 mA), atDCS and 
sham carried out 2 
months apart

Multiple; 
spelling 
training

/ Improvement in spelling 
after both atDCS and sham; 
improvement generalized to 
untrained verbal items and 
long lasting after atDCS

Behavioral variant of frontotemporal dementia 

Huey, 2007 [107] 9 bvFTD + 1 
PPA

tDCS Active: L prefrontal
Reference: R 
supraorbital

One 40-min session (2 
mA), atDCS and sham 
carried out on separate 
sessions

Single; 
no training

/ No cognitive effects

Cotelli, 
2018 [108]

16 bvFTD tDCS Active: medial 
frontal
Reference: inion

One 10-min session 
(1.5 mA), atDCS and 
sham carried out 2 
weeks apart

Single; 
no training

/ Improved ToM abilities after 
atDCS

Antczak, 2018 
[109]

11 bvFTD TMS B DLPFC Ten 10-Hz session 
(90% ATM), excitatory 

Multiple;
no training

/ Improved MOCA, letter/digit 
cancellation, Stroop test, and 
FBI

Other neurological conditions

André, 
2016 [110]

21 VaD tDCS Active: L DLPFC
Reference: R 
supraorbital

Four 20-min sessions 
(2 mA), atDCS or 
sham 

Multiple;
no training

/ Increased visual recall, 
N-back, and go/no-go tests 

Bianchi, 2015 
[111]

14 CBS tDCS Active: L or R 
parietal
Reference: R or L 
arm

One 7-min session (2 
mA), atDCS R parietal, 
atDCS L parietal, and 
sham carried out on 
different days

Single;
no training

/ Improved apraxia after 
atDCS of the L parietal

Biundo, 2015 
[112]

24 PD-MCI tDCS Active: L DLPFC
Reference: R 
supraorbital

Twenty 20-min 
sessions (2 mA), atDCS 
or sham 

Multiple;
cognitive 
training

/ Reduced executive 
performance after atDCS; a 
trend for an improvement in 
memory 3 months after atDCS

Elder, 2016 [113] 13 LBD tDCS Active: L DLPFC
Reference: R 
supraorbital

One 20-min session 
(2.8 mA), atDCS

Single;
no training

/ Improvement in attention

Manenti, 2016 
[114]

20 PD-MCI tDCS Active: DLPFC 
(individualized:  
L or R); Reference: 
supraorbital

Ten 25-min (2 mA), 
atDCS or sham

Multiple;
physical 
therapy

/ Improved Parkinson’s 
Disease Cognitive Rating test 
and verbal fluency after 
atDCS and at follow-up

Manenti, 2015 
[115]

17 CBS tDCS Active: L or R 
parietal
Reference: R or L 
arm

One 7-min session (2 
mA), atDCS R parietal, 
atDCS L parietal and, 
sham carried out on 
different days

Single;
no training

/ Improved naming after 
atDCS of the L parietal

AD, Alzheimer’s disease; ADAS-COG, Alzheimer’s disease assessment scale-cognitive subscale; atDCS, anodal transcranial direct current stimulation; 
B, bilateral; ATM, active motor threshold; bvFTD, behavioral variant frontotemporal dementia; C, contralateral; CBS, corticobasal syndrome; CGIC, clinical 
global impression of change; ctDCS, cathodal transcranial direct current stimulation; DLPFC, dorsolateral prefrontal cortex; FBI, frontal behavioral inventory; 
GDS, geriatric depression scale; IADL, instrumental activities of daily living; IFG, inferior frontal gyrus; L, left; LBD, Lewy body dementia; MCI, mild 
cognitive impairment; MMSE, mini mental state examination; MOCA, Montreal cognitive assessment; Na, not available; PD, Parkinson’s disease; PPA, 
primary progressive aphasia; R, right; SMC, subjective cognitive complaints; sMRI, structural MRI; STG, superior temporal gyrus; tDCS, transcranial direct 
current stimulation; TMS, transcranial magnetic stimulation; ToM, theory of mind; VaD, vascular dementia.

Table 3 (continued)
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nization may follow different trajectories in young and 
elderly, and the physiological significance of these chang-
es (whether indicative of higher neuronal efficiency at dif-
ferent ages or impaired patterns in elderly) remains to be 
elucidated. 

Two studies investigated the effect of atDCS over the 
parietal cortex, reporting increased Glx concentrations 
[58, 74], which suggests an increase in excitation. Nota-
bly, this is different from the effect reported in the motor 
cortex, which suggests a decrease in inhibition. However, 
these considerations are very preliminary, since the above 
studies did not measure GABA concentrations [58, 74]. 
The only study specifically investigating parietal after-ef-
fects of excitatory stimulation over both GABA and Glx 
used TBS and was aimed at DMN stimulation through the 
left IPL [78]. Inhibitory TBS induced distal GABA in-
creases in the posteromedial DMN areas, with no local 
change in GABA or Glu [78]. Moreover, increments in 
distal GABA concentration were significantly related to 
baseline FC between the stimulated site and the postero-
medial cortex, while nonsignificant Glx modulation after 
iTBS was inversely related to FC, suggesting that baseline 
connectivity patterns predict neurotransmitter modula-
tion in distal areas.

Only one study to date has investigated the effect of 
frontal (DLPFC) cortex stimulation on brain metabolites. 
Iwabuchi et al. [53] reported a significant reduction in the 
GABA/Glx ratio following iTBS (suggesting reduced in-
hibition and/or increased excitation), although neither 
GABA nor Glx concentrations alone showed significant 
changes.

This preliminary evidence supports the idea that NIBS 
effects on functional networks may stem from modula-
tion of GABAergic and glutamatergic pathways, in line 
with neuroimaging studies showing an association be-
tween metabolite levels and neural network connectivity 
[79, 80]. However, future studies in larger samples are 
needed to disentangle the variability of NIBS-induced ef-
fects and the impact on neural networks of neurometabo-
lite modulation.

NIBS and Dementia

NIBS is increasingly used to improve cognitive/be-
havioral deficits in neurodegenerative dementias or as a 
possible cognitive enhancer in preclinical stages (Table 
3). A better understanding of the clinical effects of NIBS 
may be gained focusing on the complex interactions be-
tween the stimulation target and the associated brain 

networks. In this section, we will review previous NIBS 
studies carried out in dementia focusing on this specific 
aspect.

Alzheimer’s Disease 
For studies with AD patients, roughly half of studies 

employed tDCS as the stimulation tool [81–87], the other 
using TMS [88–94]. Moreover, the majority of the studies 
have focused on memory, the core clinical symptom. Ten 
studies were designed as multiple session paradigm [81, 
83, 84, 86–88, 90, 92–94], and a cognitive training was 
combined with the stimulation protocol in 3 of the brain 
stimulation studies on AD [84, 93, 94].

Memory improvement was reported in 3 out of 5 stud-
ies targeting the temporal region [81–83, 85, 91]. Accord-
ing to the study by Antonenko et al. [55] in healthy older 
subjects, atDCS targeting the temporo-parietal cortex re-
sulted in better memory, and this improvement was as-
sociated with increased DMN connectivity. Considering 
the role of DMN in supporting memory [15], it is con-
ceivable that memory improvement following atDCS 
may be mediated by restoration of FC within the DMN. 
While the above studies did not investigate NIBS-related 
DMN changes, a recent investigation using TMS and 
EEG provide some preliminary support to this view. In a 
sample of 14 AD patients, Koch et al. [92] reported im-
proved episodic memory and increased EEG connectivity 
within the DMN after excitatory TMS over the precune-
us. This region, part of the medial parietal component of 
the DMN, displays aberrant connectivity in AD [19]. If 
confirmed with MRI approaches, this observation may 
indicate that memory improvement in AD following pa-
rietal excitatory stimulation may be mediated by DMN 
modulation.

Other studies in AD have targeted the frontal cortex, 
specifically the DLPFC, providing contrasting results in 
terms of memory benefits [82, 84, 87]. While one study 
reported a significant modulatory effect of atDCS on vi-
sual recognition memory [82], the other two did not re-
port a stimulation benefit on memory tests [84, 87]. The 
type of treatment protocol used could be responsible of 
the different results reported, since one of those investiga-
tions tested whether combining NIBS with cognitive 
training leads to a pronounced enhancement of training 
effects [84]. On the other hand, DLPFC modulation 
seems effective in improving global cognition, language, 
and attention abilities in AD patients [86, 88, 89, 91]. Ac-
cordingly, the beneficial effects on non-memory abilities 
of NIBS over the frontal cortex may be related to modula-
tion of other (non-DMN) networks.
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Subjective Memory Complaints and Mild Cognitive 
Impairment
Manenti et al. [95] investigated the effect of atDCS on 

the DLPFC in individuals with subjective memory com-
plaints, a condition at greater risk of AD [116]. Their 
findings showed that a single session over the DLPFC was 
sufficient to strengthen episodic memory up to 1 month, 
relative to sham stimulation [95]. Similarly, DLPFC mod-
ulation showed beneficial memory effects in mild cogni-
tive impairment (MCI) patients [97, 98], although these 
positive effects were obtained using different stimulation 
protocols (i.e., 10 excitatory sessions vs. 1 inhibitory ses-
sion). In a sham-controlled study, Meinzer et al. [96] 
demonstrated that atDCS improved language perfor-
mance in MCI patients after IFG stimulation. Connectiv-
ity analysis revealed a restoration of abnormal network 
configuration in the active group compared to sham con-
dition in areas functionally connected to the stimulated 
IFG [96] and involved in language abilities [117]. 

Primary Progressive Aphasia
NIBS interventions in PPA are aimed at restoring lan-

guage deficits. To date, all NIBS studies were carried out 
using tDCS and generally reported language enhance-
ment. While there is some variability among studies in 
the target region, the majority stimulated areas involved 
in language, such as the left perisylvian cortex [102, 104], 
left anterior temporal pole [105], left frontotemporal cor-
tex [101], but also areas within the dorsal frontal cortex 
(left DLPFC and IFG) [99, 100, 106]. Interestingly, 7 of 
the 8 studies were designed as multiple-session paradigm 
[99–104, 106] and 4 of them combined a cognitive train-
ing with the stimulation protocol [100, 102, 104, 106].

The above studies did not collect surrogate measures 
of neuronal changes; thus, the mechanism underlying 
cognitive improvement cannot be elucidated; however, 
one recent study suggests that language improvement 
might be driven by modulation of the language network 
but also by between-network changes. In a relatively large 
cohort of PPA patients (n = 24) treated in a crossover de-
sign, Ficek et al. [100] found that atDCS over the left IFG 
combined with speech and language interventions was 
more beneficial than sham combined with speech and 
language interventions. Significant tDCS effects in FC 
were observed between the stimulated area and the lan-
guage network hubs and between the language network 
and the DMN (i.e., reduced connectivity), and these 
changes correlated with improvement in language scores. 
These results are in line with similar decreases in connec-
tivity observed after tDCS over the left IFG in aging and 

MCI [45, 96], suggesting that language improvement 
might be mediated by uncoupling between networks.

Behavioral Variant Frontotemporal Dementia 
To our knowledge, only 3 studies have investigated 

NIBS effect in bvFTD patients. Only one study used mul-
tiple sessions [109] and none combined a cognitive train-
ing with the stimulation protocol. In all cases, the target 
region was the frontal cortex (dorsal or medial prefrontal 
cortex). Huey et al. [107] did not report any improvement 
in a sample of 10 FTD (9 bvFTD and 1 PPA) patients fol-
lowing a single atDCS stimulation targeting the prefron-
tal cortex. However, the choice of the outcome (language 
rather than behavioral domain) might have not been sen-
sible to detect NIBS changes in this population. Recently, 
2 studies performed NIBS targeting the frontal cortex 
with tDCS [108] or TMS [109], showing improvement in 
social cognitive ability [108], global cognition, and behav-
ioral symptoms [109]. However, none of these studies 
collected surrogate imaging markers and one can only 
speculate on the possible networks modulating these ef-
fects. Based on previous studies, enhancement of behav-
ioral symptoms might be effective through SN modula-
tion, while modulation of social cognition activity might 
require targeting the SN, DMN, and attention network.

Overall, these results are promising for the treatment 
of bvFTD, for which therapeutic options are lacking. 
However, future studies should directly investigate NIBS-
modulatory effects on neural networks involved in FTD, 
such as the SN, DMN, and attention network. 

Other Neurological Conditions
In the last years, NIBS studies have been conducted in 

neurological disorders such as vascular dementia (VaD), 
Lewy body dementia (LBD), PD and CBS.

In VaD, extensive white matter lesions result in global 
cognitive slowing and frontal-executive dysfunctions 
[118]. André et al. [110] investigated the effect of four 
daily sessions of 2 mA anodal or sham at-home tDCS ap-
plied to the left DLPFC in 21 patients with mild VaD. The 
left DLPFC was chosen as the target given its relevance in 
the modulation of executive functions. As expected, at-
DCS was able to improve the performance on executive 
tests [110]. 

Executive dysfunction is also present in PD and in 
LBD from the early stages [119]. Two independent stud-
ies in PD with MCI modulating the DLPFC however 
showed contrasting results. Biundo et al. [112] did not 
report improvements in executive functions after atDCS 
combined with cognitive training. In contrast, Manenti et 
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al. [114], testing 2 weeks of atDCS combined with physi-
cal training, observed significant improvement of the 
Parkinson’s disease cognitive rating test and verbal flu-
ency, with a significant effect also at follow-up [114]. One 
study in DLB reported improvement in attention func-
tions after 1 session of tDCS in a sample of LBD [113]. 

These studies generally used the DLPFC as a target, 
due to the key role of this region in executive functions. 
Studies in healthy subjects suggest that the executive 
function benefits may be mediated by FPN modulation 
[43, 47, 48]. Therefore, DLPFC modulation through NIBS 
may be an effective strategy to modulate executive func-
tions in all those neurological disorders suffering from 
executive dysfunction. While the above studies are prom-
ising, they are still preliminary, and replication in larger, 
placebo-controlled trials is needed. Moreover, the effect 
of alternative approaches has yet to be investigated. For 
example, PD is primarily a disease of the cerebello-thala-
mo-cortical network, and assessing these networks might 
help to identify novel targets to inform on the mecha-
nisms of cognitive/motor improvement.

CBS is a progressive neurodegenerative disease char-
acterized by marked movement deficits and cognitive 
dysfunction and is associated with atrophy of the motor 
(parietal) cortex [120]. To date, 2 studies have investi-
gated the effects of atDCS targeting the left parietal cortex 
and reporting improved naming abilities and apraxia af-
ter stimulation [111, 115]. These studies used the parietal 
cortex as a target, due to the key role of this region in 
frontoparietal network. While the above studies could 
pave the way to useful rehabilitation techniques in these 
patients, they are still preliminary, and replication in larg-
er, placebo-controlled trials is needed. Moreover, the ef-
fect of alternative approaches such as the stimulation of 
sensorimotor network, which is generally impaired in 
CBS pathology, has yet to be investigated. Further inves-
tigations might help to identify novel targets to inform on 
the mechanisms of cognitive/motor improvement in 
CBS.

Conclusions

NIBS has the potential to modulate the functional or-
ganization of brain large-scale networks. The reviewed 
literature indicates that NIBS affects both local and distal 
regions. Studies focusing on motor cortex consistently 
showed modulation of the sensorimotor network, while 
the effect of parietal and frontal cortex stimulation was 
more heterogeneous, although preliminary evidence 

seems to point to an involvement of the DMN and FPN, 
respectively. Importantly, the stimulation of regions be-
longing to cognitive networks (e.g., frontal and parietal 
cortex) demonstrated off-target effects (e.g., between-
network changes), which were not observed for the sen-
sorimotor network. Overall, findings suggest that modu-
lation of neural networks following NIBS does not rely on 
a simple 1: 1 relationship between brain target and a given 
network, but several factors may interact to influence the 
results. For instance, age is one of the most important 
variables that may influence functional modulation. 

Microscale changes observed with the 1H MRS tech-
nique may help to better understand the mechanisms un-
derlying functional modulation, such as the influence of 
GABA versus glutamate on the observed effects, although 
the limited number of studies available thus far does not 
allow to reach univocal conclusions. Again, studies inves-
tigating the effect on brain metabolites reported relative-
ly consistent findings when modulating the motor cortex, 
while findings were more complex when studies modu-
lated cognitive networks.

In conclusion, in neurodegenerative disorders, the as-
sociation between cognitive/clinical deficits and network 
dysfunction supports a “network” approach targeting 
neural networks linked with the clinical phenotype. The 
combination of NIBS with neuroimaging is a promising 
approach to better understand the mechanisms of neuro-
modulation and to design targeted interventions for neu-
rocognitive diseases.
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