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Purpose of review

Noninvasive brain stimulation (NIBS) is increasingly used in the field of dementia as a therapeutic option;
however, evidence of clinical efficacy is limited, and the mechanism of action remains unknown. This
review summarizes how functional imaging could contribute to the design of targeted and effective NIBS
interventions for dementia.

Recent findings

Resting-state functional magnetic resonance imaging (fMRI) has largely contributed to understanding brain
dysfunction in dementia by identifying disease-specific networks. Resting-state fMRI might inform on a
number of factors critical for the conduction of effective NIBS trials, such as definition of stimulation
paradigms and choice of the stimulation target. In addition, fMRI may contribute to the understanding of
the mechanisms of action of NIBS, and provide a tool to monitor treatment efficacy.

Summary

Functional imaging is a promising approach for the development of hypothesis-driven, targeted stimulation
approaches in the field of dementia.
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INTRODUCTION

Noninvasive brain stimulation (NIBS) techniques
are emerging approaches for therapeutic purposes
in psychiatry and neurology [1]. NIBS aims to modu-
late brain networks by modifying neuronal activity
via different mechanisms, for example excitation
of depressed circuits or inhibition of hyperactive
networks. The two most common forms of NIBS
are transcranial direct current stimulation (tDCS)
and repetitive transcranial magnetic stimulation
(rTMS). These techniques are capable of modulating
cortical excitability and can induce long-lasting
neuro-plastic effects [2,3]. tDCS stimulation acts
as a neuromodulator by delivering weak electric
currents to the scalp, whereas rTMS modulates cort-
ical activity through magnetic pulses. Depending on
protocol parameters, both the techniques can be
used to decrease or increase cortical excitability,
based on the disease pathophysiology: low-
frequency TMS (1 Hz) and cathodal tDCS can reduce
excitability, whereas high-frequency (> 5 Hz) TMS
and anodal tDCS enhance excitability [2,3].

In dementia, the most active field of application
for NIBS interventions is Alzheimer’s disease, with
© 2016 Wolters Kluwer 
more than a dozen of studies published to date [4
&

].
The clinical efficacy of NIBS in this condition seems
promising: according to a recent quantitative
meta-analysis by Hsu et al. [4

&

], a benefit of NIBS
on cognitive outcomes was observed (mean effect
size ¼ 1.35; Fig. 1) [4

&

]. Another condition in which
NIBS has been used with success is primary progress-
ive aphasia (PPA) [5], albeit studies are fewer. No
evidence of NIBS efficacy is available for frontotem-
poral dementia (FTD) variants such as behavioral
variant FTD (bvFTD), for Parkinson’s dementia or
vascular dementia [6]. Elder and Taylor [6] in their
Health, Inc. All rights reserved.
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KEY POINTS

� Functional imaging might contribute to the development
of hypothesis-driven, targeted noninvasive stimulation
approaches in the field of dementia.

� Resting-state fMRI can inform on factors such as the
definition of the stimulation paradigms and the choice
of the stimulation target.

� Functional MRI may contribute to a better
understanding of the mechanisms of action of
noninvasive stimulation.

� Functional MRI can be used to monitor the treatment
efficacy in noninvasive stimulation trials.
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FIGURE 1. Results of a recent meta-analysis reporting a
significant positive effect of noninvasive brain stimulation on
cognition in Alzheimer’s disease [4&]. The figure represents
the forest plot of effect sizes for cognitive outcomes from
20 studies in Alzheimer’s disease. Squares denote individual
effect sizes (95% CI), the diamond represents the pooled
effect size. Reprinted from [4&] with permission from Elsevier.
CI, confidence interval.
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review pointed out a number of issues that make it
difficult to compare current NIBS interventions in
dementia, such as the large methodological hetero-
geneity (Table 1) [7–14,15

&&

]. Another issue with
brain stimulation studies of cognition is reproduci-
bility. Vannorsdall et al. [16] recently reported the
unsuccessful attempt to replicate the positive effect
of tDCS on verbal fluency in healthy young,
pointing to the need for greater reproducibility in
the brain stimulation research field. In addition,
the lack of surrogate markers such as functional
magnetic resonance imaging (fMRI), electroence-
phalography or magnetoencephalography prevents
to establish the physiological mechanism under-
lying cognitive changes.

Recently, several investigators have highlighted
the importance to combine imaging with NIBS
approaches. Sale et al. [17

&&

] discussed major factors
that can influence the efficacy of NIBS interventions
and proposed that neuroimaging might guide the
choice of the appropriate paradigm of stimulation.
 Copyright © 2016 Wolters Kluwe

Table 1. Example of the variability between noninvasive brain st

References Stimulation tool Stimulation target R

[7] rTMS DLPFC G

[8] tDCS DLPFC and temporal M

[9] tDCS Temporal M

[10] rTMS DLPFC L

[11] rTMS DLPFC L

[12] rTMS IFG A

[13] tDCS Temporo-parietal M

[14] tDCS DLPFC G

[15&&] tDCS IFG L

DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; rTMS, repetitive tra

1350-7540 Copyright � 2016 Wolters Kluwer Health, Inc. All rights rese
Functional imaging data can inform subsequent
stimulation interventions by providing information
on where, when and how to stimulate [18

&

].
In this review, we summarize possible ways

whereby functional imaging might contribute to
r Health, Inc. All rights reserved.

imulation studies in Alzheimer’s disease

eported cognitive outcome Details on cognitive outcome

lobal cognition Mini mental state examination

emory Visual recognition test

emory Visual recognition test

anguage Picture naming test

anguage Auditory comprehension test

ttention Trail making test

emory Word recognition test

lobal cognition Mini mental state examination

anguage Semantic word retrieval test

nscranial magnetic stimulation; tDCS, transcranial direct current stimulation.
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Default mode network

Degenerative and cognitive diseases
the design and conduction of clinically effective
NIBS interventions in dementia.
Salience network

Language network

FIGURE 2. Spatial patterns of resting-state networks affected
in Alzheimer’s disease (default mode network, top row),
behavioral variant frontotemporal dementia (salience
network, middle row) and primary progressive aphasia
(language network, bottom row). Maps were extracted from
a volunteer with independent component analysis. Networks
are overlaid onto the MNI standard template. MNI,
Montreal Neurological Institute.
IDENTIFICATION OF NETWORKS
AFFECTED IN DEMENTIA

As NIBS aims to selectively modulate neuronal
activity, it is critical to choose the appropriate net-
works for targeted stimulation. Resting-state fMRI
has revealed the existence of different networks
sustaining brain functioning and cognition [19],
and studies have shown that some of these networks
are selectively targeted by neurodegenerative
diseases [20–22] (Fig. 2). In Alzheimer’s disease,
breakdown of the default mode network (DMN)
topographically overlaps with amyloid deposition
and hypometabolic patterns; in bvFTD, salience net-
work disruption closely resembles the pattern of
frontal-temporal atrophy; in PPA, the disruption
of the language network is associated with the
neurodegeneration of left temporal areas [21]. The
progressive breakdown of these networks is closely
associated with clinical progression. In the case
of Alzheimer’s disease, DMN disruption tracks the
clinical severity of cognitive impairment in
Alzheimer’s disease; the disruption of the salience
network, which is crucial for the regulation of
behavior in social context, is associated with
progressing behavioral disturbances in bvFTD.

These circuits might be relevant targets for NIBS
because of the close correspondence between
network disruption, molecular disease and clinical
symptoms. To date, no study has focused on these
circuits as possible targets. Only one deep brain
stimulation study has investigated the effect of
stimulation of the memory circuits in Alzheimer’s
disease [23]. The study showed that fornix stimu-
lation improved clinical symptoms in a subgroup of
patients, and these changes were associated with
increased DMN connectivity. Moreover, stimu-
lation of this circuit was associated with slower
neurodegeneration in Alzheimer’s disease atrophic
regions, such as the hippocampus [24]. An import-
ant contribution of resting-state fMRI and connec-
tomics approaches is the shift of the research focus
from ‘localized’ approaches to ‘network’ perspect-
ives, supporting the evidence that pathogenic
proteins spread across brain connections [25

&&

].
FUNCTIONAL MAGNETIC RESONANCE
IMAGING AND PARADIGM FOR
NONINVASIVE BRAIN STIMULATION

There is the need to move from the purely empirical
approaches to target selection characterizing most
neurostimulation research up to recent years,
 Copyright © 2016 Wolters Kluwer 
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toward a definition of disease-specific paradigms,
based on a detailed knowledge of disease patho-
physiology and functional activity in the relevant
networks [17

&&

]. A reasonable assumption is that
areas affected by reduced connectivity might benefit
from high frequency or anodal stimulation, whereas
areas of hyperactivity may be ‘dampened’ by
low frequency or cathodal stimulation. For example,
in depression, the dorsolateral prefrontal cortex
(DLPFC) is affected by reduced connectivity, and
high-frequency stimulation of this area can improve
clinical symptoms and connectivity [17

&&

,26].
Obsessive-compulsive disorder shows increased
orbitofrontal cortex connectivity, and suppression
of hyperconnectivity with low-frequency rTMS can
reduce symptoms [27]. The above assumption holds
if functional connectivity abnormalities are associ-
ated with disease severity, that is they are detrimen-
tal or copathogenic [28,29

&

], but might not hold true
when the observed changes are compensatory.
Hyperconnectivity can represent a positive response
to counterbalance the effects of disease; in such
Health, Inc. All rights reserved.
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cases, inhibition of hyperconnectivity would have
the opposite effect and possibly exacerbate
symptoms. Thus, any NIBS intervention aimed at
modulating hyperconnectivity needs first to estab-
lish whether these changes are detrimental or com-
pensatory. Hyperconnectivity is not uncommon
in preclinical Alzheimer’s disease, and especially
in mild cognitive impairment (MCI) [30]; however,
it is currently unclear whether these changes are
compensatory or not.

The most preeminent pathophysiological
change observed in Alzheimer’s disease is neuronal
loss and reduced connectivity. Accordingly, the
paradigm of election for this neurodegenerative
disease has been excitatory or anodal stimulation.
Consistently with this model, studies carried out in
Alzheimer’s disease using either rTMS or tDCS
reported a positive effect of high-frequency/anodal
stimulation on cognitive outcomes compared
with placebo or sham stimulation [8–13,15

&&

], and
a negative effect of inhibitory/cathodal stimulation
[13]. In FTD, anodal/excitatory paradigms have been
used for PPA, whereas no NIBS study has been
carried out in bvFTD. On the basis of above predic-
tive model, excitatory/anodal stimulation might be
effective for salience network modulation in bvFTD,
as this circuit is affected by reduced connectivity
[31]. A pilot trial is currently underway to investi-
gate salience network modulation in bvFTD through
anodal stimulation of the salience or cathodal
stimulation of the hyperconnected anticorrelated
network [32].

One aspect that needs to be considered in the
choice of the paradigm is how stimulation of an area
affects connected regions, both within and between
networks. The effect of stimulation might indeed
not be as predictable as expected. One study in
healthy individuals investigated the effect of rTMS
stimulation on DMN connectivity [33]. The inferior
parietal node (a DMN hub) was stimulated with both
high-frequency and low-frequency rTMS, and DMN
connectivity changes on resting-state fMRI were
measured before and after rTMS. The study reported,
somehow unexpectedly, that high-frequency rTMS
reduced hippocampal connectivity, whereas
low-frequency stimulation increased hippocampal
connectivity. These changes were interpreted as
indicative of a selective effect of rTMS stimulation
on DMN subnetworks. Although the study was car-
ried out in healthy individuals and DMN dynamics
might be different in Alzheimer’s disease patients,
these data caution about designing NIBS interven-
tions without a clear vision of the underlying net-
work dynamics. Imaging can aid in testing these
dynamics prior to the conduction of NIBS interven-
tions. If the above changes hold true for Alzheimer’s
 Copyright © 2016 Wolters Kluwe
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disease, stimulation of the parietal cortex might not
be the most appropriate approach for Alzheimer’s
disease.

Neuroimaging integrated with computational
models can play a critical role in testing the effect
of different configurations. The position and size
of the return electrode can profoundly influence
current flow direction and intensity [34,35]. A real-
istic three-dimensional model of brain electrodes
position and tissue compartments can be derived
from MRI, and finite-element methods can be used
to predict the precise current flow through different
electrodes montages [36]. Using this approach,
Neuling et al. [37] tested two common setups, one
targeting the frontal and one targeting the occipital
lobe, and two configurations (medial versus lateral)
for tDCS, and showed that each configuration
resulted in distinct current patterns, some (the lat-
eral one) yielding more focused stimulation and
higher current intensities in the target areas. A good
example of the potential clinical application of this
approach is provided by a recent study in poststroke
aphasia, which compared the current flow gener-
ated by five different electrode montages commonly
used in clinical trials and identified montages more
effective than others [38

&

]. Another related critical
factor in NIBS design is target definition. Not all
brain targets are effective and even small displace-
ments from the optimal target can produce very
different effects [26,39]. In Alzheimer’s disease,
there is currently no agreement on the best target
area. Previous studies used variable targets, such as
the DLPFC [10,11], the parietal cortex [13], the
temporal cortex [8,9] and the inferior frontal gyrus
(IFG) [12,15

&&

]. The choice of the target was dictated
either by the aim of modulating disease-specific
areas, such as the medial temporal lobe [8,9,13] or
by the aim of modulating a specific, affected
function, such as the left frontal cortex in the case
of language [10,11,15

&&

]. Both the approaches
demonstrated a localized effect, with no effect on
global cognition: DLPFC stimulation improved
language and executive functions [10–12,15

&&

],
whereas temporal and parietal stimulation
improved memory [8,9,13]. The DPLFC might be
unspecific as a target for Alzheimer’s disease, as this
area is a common target for the treatment of depres-
sion and the benefits observed in Alzheimer’s dis-
ease might be related to the antidepressant property
of DLPFC stimulation. Targeting disease-specific
hubs might potentially enhance the specificity of
NIBS interventions.

Resting-state fMRI may help to identify effective
targets of noninvasive stimulation in neurodegener-
ative and psychiatric disorders by identifying nodes/
hubs associated with the known targets of effective
r Health, Inc. All rights reserved.
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FIGURE 3. Neuroimaging can be used to identify (top panel) or verify (bottom panel) the location of the target of noninvasive
brain stimulation. Top panel: Statistical spatial maps of the default mode network extracted from resting-state fMRI data of two
Alzheimer’s patients (a and b). The peak coordinates of the right angular gyrus are reported (grey cross), which can be used
for MRI-guided noninvasive stimulation. Bottom panel: Resting-state fMRI data can be used to check whether a prespecified
target of stimulation (filled circles located in the right angular gyrus, Brodmann area 39 as determined in the EEG 10/20
system) corresponds to the network of interest (default mode network). Resting-state fMRI data were collected from a volunteer
who underwent MRI with a stereotactic marker in the prespecified area. Networks are overlaid onto the MNI standard
template and coordinates are in MNI space. fMRI, functional magnetic resonance imaging; MNI, Montreal Neurological
Institute.

Degenerative and cognitive diseases
stimulation (Fig. 3). Fox et al. [40] reported that
effective targets of noninvasive stimulation are
functionally connected via resting-state networks
to targets of effective invasive stimulation.
FUNCTIONAL MAGNETIC RESONANCE
IMAGING AND TREATMENT MONITORING

The main clinical application of resting-state fMRI
in dementia to date has focused on research studies
assessing group differences and on the identification
of novel diagnostic/prognostic markers [41].
Resting-state fMRI measures can discriminate Alz-
heimer’s disease from controls with a sensitivity
between 72 and 85% and a specificity between
77 and 80% [41]. These figures can be improved
by more sophisticated analytical approaches such
as machine-learning techniques, which can reach
an accuracy above 80% for Alzheimer’s disease
versus controls [42] and above 72% for MCI versus
Alzheimer’s disease and controls [43,44].
 Copyright © 2016 Wolters Kluwer 
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The use of resting-state fMRI to monitor
treatment effect is more recent but bears great
potential. A recent trial with galantamine in
Alzheimer’s disease used the DMN as secondary
outcome measure and observed increased connec-
tivity in treated patients at 12 months follow-up
[45

&

]. This positive result is in line with prior
pharmacological studies in Alzheimer’s disease
showing increased DMN connectivity after meman-
tine and donepezil treatment [46,47]. Resting-state
fMRI is indeed in a unique position to provide
surrogate markers of NIBS efficacy thanks to its
ability to (indirectly) measure neuronal changes.

To date, one NIBS study collected fMRI data
to monitor NIBS treatment effect in Alzheimer’s
disease [15

&&

]. The study was performed in MCI
individuals, and the paradigm involved anodal
tDCS of the IFG. Both task (semantic word-retrieval)
and resting-state fMRI data were collected before
and after treatment. The study reported that tDCS
positive effect on cognition was accompanied by a
Health, Inc. All rights reserved.
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normalization of neuronal activity in treated
patients. Specifically, patients at baseline showed
prefrontal hyperactivity on task fMRI, and their
level of activity was comparable with that of con-
trols after stimulation. In addition, resting-state
fMRI suggested that tDCS effects are not localized
but can affect multiple networks, as stimulation of
the IFG resulted in connectivity changes in regions
of the attention, executive control and salience net-
work. This widespread effect of NIBS is in line with
the view that stimulating a brain hub (e.g. the IFG)
can have widespread effects, whereas targeting a
nonhub might have more localized effects [17

&&

].
Finally, NIBS might aid in the design of person-

alized NIBS interventions. Techniques for the
reliable and accurate extraction of individual net-
works from fMRI data are available [48

&&

] and could
be used in a hypothetical NIBS trial to localize the
network/target of interest based on the fMRI data.
Resting-state fMRI data might also be used for finer
target identification: the degree of connectivity in
the main hubs can be extracted from individual
fMRI data: this information could then guide the
choice of the best target (e.g. less connected hub).
CONCLUSION

fMRI has the potential to contribute to the design of
effective brain stimulation approaches by assisting
in paradigm definition and identification of surro-
gate markers of clinical efficacy. The limited avail-
able evidence is encouraging to further develop this
approach, in particular in the design of clinical trials
of neurostimulation effects in dementia.
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