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a  b  s  t  r  a  c  t

Favored  by increased  life  expectancy  and reduced  birth rate,  worldwide  demography  is rapidly  shifting
to older  ages.  The  golden  age  of  aging  is  not  only  an  achievement  but  also  a  big  challenge  because  of
the  load  of  the  elderly  on social  and  medical  health  care  systems.  Moreover,  the  impact  of age-related
decline  of  attention,  memory,  reasoning  and  executive  functions  on  self-sufficiency  emphasizes  the need
of interventions  to  maintain  cognitive  abilities  at a  useful  degree  in old  age.  Recently,  neuroscientific
research  explored  the  chance  to apply  Non-Invasive  Brain  Stimulation  (NiBS)  techniques  (as  transcranial
electrical  and  magnetic  stimulation)  to healthy  aging  population  to preserve  or enhance  physiologically-
on-invasive brain stimulation
DCS
TMS
ognition

declining  cognitive  functions.  The  present  review  will update  and  address  the  current  state  of the  art  on
NiBS  in  healthy  aging.  Feasibility  of  NiBS  techniques  will  be discussed  in  light  of recent  neuroimaging
(either  structural  or functional)  and  neurophysiological  models  proposed  to  explain  neural  substrates  of
the  physiologically  aging  brain.  Further,  the  chance  to design  multidisciplinary  interventions  to  maximize
the  efficacy  of  NiBS  techniques  will  be  introduced  as a necessary  future  direction.
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. Introduction

.1. What does “aging” mean to the brain?

Favored by reduced birth rate and increased life expectancy,
orldwide demography is rapidly shifting to older ages. According

o a recent report by the U.S. Census Bureau, the share of people
5 and older is projected to increase more than 150% in 35 years
He et al., 2016). In line with this projection, from 562 millions of
eople that were 65 years old or older in 2012, by 2050 the “golden
ge” will include a population of 1.6 billion of elders. The “golden
ge” is itself aging rapidly; increase in life expectancy will raise
he number of the oldest old from 126.5 million by 2015 to 446.6

illion by 2050. This snapshot underlines that the golden age is
ot only an achievement, but also a big challenge that our society
ust face promptly, in order to shield self-sufficiency and well-

eing of this growing proportion of population (Ballard, 2010). As
he 2015 United States of Aging survey reported (National Council
f Aging, 2016), “keeping the mind sharp” is the main concern of
2% of older Americans. Cognition, a broad term encompassing
bilities such as memory, attention, decision-making and prob-
em solving, is indeed a critical component in daily functioning
Li et al., 2001; Seidler et al., 2010) and its age-related decline
s cause of concern not only for the elderly but also for their
amilies, the community and the public services. Indeed, aging to
enescence encompasses variable impairment in cognitive abilities,
specially for some aspects of memory and language, visuo-spatial
nd executive abilities, and several intervention modalities have
een developed to stem it (Bamidis et al., 2014). Recently, neu-
oscientific research explored the chance to apply Non-Invasive
rain Stimulation (NiBS) techniques (as transcranial electrical and
agnetic stimulation) to the aging population.
The present review will overview current scientific evidences

n age-related cognitive and neurobiological changes to discuss
he feasibility of enhancing cognitive maintenance by means of
lectrical current stimulation protocols.

.2. Structural and functional signatures of brain wrinkles
.2.1. Structural changes
Physiological brain structural and functional adapting brain

hanges follow human development from birth to death and
 . . . . . . . . . . .  . . .  . . . . .  . . . . .  . . . . .  . . .  .  . . . .  . . .  . . .  . .  . .  .  . . . .  . . .  .  .  .  . . . .  .  . . . . .  . . . . .  . . . 83

characterize cognitive differences during lifespan. Neurobiologi-
cal changes particularly evident in the old age include: reductions
in neurotransmitter binding potential and synaptic receptor den-
sity and efficacy (Morrison and Baxter, 2012), change in cortical
and cerebellar metabolism (Dukart et al., 2013), grey matter atro-
phy, white matter loss and ventricular enlargement (Bennett and
Madden, 2013; Bolandzadeh et al., 2012; Scahill et al., 2003). As
Hedman et al. (2012) reported in their review of 56 longitudinal
MRI  studies, a volume loss of more than 0.5% yearly occurs after age
60, a change that goes along with signs of demyelination, axonal
damage, decline in callosal volume (Abe et al., 2002; Nusbaum
et al., 2001; Pfefferbaum and Sullivan, 2003; Sullivan et al., 2010;
Vernooij et al., 2008), and ventricular enlargement, especially in
the frontal horns (Apostolova et al., 2012). Interestingly, ventricu-
lar enlargement, white matter and grey matter structural changes,
which seem to follow an “anterior-posterior gradient” with an ear-
lier and stronger involvement of frontal regions, correlate with
decline in cognitive performance (Chou et al., 2009; Josephs et al.,
2008; Persson et al., 2006). In particular, prefrontal white matter
hyperintensities and grey matter shrinkage have been linked to
poorer executive functions, working memory abilities and speed of
information processing and have been independently correlated to
perseverative behavior (Gunning-Dixon and Raz, 2003). Also tem-
poral lobes are prone to moderate age-related changes; decrease
in the hippocampus volume has been largely reported in healthy
aging whereas the entorhinal cortex, whose volume decrease char-
acterizes Alzheimer’s disease, seems to be unaffected by healthy
aging (Raz et al., 1998).

1.2.2. Task-related functional activity
As shown by several neuroimaging studies of task-related brain

activity, brain structural changes are accompanied by modifica-
tions of functional neural activation patterns in the elderly; these
evidences gave rise to a flurry of theories among which reduc-
tion of task-related hemispheric lateralization (HAROLD model) is
one among the soundest, at least for the memory domain (for a
review on this topic see Cabeza et al., 2002). However, many cogni-
tive domains, such as attention and memory, executive functions,

perception and visuospatial abilities, are usually disrupted with
aging and these behavioral changes are also reflected by changes
detectable using functional imaging techniques such as functional
Magnetic Resonance Imaging (fMRI).
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Table 1
Summary of studies using rTMS neuro-enhancement protocols in healthy aging.

Studies  N  Age  Education  Stimulated
area

Sham  Localization
of  the  site

Type  of
coil  (mm)

Type  and
frequency  of
stimulation

Intensity  Train
duration

Treatment
duration  (d)

Online/
offline

Task  Cognitive
domain

Effect  Result

Vidal-Piñeiro  et  al.  (2014) 24  71.75  ±  6.81  /  left  IFG  sham  device  Neuronavigated
stimulation
with
stereotactic
registration

Double-70  iTBS
50  Hz

80%
AMT

3  pulse  trains
repeated  every
200  ms  during
2”

/ Offline  Encoding  and
retrieval  of
words

Episodic
memory

iTBS did  not
produce
changes  in
performance
in  the  memory
task.
Functional
brain
TMS-induced
changes  were
found
specifically
when  subjects
were
performing  a
deep  encoding
task in  local
(left IFG)  and
distal  areas
(OC and
cerebellum)

No behavioral
effects

Kim  et  al.  (2012) 16  63.13  ±  4.90  12.33  ± 3.67
rTMS  group
11.50 ±3.46
sham  group

left  DLPFC  (F3)  Coil  held  per-
pendicularly
to  the  scalp
surface

International
EEG  10–20
system

Double-70  HF-rTMS
10  Hz

30%  of
the maximal
stimulator
output  (0.6T)

13  pulse  trains
of
2” repeated
every  15”  (780
pulses  daily)

5  days  Offline  Stroop-task  Inhibitory
control

Daily  HF-rTMS
treatment  over
the  left
dorsolateral
prefrontal
region
improved
reaction  times
for  Stroop  task
trials  with
conflicting
information.
No effect  on
accuracy  rates

↓  RT  with
conflicting
information

Cotelli  et  al.  (2010)  13  70.2
range  65–78

13.8  l/r DLPFC  3-cm-thick
piece  of
plywood
applied  to  the
coil  on  Cz

SofTaxic
Evolution
Navigator
system  (V.  2.0)

Double-70  HF-rTMS
20  Hz

90%  MT  500  msec  /  Online  Action-naming
task

Language  vRTs  for
actions  were
consistently
faster  during
left and  right
dorsolateral
prefrontal
cortex  than
during  sham
stimulation.
No  significant
differences
were  observed
for object
naming.

↓ RT  for  action
naming
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For what concern episodic memory, Cabeza et al. (Cabeza et al.,
997) showed that, differently from young adults which displayed
ypically prevailing left prefrontal cortex (PFC) activity during
ncoding and right PFC activity during recall (HERA model: Cabeza
t al., 1997; Nyberg et al., 1998; Rossi et al., 2002; Silveri et al., 2014;
ulving et al., 1994), performance of the elderly was  character-
zed by a bilateral pattern of PFC activity during retrieval, namely a
eduction in hemispheric lateralization. Similar data were obtained
or other memory components, such as recognition (Grady et al.,
002; Madden et al., 1999), incidental and intentional learning
Stebbins et al., 2002; Logan and Buckner, 2001), and other domains
uch as executive functions (Nielson et al., 2002; Reuter-Lorenz
t al., 2000) and perception (Grady and Craik, 2000; Grady et al.,
994). Reduced hemispheric lateralization is actually one of the
ost discussed evidence in cognitive aging research field as it

aised many conflicting hypotheses, some suggesting a failure to
llocate functional resource in a selective manner as it happens
n younger subjects and others interpreting it as a compensatory
ttempt (Grady, 2008).

Another occurring neurophysiological modification encom-
asses the increased recruitment of frontal areas to the
etriment of occipital activity, a phenomenon theorized in the
osterior–anterior shift in aging (PASA) model (Davis et al., 2008).
ar from being a task-difficulty related phenomenon (Davis et al.,
008), neuroimaging studies widely reported PASA pattern across
ifferent cognitive domains, including attention and working
emory (Madden, 2002; Cabeza et al., 2004; Grossman et al., 2002;

ypma and D’Esposito, 2000), visual perception and visuospatial
rocessing (Grady and Craik, 2000; Grady et al., 1994; Huettel
t al., 2001; Iidaka et al., 2002; Levine et al., 2000; Meulenbroek
t al., 2004) as well as episodic memory (Cabeza et al., 2004,
997; Daselaar et al., 2003; Dennis et al., 2007; Grady et al., 2002;
utchess et al., 2005). Considering that structural brain changes
eem to follow the opposite direction – namely affecting prefrontal
reas first – evidences of increased task-related prefrontal acti-
ation need more in-depth analysis. As reported by Davis et al.
2008), prefrontal activity could be interpreted as a functional reor-
anization mechanism to overcome decreased sensory processing
bilities (Gazzaley et al., 2005; Park et al., 2004), a compen-
atory role that has been observed also for parietal areas (Cabeza
t al., 2004; Huang et al., 2012). Some recent studies combining
tructural and functional information found significant correla-
ion between increased activity in some regions and structural
reservation of other areas, especially for what concerns prefrontal
ctivity (Braskie et al., 2009; Rosen et al., 2005). Therefore, although
ncreased prefrontal local functional activity could be the result of
educed structural integrity, grey matter integrity of other areas
e.g. medial temporal lobes), as well as preservation of white matter
ong-range connections, could mediate these effects and give them
ifferent significance in terms of behavioral performance (Madden
t al., 2009; Maillet and Rajah, 2013).

In addition to the complex relationship between functional
veractivations, structural integrity and cognitive abilities in the
ging brain, some recent evidences suggested that task-related
ompensatory attempts could be a response to altered resting-state
unctional connectivity networks.

.2.3. Resting-state functional connectivity
Beside task-based fMRI approach to cognitive aging, which

ften faces practical constrains, a sharp interest in brain resting-
tate functional connectivity (RSFC) sprang unprecedentedly (for
n extensive review on this topic, see Ferreira and Busatto, 2013). As

ndicator of synchronization of low frequency oscillations (<0.1 Hz)
etween different brain areas while not engaged in any partic-
lar activity (Biswal et al., 1995) RSFC is a feasible and reliable
ethodology to study cognitive changes in aging, allowing also
eviews 29 (2016) 66–89 69

large-scale data sharing thanks to its great comparability across
different research samples (Ferreira and Busatto, 2013).

Among the multiple brain networks retrieved during rest (e.g.
primary sensorimotor network, primary visual and extrastriate
visual networks, fronto-parietal attentional networks and default-
mode network), literature highlighted preferential age-related
decrements in the default-mode network (DMN) and dorsal atten-
tional network connectivity, which have been tightly linked to
attention, memory and executive functions (van den Heuvel and
Hulshoff Pol, 2010; Mevel et al., 2013). For what concerns the
DMN, a network that comprises resting activity of medial prefrontal
cortex, inferior parietal lobule, hippocampus and posteromedial
cortex, evidences report decreased connectivity within this func-
tional organization in old people when compared to young adults
(Esposito et al., 2008; Hafkemeijer et al., 2012; Mevel et al., 2011;
Prvulovic et al., 2011). More specifically, Independent Compo-
nent Analysis (ICA) and seed-based studies revealed a specific
vulnerability of medial prefrontal cortex, posterior cingulate cor-
tex (Batouli et al., 2009; Koch et al., 2010; Wu et al., 2011)
and anterior cingulate cortex connectivity (Esposito et al., 2008;
Koch et al., 2010) in aging population, a decrement that probably
begins already during the middle age (Evers et al., 2012). Interest-
ingly, evidences of increased DMN  task-based connectivity suggest
that, although overall resting connectivity within this network is
decreased in older people, failure in suppressing DMN  during cog-
nitive engagement could potentially explain cognitive impairment,
as well as trigger compensatory activations of other networks dur-
ing cognitive tasks. Moreover, the link between DMN  disruption
and cognitive impairment is further supported by studies show-
ing that amyloid deposits in the brain are linked to reduced resting
DMN  connectivity (Sheline et al., 2010).

For what concerns fronto-parietal connectivity, studies show
a significant increase in homotopic RSFC – a sign of reduced
hemispheric asymmetry (Grieve et al., 2005) – and a consistent
anterior-posterior cortical disconnection (Andrews-Hanna et al.,
2007; Bollinger et al., 2011; Campbell et al., 2012; Grady, 2012;
Grady et al., 2010; Kalkstein et al., 2011). Overall, these evidences
highlight that long-range connections seem to be more vulnerable
to aging than short-range connections (Tomasi and Volkow, 2012)
and support the “last-in-first-out” hypothesis, namely a greater
vulnerability of late-maturing regions of the brain to aging effects
(Grieve et al., 2005; Kalpouzos et al., 2009; Terribilli et al., 2011).
Intriguingly, evidences of increased dorsal fronto-parietal network
and decreased ventral connectivity during executive tasks posit
some food for thought on the balance between resting and task-
related networks; given the reported anticorrelations between
DMN  and task-positive networks, it may  be that resting disruption
of DMN  could turn into a failure to downregulate it during cognitive
tasks, thereby overactivating task-positive fronto-parietal atten-
tional networks to gain greater cognitive control (Reuter-Lorenz
et al., 2010).

1.2.4. Electrophysiological changes
A necessary step toward a greater understanding of the func-

tional role of resting and task-related functional activity in the aging
brain encompasses the study of the relationship between BOLD sig-
nal fluctuations and the real language of neurons, namely brain
electrical activity in the form of oscillatory patterns and evoked
potentials.

Quantitative analysis of electroencephalography (EEG) is indeed
a useful approach to assess neurophysiological changes occurring
in aging; this is especially true if we  consider the role of oscillatory

brain activity in the transfer of information across the brain, in neu-
roplastic processes and in overall cognitive functioning (Kahana,
2006). One of the most reported EEG correlate of physiological aging
is a prominent background EEG slowing (Vlahou et al., 2014) but, as
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e will discuss, the direction of the changes in specific brain oscil-
atory patterns and their overlap with pathological aging is still

ixed up.
Overall, resting alpha power (8–13 Hz) decrease has been con-

istently reported and associated to an increased spectral power in
lower delta (1–3 Hz) and theta (4–7 Hz) frequency bands (Finnigan
nd Robertson, 2011). A recent cross-sectional study added spe-
ific topographic locations to these changes, reporting linear and
on linear changes in parietal, temporal and occipital alpha and

n occipital delta amplitude (Babiloni et al., 2006). Modulated by
halamo–cortical and cortico–cortical interactions, resting alpha
hythm is the dominant resting oscillation in the adult awake
rain and plays different key roles in the coordination of brain
etworks; lower alpha frequency band (8–10.5 Hz) seems to be
elated to the global level of attentional readiness and to long-range
onnectivity, whereas upper alpha waves seem implicated in the
ransmission of sensorimotor information as well as to semantic

emory retrieval (Lizio et al., 2011). Furthermore, alpha power has
een negatively associated to global gray matter and hippocampal
trophy in MCI  and AD patients, thereby suggesting the existence
f a continuum from healthy aging to Alzheimer’s disease and that
he characterization of alpha amplitude and coherence could be
urther investigated to improve differential diagnosis (Bian et al.,
014).

For what concerns increased delta (1–3 Hz) and theta (4–7 Hz)
ower, reports are quite inconsistent, at times reporting a power

ncrease (Dujardin, 1994; Dujardin et al., 1995; Klass and Brenner,
995) at others a decrease (Klimesch, 1999; Stomrud et al., 2010). As
innigan and Robertson (2011) suggested, theta frequency increase
ould be a consequence of the slowing of the resting alpha peak
nd could be considered as a candidate biomarker of the aging
rain. However, as Vlahou et al. (2014) commented in his work,
igher theta power not associated with alpha slowing could be

nterpreted as a marker of healthy aging per se. This latter sugges-
ion seems to be confirmed by a study by Grunwald et al. (2001),
hich found a negative linear correlation between theta power and
ippocampal volume reduction. Moreover, behavioral significance
f these changes are still controversial (Finnigan and Robertson,
011; Prichep et al., 2006). In a recent study, Vlahou et al. (2014)
ried to address this issue by investigating associations between
hanges in oscillatory activity and cognitive performance. Results
howed that healthy aging was associated with a widespread lin-
ar decrease of slow wave power (<7 Hz) and that the maintenance
f a higher resting delta and theta power was positively correlated
ith cognitive performances across different domains.

Taken together, these patterns of changes in slower oscillatory
ctivity could be considered as a compensatory attempt to con-
rol information processing in order to accomplish task demands.
evertheless, a clearer characterization of the relationship between
ognitive performance and resting EEG activity on the continuum
rom healthy aging to dementia is needed.

.3. Beyond a “wear-and-tear” conception of the aging brain

Given the correlational, rather than causal, nature of the neu-
oimaging and neurophysiological studies above mentioned, one
till burning question about age-related cognitive and neuro-
hysiological modifications is related to the actual meaning of
hese functional changes, namely, whether they reflect signatures
f brain inefficiency, an adaptive compensatory attempt (Grady,
008), or both. Far from being a definite effective countermove to
ging processes, specific patterns of activation in the elderly aging

rain could be non influential or even detrimental to cognitive per-
ormances (Fabiani et al., 1998; Stevens et al., 2008). In a classic
tudy by Schacter et al. (1996), for instance, increased posterior
FC activity in elderly during memory retrieval was not associated
eviews 29 (2016) 66–89

with better performances. This result, interpreted as an effect of an
inefficient phonology-based strategy to retrieve items, tap into the
hypothesis that some compensatory attempts reflect nonspecific
or less efficient recruitment of neural resources during task per-
formance (Baltes and Lindenberger, 1997; Grady, 2008). Known
as the “Dedifferentiation theory of neural processing” (Li et al.,
2010), this concept is rooted in the idea that brain functional dif-
ferentiation during human development is reversed in the elderly,
an interpretation supported by evidences of stronger correlations
both among cognitive measures and between cognitive and sensory
functioning measures (Reuter-Lorenz et al., 1999). Irrespective of
the considered model of brain aging, a fruitful avenue to demon-
strate whether the different “activations” of the aging brain are
necessary to keep on a satisfactory performance is to target these
regions with repetitive transcranial magnetic stimulation (rTMS),
which transiently disrupts neural activity (Rossini et al., 2015).
Using this approach, Rossi et al. (2004) showed that both PFCs
contributed equally to retrieval processes in the elderly, accord-
ing with the HAROLD model, while encoding processes remained
left-lateralized for the whole life span.

On the basis of recent literature, therefore, a wear-and-tear
conception of the aging brain sounds too hasty: far from being a
bare reverse developmental process, aging encompasses dynamic
and plastic modifications aimed at preserving cognitive functioning
despite the impairment of usual neural resources. Hence, an over-
loaded neural system attempts an active compensation through
the recruitment of reserve neural resources. As the “Scaffold-
ing Theory of Aging and Cognition” expresses (STAC – Park and
Reuter-Lorenz, 2009), compensation activity in the aging brain
subsumes some neuroplasticity mechanism that sustains cognitive
functioning by boosting activity in task-related brain regions and/or
engaging alternative brain regions through functional connectiv-
ity. Attempted compensation seems to have a complex asymptotic
or even inverted-U relationship (Cabeza and Dennis, 2012) both
with brain decline and task demands, such that it will be greater
with higher levels of brain impairments and task demands but
will relentlessly show no change, or even a decrease, once neu-
ral resources reach their plateau. This effect is well described
by applying the “Compensation-related utilization of neural cir-
cuits hypothesis” (CRUNCH – Reuter-Lorenz et al., 2008) to the
elderly. As many studies reported, older adults tend to recruit
additional areas at lowers levels of task demands, wearing out
compensatory resources to meet higher levels of task difficulty
and, consequently, impairing their performances (Reuter-Lorenz
et al., 2008). Literature reports solid evidences of the compen-
sative nature of age-related brain activations: HAROLD and PASA
patterns described before, for example, were found positively cor-
related with task performances (Cabeza et al., 2002; Davis et al.,
2008). Moreover, also large functional networks are involved in
age-related compensatory activity: by applying a split-field match-
ing paradigm (Banich and Belger, 1990) to a semantic memory
task, Davis et al. (2012) found a stronger functional connectivity
between left and right PFC in elderly and a positive relationship
between increased cross-hemispheric connectivity and behavioral
performance in bilateral presentation condition. Despite evidences
of the existence of non-beneficial large scale functional connec-
tivity changes (Andrews-Hanna et al., 2007; Rajah and McIntosh,
2008), this study is in line with findings indicating that cogni-
tive performances of the elderly could be sustained not only by
increased local activity but also by large scale networks changes,
such as prefrontal-medial temporal lobe (MTL) connectivity dur-
ing memory tasks (Daselaar et al., 2006; Gong et al., 2009; Li et al.,

2010; Meunier et al., 2009; St Jacques et al., 2009; Wang et al.,
2010) and frontal and occipital-parietal phase locking in high beta
band (21–30 Hz), which seems to compensate reduced alpha power
during selective attention tasks (Geerligs et al., 2012).
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In light of these evidences, the large behavioral variabil-
ty observed in the elderly could be explained in terms of the
atio between attempted and successful recruitment of cognitive-
elated or unrelated brain areas and networks to keep up cognitive
erformances, raising the possibility of efficiently addressing these
fforts through the identification of predictors and the relative
reation of proper interventions. Recently, in the wake of the
ositive results on healthy young and neuropsychiatric patients
Miniussi et al., 2008; Nitsche et al., 2008), rising efforts have been

ade to test the chance of enhancing cognitive physiologically-
eclining functions in the aging brain through non invasive brain
timulation (NiBS). The term NiBS encompasses different meth-
ds aimed at inducing transient changes in brain activity and, in
urn, altering behavioral performance, by means of electrical cur-
ents or magnetic pulses applied on the scalp; as we  will describe
n greater detail in the following paragraphs, different types of
timulation (transcranial magnetic stimulation, TMS; transcranial
lternating current stimulation, tACS; transcranial direct current
timulation, tDCS; transcranial random noise stimulation, tRNS),
ach one affecting neuronal activity with different mechanisms,
re used in cognitive neuroscience. An emerging body of research
ostly based on two non invasive brain stimulation techniques,

DCS and rTMS, is offering promising evidences on the feasibility of
pplying these methods to aging population. Therefore, the present
eview updates and discusses present state of art on NiBS in healthy
ging to enhance cognitive functioning.

. Search strategy and inclusion criteria of the review

Potentially relevant papers have been retrieved by performing
 PubMed database search without temporal restrictions. In the
ttempt of focusing the search on healthy elderly population, the
erms “aging”, “ageing” or “elderly” were combined with terms
uch as “healthy”. To specify the object of the present review, these
erms were combined with terms such as “repetitive transcranial

agnetic stimulation”, “transcranial direct current stimulation”,
transcranial alternating current stimulation” (a transcranial elec-
rical stimulation based on the application of oscillatory potentials
imed at modulating intrinsic brain oscillatory activity) (Groppa
t al., 2010), “transcranial random noise stimulation” (a technique
ased on an increase of cortical excitability levels through the

njection of pseudo-random electrical patterns which alter the
ignal-to-noise ratio of targeted brain region) (Terney et al., 2008)
nd related acronyms (respectively rTMS, tDCS, tACS, tRNS). The
earches for study population and research topic were combined
ith AND, resulting in the final search. Results on Google Scholar

nd Science Direct databases and references of retrieved researches
ere examined for relevant publications too. We  intentionally

xcluded studies that only focused on elderly patients with a psy-
hiatric, neurological or neurodegenerative disease, in which NiBS
as used as a neuromodulatory treatment option, as well as those

tudies applying NiBS techniques to investigate neurophysiologi-
al mechanisms of the aging brain. The final selection comprised

 studies related to rTMS, 17 studies related to tDCS and 1 study
elated to tRNS. No studies related to tACS and healthy aging were
etrieved on online databases.

For each transcranial Electrical Stimulation (tES) study, we
etrieved: (i) number of subjects, (ii) mean age, (iii) mean educa-
ion, (iv) experimental design (i.e. type of design-within/between
ubjects, single/double blind, sham controlled, follow up), (v)
iBS specifics (i.e. electrode size, target electrode, reference elec-
rode, intensity, duration, online/offline stimulation), (vi) cognitive
ask specifics, (v) main results. For rTMS literature, we extracted:
i) number of subjects, (ii) mean age, (iii) mean education, (iv)
xperimental design (i.e. type of design-within/between subjects,
eviews 29 (2016) 66–89 71

single/double blind, sham controlled, follow up), (v) NiBS protocol
specifics (i.e. Sham method, stimulation site localization method,
coil type, type of stimulation and related intensity, stimulation
duration), (vi) task specifics, (v) main results. A schematic overview
of the results of the reviewed studies is shown in Tables 1 and 2.

3. NiBS techniques and neuroenhancement of the healthy
aging brain

3.1. Repetitive transcranial magnetic stimulation (rTMS)

First introduced by Barker et al. in 1985 (Barker et al., 1985),
TMS  is a non-invasive technique to stimulate the brain. Based on
Faraday’s principle of electromagnetic induction, TMS  discharges
brief (200–300 �s) and powerful (0.2–4.0 T) magnetic pulses tan-
gentially to the skull, creating a secondary electrical current that
abruptly changes the excitability of the underlying neurons, thus
inducing neuronal firing. Trains of single TMS  pulses (up to a 100-Hz
repetition rate) with a constant frequency and intensity character-
ize repetitive transcranial magnetic stimulation (rTMS). According
to the frequency of stimulation, rTMS induces after effects on cor-
tical excitability, mainly impacting on synaptic efficiency, that may
result in a net inhibitory effect when delivered at low frequency
(1 Hz or less) or an excitatory one, when delivered at high frequency
stimulation (≥ 5 Hz) (Rossi et al., 2009). Long Term Depression
(LTD) or Long Term Potentiation (LTP) are the synaptic mechanisms
invoked to explain such lasting effects (Cooke and Bliss, 2006).
The characteristics of the rTMS/TMS induced magnetic field can
be shaped by different types of coils, making it more focal (as in
the case of a figure-eight coil) or reaching greater depths (as in
the case of deep TMS  coils, e.g. the double cone or the H-coils).
Despite the use of deep TMS  coils could reach potentially harming
depths up to 6 cm (Deng et al., 2013), TMS  is usually restricted to
superficial cortical targets, at a depth of 2–3 cm beneath the scalp.
Noticeably, stimulation-induced effects of TMS  and rTMS largely
depend not only by “technical” features such as device characteris-
tics (e.g. type of coil), parameters set (e.g. intensity and frequency)
and experimental procedure (e.g. coil orientation, on-line/off-line
pulses discharge, respectively during or before a task) (Thut and
Pascual-Leone, 2010); subject-related variables, including state-
dependency (level of neural activity during stimulation), age and
eventual pharmacological treatments (Miniussi et al., 2010; Rossini
et al., 2010; Silvanto et al., 2008) also affect the efficacy of rTMS
stimulation. Nonetheless, some major issues make sometimes dif-
ficult to disentangle between real and placebo-mediated effects of
rTMS protocols; clicking sounds produced by the current flow in the
TMS  coil, sensory stimulation of the skin and muscular twitches
of the face due to direct stimulation of trigeminal and facial ner-
vous fibers could indeed influence task performances and lead to
confounding results. One approach to deal with these effects is to
hold the coil in a perpendicular orientation: this resembles simi-
lar sensory side effects of the active TMS  stimulation but do not
ward off any possible residual brain stimulation and, of course,
limits the blinding of participant and researcher. Conversely, sham
TMS  coils, which implement a magnetic shield to prevent neu-
ral stimulation, strongly attenuate skin and muscles stimulation
and require additional surface electrodes to proper control for sen-
sory effects (Duecker and Sack, 2015; Rossi et al., 2007). Alongside
issues related to TMS  control conditions, the need of MRI  scans
and neuronavigation systems to precisely target brain areas makes
the implementation of TMS  protocols less handy than other NiBS

techniques.

Despite these potential limitations, a large body of placebo-
controlled evidence reports cognitive improvement after high
frequency rTMS in healthy young adults and in patients with psy-
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Table 2
Summary of studies using tES neuro-enhancement protocols in healthy aging.

Studies  N  Age

(mean ± SD years)

Education  Experimental
design

Conditions  Electrode  size Target
electrode

Reference
electrode

Intensity/
duration

Task  Cognitive
domain

Online/
Offline

Effects  Follow  up  Result

Ross  et  al.
(2011)

14  65  /  Single-blind
crossover
sham
controlled

a-tDCS  s-tDCS  7  ×  5  cm  ATL  (T3/T4)  Contralateral
cheek

1.5  mA
15  min

Naming  of  130
photographs
of  famous
people  and  99
photographs
of  famous
landmarks

Language  Online  Left  tdcs  increases
naming
performance  for
famous  people.
Only in  cases  in
which  the names
were not
immediately
available.  Right
a-tdcs  improves  the
ability  to  recall
names  of  places

No  ↑  accuracy  left
a-tDCS  for
people  naming
↑  accuracy
right  a-tDCS
for  places
naming

Meinzer  et  al.
(2013)

20  68.0  ±  5.7
range  60–76

/ Crossover
sham-
controlled

a-tDCS  s-tDCS 5  ×  7
10  ×  10  cm
(reference)

Left  ventral
IFG (F5)

Right
supraorbital
region

1  mA
20  min

Semantic
word-retrieval
task

Language  Online  (fMRI) Older  participants
produced
significantly
fewer errors  during
a-tDCS  compared
with sham
participants.  No
effect  on  RT

No  ↑  Accuracy
l-IFG

Meinzer  et  al.
(2014)

18  68.38  ±  5.15  15.88  ± 4.74  Within-
subject  triple
cross-over
sham
controlled

a-tDCS  c-tDCS
s-tDCS

7 ×  5  cm  Primary  motor
cortex  (C3)

Right
supraorbital
region  right
motor
cortex(c4)

1 mA
30  min

Semantic
word-retrieval
task

Language  Online  Both  active  tdcs
conditions
significantly
improved
word-retrieval
compared to
sham-tDCS.

No ↑  Accuracy
l-a-tDCS

Fertonani  et  al.
(2014)

20  66.5±  5.5 10.5  Crossover
single-blind
sham
controlled

a-tDCS  s-tDCS 7  ×  5  cm Left  dlPFC  (F3) Right  shoulder 2  mA
4–5  min  for
online a-tDCS
10 min  offline
a-tDCS
6–7  min
s-tDCS

Picture-
naming
task

Language  Offline/online  tDCS  improved
naming
performance,
decreasing  the
verbal  reaction
times  only  if  it  was
applied  online.

No  ↓  Verbal  RT
online  a-tDCS

Hummel  et  al.
(2010)

10  69  ±  9.24
range  56–87

/ Counterbalanced
double-blind
design  sham
controlled

a-tDCS  s-tDCS  5  ×  5  cm  Hand  knob
area of the  left
M1

Contralateral
supraorbital
region

1  mA
20  min

Jebsen–Taylor
Task  (JTT)

Motor  Offline  Significant
improvement  in  JTT
function  with  tDCS
relative  to  sham
that outlasted  the
stimulation  period
by  at  least  30  min

No  ↓  JTT  time
a-tDCS

Zimerman
et  al.  (2013)

10  a-tdcs  5
c-tdcs

68.5  ±  3.2
a-tdcs
71.2  ±  1.9
c-tdcs

/  Double-blind,
sham-
controlled,
cross-over

a-tDCS  s-tDCS  5  ×  5  cm  C3  Contralateral
supraorbital
region

1  mA
20  min

Finger-
Tapping
Task

Motor  Online  Improvements
when  training  was
applied
concurrent  with
a-tDCS,  with  effects
lasting  for  at  least
24  h

90  min
24  h  after

↑  Accuracy
online  a-tDCS

Lindenberg
et  al.  (2013)

20  68.2  ±  5.0
range  61–77

/ Crossover
sham
controlled

dual/anodal/
sham  tDCS

7  ×  5  cm
10  ×  10  cm
(c-tDCS)

C3  C4  (dual  tDCS)
contralateral
supraorbital
region

1  mA
30  min

Choice
Reaction  Time
Task

Motor  Online  (during
fMRI)

No  effect  of
stimulation
condition  on  the
number  of  errors  or
reaction  times;
Task-related  fMRI
revealed  dual  but
not  anodal  tDCS
enhanced
connectivity  of  the
left  dorsal  posterior
cingulate  cortex.
Furthermore,  dual
tDCS  yielded
stronger  activations
in bilateral  M1
compared  with
anodal tDCS  when
participants  used
either  their  left  or
right  hand
during  the  motor
task.

No  No  behavioral
effects
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Parikh  and
cole (2014)

8  75  ± 8 range
63–84

/  Single-blind
crossover
sham
controlled

a-tDCS,  s-tDCS
+
motor practice
(MP)
on the
Pegboard  test

5 ×  5 cm  M1 (found
with  TMS)

Right
supraorbital
region

1  mA
20  min

Key-slot  task
tactile
sensibility test
isometric  task
grooved
pegboard

Motor  Online/Offline  Practice
improved
performance  on  the
pegboard  test,  and
a-l  tDCS  +MP
improved
retention of  this
performance  gain
when  tested  35  min
later, whereas
similar
performance  gains
degraded  in the
sham  group  after
35  min.

No  Grooved
pegboard  and
key  slot  task  ↓
time
a/s-tDCS  + MP
isometric
precision  grip
task  ↑  grip
force
variability
with a-tDCS
(negative)

Flöel  et al.
(2012)

20  62.1  ±  9.2
range  50–80

13.2 ± 2.3  Double-blind
design  sham
controlled

a-tDCS  s-tDCS  7 ×  5 cm
10 ×  10  cm
(reference)

Right  tem-
poroparietal
area  (T6/P4)

Contralateral
supraorbital
region

1  mA
20  min

Object-
location
learning  task

Memory/learningOnline  atDCS  did  not  alter
the learning
rates  on  an
object-location  task
in elderly  subjects.
However,  delayed
free  recall  was
significantly
improved after
atDCS.

1 week  ↑  Accuracy
delayed  free
recall

Manenti  et  al.
(2013)

32 67.91  ±  4.72  10.75  ±  4.63  Between
subjects
single-blind
sham
controlled

a-tDCS  s-tDCS  7 ×  5 cm  F3/F4
PARC
(P7/P3,  P8/P4)

Contralateral
supraorbital
area

1.5  mA
6  min

COLFIS
encoding  and
recognition  of
abstract  and
concrete
words

Episodic
memory

Online  Only  tDCS  applied
over the
left regions  (dlPFC
and  PARC)
increased retrieval
in older sub-
jects

No  ↑  Accuracy
a-tDCS  on  left
dlPFC  and
PARC

Sandrini  et al.
(2014)

36 67.17  ±  3.68  12.05  ±  4.40  Between
subjects
single-blind

a-tDCS  s-tDCS  7 ×  5 cm  F3 Right
supraorbital
area

1.5  mA
15  min

COLFIS
encoding  and
retrival  of
abstract and
concrete
words

Episodic
memory

Offline  A-tDCS  over  the left
dlPFC
(i.e.,  with  or
without the
reminder)
strengthened
existing verbal
episodic memories
and
reduced forgetting
compared to sham
stimulation

48  h 1  month  ↑  Accuracy
a-tDCS

Berryhill  and
Jones  (2012)

25 63.7
range  56–80

High  =  16.9
Low  =  13.5

Crossover
sham
controlled

a-tDCS  s-tDCS  7 ×  5 cm  F4/F3 Contralateral
cheek

1.5  mA
10  min

Visual
and  verbal
2-back  WM
tasks

WM  Offline  Improvement  in
WM performance
selectively  in
participants  with
higher  education.  In
the low education
group,  tDCS,
especially to the
right PFC,  impaired
visual WM
performance  but
had  no effect  on
verbal WM

No ↑  Accuracy  in
higher
education
group  ↓
Accuracy on
visual  WM
performance
in low
education
group

Boggio  et al.
(2010)

28 69.4  ±  8.9  r
tDCS
68.9  ±  12.6  l-
tDCS  67.0  ±  9.0
s-tDCS

9.2  ± 5.2
r-tDCS
7.0  ± 5.2  l-
tDCS
5.2 ± 4.5
s-tDCS

Double-
blinded
between-
subjects
sham-
controlled

l  a/r  c-tDCS
(N = 9)
r  a/l  c-tDCS
(N = 10)
s-tDCS  (N  =  9)

7  ×  5 cm  F3/F4 F4/F3  2  mA
10  min

Risk  task  Decision
making

Online  Left  anodal/right
cathodal
stimulation
increased  risky
choices as
compared with
sham stimulation
and right
anodal/left cathodal
stimulation.

No ↑  Risky
decision-
making  with
left a-tDCS
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Table 2 (Continued)

Studies  N  Age

(mean ± SD years)

Education  Experimental
design

Conditions  Electrode  size  Target
electrode

Reference
electrode

Intensity/
duration

Task  Cognitive
domain

Online/
Offline

Effects  Follow  up  Result

Harty  et  al.,
2014

106  72.13  (6.0)  a-r
tDCS
69.41  (4.3)  a-l
tDCS
69.71  (4.2)  c-r
tDCS
72.08  (5.7)  a-r
tDCS
range:  65–86

14.92  (3.6)  a-r
tDCS
13.04  (3.5)  a-l
tDCS
14.58  (3.5)  c-r
tDCS
14.17  (3.6)  a-r
tDCS

Single-blind
crossover

a-tDCS  c-tDCS  7  ×  5 cm  F4/F3  Cz  1  mA
5  ×  7,5  min

EAT  Go/No-go
response
inhibition  task

Cognitive
control

Online  Anodal  tDCS  over  right  dlPFC
was associated  with  a
significant  increase  in  the
proportion  of  performance
errors  that were  consciously
detected. No  such
improvements  were  observed
with l  a-tDCS

No  ↑ Accuracy  in
error  detection

Manor  et  al.,
2016

37  61  ±  5  /  Double-
blinded
Crossover
design

a-tDCS
s-tDCS

7  ×  5 cm  F3  Right
supraorbital
area

Individual
current
intensity
1.4  ± 0.4  mA
20  min

Single  tasks:
−Walking
−Standing
−Counting
backward
while seated
Dual  tasks:
−walking
while counting
backward
−standing
while counting
backward

Cognitive
control

Offline  tDCS  improved  performance
in  dual  task  conditions.
No  effect  on  single  task
conditions.

No  ↓ dual  task
costs

tDCS multises-
sion +  ct

N  Age  (mean
±sd  years)

Education  Experimental
condition

Conditions  Electrode
size  (cm)

Stimulated
areas

Reference
electrode

Intensity/
duration

Task  Cognitive
domain

Online/
offline

Effects  Follow  up  Result

Park  et  al.
(2013)

40  69.7
tDCS  group
70.1 ±  3.4
sham  group
69.4 ±  3.1

tDCS  group
10.9± 4.6
sham group
10.9  ±  4.2

Between
subject  design
sham
controlled

a-tDCS  s-tDCS
10 sessions
a-tDCS/s-tDCS
combined
with  CACT
cognitive
training

5  ×  5 cm  F3/F4
(bilateral
anodal
stimulation)

Non-dominant
arm

2  mA
30  min

Verbal  2-back
WM Digit  Span
Test  Verbal
Learning  Test
Visual  Span
Test
Visual
Learning  Test
Auditory
Continuous
Performance
Test  (CPT),
Auditory
Controlled  CPT
Visual  CPT
Visual
Controlled  CPT
Word–Color
Test  Trail
Making Test

WM,  STM  Offline  The  accuracy  of  the  verbal
working memory  task  and
digit span  forward  test  were
significantly improved  with
a-tDCS as compared  with
s-tDCS.
The effect  lasted  for  4  weeks
in  the  verbal  WM
task.

7  and  28  days
after

↑ accuracy
verbal  WM
and  digit  span
↓ RT  in  WM

Jones  et  al.
(2015)

72  64.38  ±  5.08
Range:  55–73

/ Between
subject  design
Sham
controlled

a-tdcs
sham
no-training
group
4 groups10
consecutive
weekday
sessions  +  WM
training

5  ×  7 cm  a-tdcs  F4
a-tdcs  P4
alternating
a-tdcs  F4-P4

Contralateral
cheek

1.5  mA
10  min

Trained:
Visuospatial
WM
Automated
Operation
Span
Transfer:
Digit  Span
Stroop  Task
Spati  al  2-back

WM  Offline  All the  groups  showed
improvements  ontrained  and
transfer
No difference  between  F4  and
P4  a-tDCS
At follow  up  only  participants
in  the  a-tDCS  group
maintened  the  results

1  month  ↑ accuracy

tRNS
multisession
+ ct

N  Age  Education  Experimental
condition

Conditions  Electrode
size  (cm)

Stimulated
areas

Reference
electrode

Intensity/
duration

Task  Cognitive
domain

Online/
offline

Effects  Follow  up  Result

Cappelletti
et  al.,  2015

30  65.5  range:
60 −73

/  Single-blind
between
subject  design
sham
controlled

t-RNS  7  ×  5 cm  P3/P4  C3/C4  /  1  mA
20  min

Numerosity
discrimination
task

Number  acuity  Online  Numerosity  discrimination
improved  after  training  and
was  maintained  long  term  (16
weeks). Effects  were
prominent  in  P3/P4  tRNS
condition.  Transfer  effects  to
untrained  tasks  probing
inhibitory  ability  were  found.

7 days  and  16
weeks after

↑ Accuracy  in
number
discrimation
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ig. 1. Brief overview showing the status of the literature about rTMS-based protoc
dopted; Panel (B) Comparison between number of NiBS studies published on elder
tudies  employing an Online or an Offline design.

hiatric/neurological diseases (Guse et al., 2010; Lefaucheur et al.,
014; Miniussi et al., 2008). Regarding aging population, greater
fforts have been spent in the investigation of rTMS potential in
he treatment of cognitive symptoms of neurodegenerative dis-
ases and in the treatment of late-life depression (see Fig. 1, Panel B
or a comparison between rTMS applications in aging population).
espite proofs of its feasibility in cognitive neurorehabilitation,
MS  literature on healthy aging population is mainly based on “vir-
ual lesion” approach (Pascual-Leone et al., 2000; Walsh and Cowey,
000; Walsh and Rushworth, 1998; Rossini et al., 2007), namely
ttempting to find causal nexus between functional activity and a
articular cognitive function, and on the impact of TMS  on cortical
xcitability of the aging brain.

As we found in online databases, three studies investigated the
otential of rTMS in enhancing cognitive functioning of the healthy
lderly (Table 1); one elegant study by Cotelli et al. (2010) extended
heir previous study on the neuroenhancement of naming ability in
lzheimer’s disease (AD) (Cotelli et al., 2008, 2006) in a group of 13
ealthy elderly subjects. They applied 20 Hz rTMS during an action-
aming task and found reduced verbal reaction times (vRT) for
ction naming during both left and right dorsolateral prefrontal cor-
ex (DLPFC) stimulation. Differently from previous results with AD
atients, in which also an improvement in accuracy was found, the
nly vRTs improvement in healthy aging shown in this study was
xplained in terms of “ceiling” performances”, an effect that could
ide beneficial rTMS-effects on accuracy in healthy aging popula-
ion. A similar result was obtained in another high-frequency rTMS
HF-rTMS) study on inhibitory control (Kim et al., 2012). A five days
0 Hz HF-rTMS treatment over the left DLPFC was conducted in
6 healthy elderly females. A significant positive improvement in
eaction times in Stroop task trials with conflicting information was
ound, a result in line with earlier findings on elderly clinical pop-
lation (Boggio et al., 2011; Moser et al., 2002; Rektorova et al.,
005). Most notably, given that the cognitive task was  performed
he day after stimulation, this result stands for the possibility of
liciting long-lasting effect in the aging brain. Recently, the idea
hat multiple HF-rTMS sessions could elicit longer lasting cognitive
ffects (Eisenegger et al., 2008) has been systematically reviewed,
roviding sound evidence that multiple sessions (10–15) of HF-
TMS (10–20 Hz) applied over the left DLPFC is most likely to cause
ignificant neuroenhancement (Guse et al., 2010). Despite the work
y Kim et al. designed only five stimulating sessions with no fol-

ow up, this study confirmed that multiple HF-rTMS trains applied
o DLPFC are able to induce an effect that lasts longer than single
ession stimulation in the healthy aging brain.

.2. Theta-burst stimulation
Recently, a new promising paradigm of rTMS has been intro-
uced to produce long lasting effects in neuronal activity in a
horter time of intervention (i.e., few minutes): theta burst stimu-
 cognitive neuroenhancement in aging population. Panel (A) type of rTMS protocol
h neurological/neuropsychiatric diseases and those on healthy aging; Panel (C) % of

lation (TBS) uses bursts of high frequency stimulation (3 pulses at
50 Hz repeated at 200 ms  intervals) that could be applied intermit-
tently (iTBS) or continuously (cTBS) to induce, respectively, LTP and
LTD effects of synaptic activity (Di Lazzaro et al., 2008; Huang et al.,
2005). According to the model proposed by Huang et al. (2011),
both patterns of stimulation trigger mixed excitatory and inhibitory
effects whose sum produce different changes in cortical excitability
by the modification of synaptic strength. iTBS seems to elicit LTP-
like effects by keeping short-latency facilitation effects dominant
on the inhibitory ones; conversely, cTBS enhances longer-latency
inhibitory effects resulting in LTD-like effects (Suppa et al., 2016).
However, the mechanisms underlying cortical excitability changes
induced by TBS protocols are still controversial as some authors
refer to the modulation of NMDA receptors (Di Lazzaro et al., 2008;
Huang et al., 2005), others to GABAergic receptors (Harrington
and Hammond-Tooke, 2015; Thickbroom, 2007) and still others
hypothesize a modulation of the expression of transcription factors,
such as nerve-growth-factor-induced protein A (NGFI-A) (Aydin-
Abidin et al., 2008).

Evidences of the efficacy of TBS in the modulation of cognitive
functioning are in their infancy: based on the finding that inhibitory
cTBS is able to impair accuracy in working memory (Morgan et al.,
2013) and emotional control (Volman et al., 2011), neuroenhance-
ment of cognitive functions could be theoretically possible by using
excitatory iTBS paradigms. However, iTBS approaches aimed at
enhancing cognitive functions gave rise to still inconsistent results:
Restle et al. found speech repetition facilitation after iTBS (Restle
et al., 2012), but Läppchen et al. (2015) found surprisingly sig-
nificantly poorer motor performances in healthy young subjects
after daily applications of intermittent theta burst stimulation dur-
ing a four-day training program. The only study retrieved on the
application of iTBS on aging population (Vidal-Piñeiro et al., 2014),
assessed the effect of 600 iTBS pulses (3 pulses of 50 Hz at an inten-
sity of 80% AMT, repeated every 200 ms)  over left inferior frontal
gyrus (IFG) on episodic memory. iTBS did not affect memory per-
formance but it influenced functional activity in a task-dependent
manner: when subjects were performing deep semantic encod-
ing, increased blood oxygenation level dependent (BOLD) signal
in local (left IFG) and distant related areas (occipital cortex and
cerebellum) was found. This result, discussed more in depth in Sec-
tion 4.3, highlights that iTBS can modulate brain networks (Halko
et al., 2014). Lack in behavioral changes could be attributed to
unilateral IFG stimulation, instead. Based on theoretical models
discussed in the introductive part of the present review, the bilater-
ality of task-dependent activity observed in healthy aging suggests
that bi-hemispheric stimulations could be more effective to induce
cognitive neuroenhancement in older subjects. This suggestion is

further motivated by some studies arguing on the possibility of
inducing bihemispheric plasticity by means of unilateral iTBS (Di
Lazzaro et al., 2008; Dickins et al., 2015). Indeed, the great individ-
ual variability on the plasticity effects triggered by iTBS makes the
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nderstanding of the effects of iTBS more difficult (Lopez-Alonso
t al., 2014). Therefore, further studies aimed at identifying the role
f intervenient variables-such as the interaction between attention
nd age (Dickins et al., 2015) are needed.

.3. Transcranial electrical stimulation (tES)

tES encompasses a series of techniques in which weak currents
re applied on the scalp to target cortical brain regions (Paulus et al.,
013). Typical dose parameters of tES methods are: the number of
he electrodes, their shape, size and position, current waveform,
ts density and stimulation duration. tES is typically applied on the
ubject’s head by means of at least two surface electrodes soaked
ith saline water or an electroconductive gel and linked to a cur-

ent waveform generator. Given the reduced electric conductivity
f the skull, which requires high voltages in order to depolarize
eurons (a painful procedure usually performed under anesthesia,
ostly known as electroconvulsive therapy-ECT), non-invasive tES

ses subthreshold electrical currents and ground their potential
n the capability of shifting intrinsic neuronal excitability rather
han eliciting neuronal firing (Radman et al., 2009; Paulus, 2011).
ndeed, excitatory tES has a bimodal polarization effect, that is cell

embrane depolarization limited to 2 mV (Fröhlich and Schmidt,
013) and the hyperpolarization of apical dendrites (Bikson et al.,
004). On the basis of the waveform of the electrical current and its
olarity, different non-invasive tES protocols can be implemented,
amely: transcranial direct current stimulation (tDCS), transcra-
ial alternating current stimulation (tACS) and transcranial random
oise stimulation (tRNS) (Nitsche et al., 2008; Paulus, 2011) (Fig. 2).

Compared to rTMS/TBS, low-intensity tES protocols have the
dvantage of being handier and portable. Indeed, low costs associ-
ted with the creation of tES protocols, make this technique more
easible both at home or in clinical settings. TES produces only

ild transient adverse effects, such as itching, tingling, or redden-
ng of the scalp (Poreisz et al., 2007), and it allows a more reliable
ham condition than rTMS/TBS, thereby guaranteeing more robust
ouble-blind designs. However, data are still too few to discern
hether cost-effectiveness is in favor of rTMS or tES.

Despite these pros, it must be noted that tES methodic is less
ccepted than rTMS in the clinical settings due to its lack in spatial
pecificity (mostly related to the use of bipolar montages and big-
ized pad electrodes). In light of this major limit, some technological
dvancement, such as the use of ring and concentric electrodes
Datta et al., 2008; Nitsche et al., 2007) have been recently made;

oreover, computational forward models developed to predict
he electrical field induced by specific neuromodulation designs
Bikson et al., 2012) are providing useful information to customize
lectrode montages in order to reach higher spatial focality and to
ain insight on the neurophysiological effects of brain stimulation.
owever, it must be mentioned that anatomical differences across

ubjects could still account for differences in the induced electrical
eld and, lastly, to different behavioral outcomes. For the purposes
f our review, this issue is particularly relevant; in line with the
bservations made on tES in patients with stroke (Liew et al., 2014;
agner et al., 2007) and with the previously reviewed structural

hanges in the aging brain (e.g. ventricular enlargement), the distri-
ution of the current applied could be significantly different in the
ging brains, a fact that should be taken into account in the design of
he electrode montage on aging population. Currently, more realis-
ic models accounting of anatomical differences have been created
nd, probably, future studies on the effects of tES in healthy aging
hould resort to individual MRIs in order to reach more controlled

euromodulatory effects on the aging brain (Wagner et al., 2007).

Despite these limits, current evidences strongly support the
tility of tES interventions to enhance cognitive functions. In the
ollowing paragraphs, specific tES methodic will be individually
eviews 29 (2016) 66–89

reviewed in order to discuss their feasibility to enhance cognitive
abilities of the aging brain.

3.3.1. Transcranial direct current stimulation (tDCS)
tDCS is undoubtedly the most known and studied technique

of the tES realm. Based on the application of direct continuous
electric currents on the scalp, tDCS elicits both neuronal mem-
brane depolarisation or hyperpolarisation on the base of its polarity,
respectively anodal and cathodal (Liebetanz et al., 2002; Nitsche
et al., 2003, 2004, 2005; Priori et al., 1998) and in line the concept
of homeostatic metaplasticity (Siebner et al., 2004). So, in contrast
to TMS, which could elicit action potentials, tDCS can be con-
sidered a pure neuromodulatory technique altering spontaneous
firing rate of neurons and synaptic responses to afferent inputs
(Miniussi and Ruzzoli, 2013). These neuronal changes are attributed
both to short-term modification of resting membrane potentials
and, in the case of long-term effect, to NMDA-dependent mecha-
nisms related to an increase in intracellular Ca2+ levels (Liebetanz
et al., 2002). In support to the role of NMDA-receptors in tDCS
after-effects, Liebetanz et al. (2002) showed that both anodal and
cathodal tDCS after-effects could be prevented by the intake of
the NMDA-receptor antagonist dextromethorphan (DMO), while
carbamazepine (a sodium-channel blocker) has similar suppress-
ing effects limited to anodal stimulation. Other pharmacological
approaches have also demonstrated that tDCS effects involve glu-
tamatergic, serotoninergic, GABAergic and dopaminergic system
modifications (see Mederos et al., 2012 for a review on neurobi-
ological mechanisms of tDCS).

According to these premises, tDCS could be an excellent proto-
col to heal cognitive functioning of the elderly, promoting plastic
effects that could increase beneficial compensatory activity or
reduce inefficient neural activity. Broad attractively proofs were
still provided by research on healthy young adults and on patho-
logical conditions, where tDCS-based cognitive neuroenhancement
yielded to promising results in several cognitive domains (Brunoni
et al., 2012; Miniussi et al., 2008). In recent years, research on
tDCS effects on cognition of the elderly impressively increased.
Our online research on tDCS-based cognitive neuroenhancement
of healthy aging population resulted in 17 studies (Table 2).

3.3.2. Motor functioning
Based on a qualitative analysis, modulation of motor control is

currently the most studied aspect with tDCS in the aging brain.
This is not surprising, given the impact of motor function on daily
self-sufficiency of the elderly, and due to the fact that motor cortex
excitability has been the “historical” target to measure tDCS effects
(Bastani and Jaberzadeh, 2012). Although evidences on the neuro-
physiological effects of tDCS are pivotal in the understanding of the
behavioral outcomes of tDCS-based interventions, the present sec-
tion will only focus on the possibility of enhancing motor abilities
in the elderly but we refer to the recent meta-analysis by Horvath
et al. (2015) for an extensive overview on this topic.

The first non-invasive neuromodulatory attempt on motor
functioning of healthy elderly is by Hummel et al. (2010). They
examined the effect of a single session of anodal tDCS (a-tDCS)
over the left primary motor cortex on a task that mimics activi-
ties of daily living (Jebsen–Taylor hand function test-JTT; Jebsen
et al., 1969). They found that, compared to sham, the application
of a-tDCS (1 mA  for 20 min) improved significantly JTT function, an
effect that outlived by approximately 30 min  and that was  most
prominent for fine manipulative motor tasks. An intriguingly evi-
dence of this study was that improvement was  increasingly more

evident the older the subjects were, although this effect probably
just indicates that the oldest-old have greater leeway to improve-
ment because they are not able to reach ceiling performances.
Moving toward more complex forms of motor control, Zimerman
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Fig. 2. Non-invasive tES paradigms. By means of the application of subthreshold direct currents, tDCS modulates spontaneous neuronal firing frequency eliciting both neuronal
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embrane depolarisation or hyperpolarisation on the basis of its polarity (anodal st
pplication of random noise electrical patterns which alter the signal-to-noise rati
ased  on the application of oscillatory electrical potentials aimed at modulating int

t al. (2013) examined whether a-tDCS resulted in long-lasting
mprovement of skilled motor performance on a finger-tapping
ask (FTT), with 20 min  of online stimulation during a motor
kill acquisition training being able to induce approximately 24 h-
asting effect on accuracy. Noticeably, the neuroenhancement
roduced by this protocol did not literally improved motor ability
er se, but rather the retention of motor sequences. This evidence
upports the role of primary motor cortex in the encoding of motor
kills, thus the possibility of combining a-tDCS in primary motor
ortex with training to enhance motor functioning. Similarly, a
ham-controlled crossover study by Parikh and Cole (2014) further
ested the possibility of improving fine motor abilities through the
ombination of a-tDCS of primary motor cortex and motor prac-
ice. Results showed that, although a-tDCS did not immediately
ffect performance on the Grooved Pegboard task, it produced a
onger retention of the improvement (at least 35 min) than motor
ractice alone. Taken together, results by Zimerman et al. (2013)
nd Parikh and Cole (2014) support the idea that, when combined
ith motor training, short-term single session neuroenhancement

s able to produce lasting-effects in motor functioning of the elderly.
or what concern motor adaption, another ability usually declin-
ng with aging (King et al., 2013), Hardwick and Celnik, (2014)
ested the possibility of stimulating the cerebellum to enhance

otor functioning in the elderly. Delivered via 5 × 5 cm electrodes
ith an intensity of 2 mA,  a-tDCS was applied for 15 min  during

 “center out” reaching task. Compared to subjects who received
ham stimulation, participants who received the active condition
dapted faster to the introduction of a sudden 30◦ cursor rotation.
his evidence demonstrates that cerebellum may  be a suitable tar-
et to improve spatial readjustment during movements in aging
ubjects. As studies currently reviewed performed, tDCS protocols
ave been usually applied to a single hemisphere, using a “neu-
ral” reference electrode for cathodal stimulation (even though the
ffect of scalp “return” electrodes should not be considered negli-
ible in tDCS protocols in general). Given complex bi-hemispheric
ompensatory activity occurring with aging, an intriguingly pos-
ibility is to test cognitive effects of dual stimulation in both
emispheres. Lindenberg et al. (2013), made this attempt com-
aring the effect of unilateral and bilateral primary motor cortex
timulation on functional brain activity and motor behavioral per-
ormance. For unilateral a-tDCS, the anodal electrode was placed

n left M1  and the cathodal on the contralateral supraorbital area.
or dual tDCS, the cathodal electrode was placed over right M1.
lthough no behavioral improvement on finger tapping task was
tion of the left primary motor cortex is shown in the figure), tRNS encompasses the
rgeted brain region and, supposedly, increase cortical excitability. Finally, tACS is

 brain oscillatory activity.

detected both for dual and uni-hemispheric a-tDCS, task-related
activity resulted modified after bilateral stimulation; in particu-
lar, dual tDCS on motor cortex enhanced activity in bilateral M1,
demonstrating its efficiency in the modulation of interhemispheric
activity. This evidence is particularly important because highlights
that the mechanism underlying tDCS effects encompasses not only
local polarity-related modifications of cortex excitability but also
complex interhemispheric connections. The fascinating possibility
of modulating brain networks indeed needs more in-depth analysis
and will be discussed as a future direction in Section 4.3.

3.3.3. Language
One of the most frequently and disabling complains of elders is

the difficulty in the retrieval of proper names and a certain slowing
of verbal fluency. Therefore, neuromodulation of language espe-
cially focuses on the enhancement of naming ability. Despite the
presence of substantial literature on healthy adults and aphasic
patients (for a review on the topic see Monti et al., 2013), currently,
only four studies attempted to improve naming and verbal fluency
in healthy aging.

In 2011, Ross et al. tested the possibility of replicating tDCS
based facilitation on name recall for famous faces (Ross et al., 2010)
in the elderly. 15 min  of a-tDCS with an intensity of 1.5 mA was
delivered over the right or left anterior temporal lobe (ATL) in a
group of 65 healthy elderlies; the cathode electrode was positioned
on the contralateral cheek. Stimulation was applied online, dur-
ing a naming task encompassing the presentation of photographs
of famous people or landmarks. Results reported different effects
on the base of the availability of the names, with tDCS facilita-
tion being more evident for names that were not immediately
accessible. Moreover, the target of the stimulation produced dif-
ferent effects according to the type of the presented stimuli: left
a-tDCS tended to increase naming performance for famous people,
while right a-tDCS improved the ability to recall names of places.
Selectivity of the effects across stimulation site and stimulus type
demonstrated that tDCS-induced neuroenhancement was  proba-
bly not dependent by a general increase in cortical excitability,
in line with the notion that tDCS effects take place after the ces-
sation of stimulation rather than during it, at least for the motor
cortex (Santarnecchi et al., 2014). Meinzer et al. (2013) employed

a sham-tDCS controlled, crossover design to investigate word-
retrieval performance during a-tDCS and related brain activity. In
line with previous studies showing improved word retrieval after
inferior frontal gyrus (IFG) stimulation in younger adults and old
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atients with stroke (Cattaneo et al., 2011; Holland and Crinion,
012; Iyer et al., 2005; Meinzer et al., 2012), 1 mA  direct current
as delivered for 20 min  on the left ventral IFG, using right supraor-

ital region as reference region. Moreover, fMRI was performed
oth in resting and task related conditions to assess changes at
etwork level. Analysis revealed that 20 min  of 1 mA direct cur-
ent delivered on the left ventral inferior frontal gyrus (IFG) was
apable of improving performance almost up to those of young
ontrol group. Moreover, the combination between resting and
unctional MRI  and tDCS provided evidence of a negative corre-
ation between enhanced resting bilateral prefrontal connectivity
nd behavioral performance; this connectivity pattern, evident also
uring task-fMRI and supporting the dedifferentiation hypothe-
is of the aging brain, was significantly reduced after a-tDCS. In
ight of these results, a successive study by the group of Meinzer
t al. (2014) investigated the same ability comparing unilateral a-
DCS and dual hemisphere tDCS while subjects were performing
emantic word-retrieval and motor speech tasks. In the attempt of
lucidating the elusive relationship between motor and language
ystems (namely, whether motor cortex stimulation could result
n an improvement of speech production) anodal electrode was
laced over the left M1,  using right M1 as cathodal reference in dual
timulation condition. Results indicated that both a-tDCS and dual
DCS alike reduced the number of errors made during the semantic
ord-retrieval task, thus corroborating the opportunity of target-

ng primary motor cortices to enhance semantic verbal production
ell beyond their known impact on action words (Liuzzi et al., 2010,

008). However, given that the size of the used electrodes limited
he spatial focality of the stimulation, the possibility that the high-
ighted effects were elicited by excitability changes in neighbors’
reas (e.g. parietal) should be taken into account. For what con-
erns task-related activity following a-tDCS, this study found no
odification of brain activity in world-retrieval trials but showed

 significant decrease in bilateral prefrontal connectivity in motor
peech trials. Together, these evidences (further discussed in Sec-
ion 4.3) stress out the need of a proper assessment of the nature
f the increased bilateral connectivity in the aging brain to guide
timulation designs.

Currently reviewed studies on language assessed cognitive per-
ormance during the application of tDCS without follow up, an
pproach that does not allow capturing possible long-term main-
enance of behavioral improvements. To uncover this possibility,
ertonani et al. (2014) designed two stimulating conditions; in
he online paradigm, 2 mA  t-DCS was applied on DLPFC during
he task, resulting in 4–5 min  of stimulation, while in the offline
ondition tDCS was applied for 10 min  to assure an after-effect.
s hypothesized by the authors, in the aged group, only online a-

DCS induced a significant improvement on picture-naming task in
erms of reduced reaction times, an effect that resulted inconsis-
ent in the healthy young control group. This effect is in line with
revious findings (Kuo et al., 2008; Stagg and Nitsche, 2011) and
ould suggest that LTP-like neuronal plasticity mechanisms prob-
bly induced by offline tDCS may  be disrupted in the aging brain.
n conclusion, this study strengthens the importance of timing in
he neuroenhancement of the aging brain and the need of further
tudies comparing online and offline stimulation in the same pro-
ocol.

.3.4. Jogging elderly’s memory
Forgetfulness could be considered a frequent but not inevitable

art of aging processes. Variably defined as “Benign senescent for-
etfulness” (Kral, 1962) or “Age Associated Memory Impairment”

Crook et al., 1986) by definition, physiological memory lapses have
ittle impact on daily living. Despite its “benign” nature, there may
xist a possible continuum between “senior moments” and objec-
ive memory impairment (Reisberg and Gauthier, 2008). On this
eviews 29 (2016) 66–89

basis, the possibility of preventing harming memory loss in healthy
aging population through early brain stimulation interventions
have been explored in 6 studies.

Lapse of memory for object-locations, such as forgetting where
an object was  previously placed, is undoubtedly one of the mostly
reported and crippling issues in everyday life of elderly. Given the
relevance of this type of memory in daily living, Flöel et al. (2012)
attempted to neuroenhance object-location memory through the
delivery of a-tDCS over right temporo-parietal cortex. Anodal direct
current was administered with an intensity of 1 mA  during object-
location learning paradigm, for an overall stimulation time of
20 min  in 20 healthy aged people. After five learning blocks, where
subjects were asked to memorize buildings positions on a street
map, learning success was  tested immediately and one week later
with a free recall task. Results indicated that the learning curve over
the blocks of the task did not differ between active and sham stim-
ulation conditions and that immediate free recall was not affected
by electrical stimulation. Despite this, compared to sham stimula-
tion, a-tDCS condition resulted in an impressive improvement in
accuracy one week later. These results may  indicate that a-tDCS
could induce strong delayed effects through long-term consolida-
tion mechanisms (Reis et al., 2009). Anyway, the lack of control sites
in the experimental design could not disentangle whether only the
temporo-parietal site stimulation is critical in determining such
effects.

Moving toward broad episodic memory functioning, Manenti
et al. (2013) tested the possibility of improving retrieval of abstract
and concrete words in a group of 32 elderly individuals. Given
evidences of bilateral recruitment of PFC and the activation of pari-
etal cortices (PARC) during episodic memory tasks (Binder et al.,
2005; Klostermann et al., 2008), three types of stimulation (right
anodal, left anodal and sham) over two  target sites (DLPFC and
PARC) were applied during retrieval phase (an old/new judgment
task). Results indicated that only a-tDCS applied over left targets
(both DLPFC and PARC) improved retrieval for abstract and con-
crete words in the aged group. Intriguingly suggestions come from
comparing performances of the elderly with those of a control
group of young adults in which facilitation effects were seen with
both right and left a-tDCS. While right target stimulation improve-
ment observed in the control group fits with HERA model, sole
asymmetric left facilitation observed in the elderly could not be
interpreted straightforwardly. Although the authors commented it
from the perspective of a dedifferentiation process, probably mean-
ing a reduction in right hemisphere functioning, this result runs
counter to the idea that loss of specificity occurring with aging
often encompasses the decline of regional specialization and the
recruitment of unrelated areas.

In another study by Sandrini et al. (2014), a-tDCS was applied
over left and right DLPFC to induce an improvement in the retrieval
of previously learned concrete words. The experiment was con-
ducted over four separate sessions, namely a first learning and
immediate recall phase, a 24 h delayed reconsolidation session
with 15 min  of tDCS, as well as a 48 h and a 30 days delayed
retrieval. Control condition encompassed the application of a-tDCS
during reconsolidation session without a direct reminder of what
was done the day before. No sham stimulation without reminder
condition was  tested. Results indicated that, independently from
giving or not a reminder, a-tDCS over left DLPFC was  capable
of strengthening accuracy in memory retrieval, reducing forget-
ting up to 30 days. This finding is in line with long lasting effects
observed in Flöel et al. (2012), supporting the hypothesis that tDCS
mainly acts through long-term consolidation mechanisms of the

memory trace. Moreover, this result points out the possibility of
strengthen existing memories by means of tDCS. This chance was
further addressed by Eggert et al. (2013) exploring whether slow
oscillating tDCS (a particular type of stimulation that combines
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lternating current with DC offset) (Bergmann et al., 2009) could
mpact sleep-dependent memory consolidation in a group of 26
lderly subjects. Based on evidences proving the role of slow oscil-
ations in memory consolidation in healthy young people during
leep (Marshall et al., 2006), bi-frontal anodal stimulation was
pplied during early non-rapid eye movement (NREM) sleep with

 frequency of 0.75 Hz. Word-pair association and sequential fin-
er tapping (SFTT) tasks were administered in the evening before
leeping to assess both declarative and procedural memory. Morn-
ng recall performances were then compared with those of the
vening. Results showed that tDCS not only failed to show sleep-
ependent performance enhancement both in the declarative and
he procedural memory tasks but rather overall non significant per-
ormance impairment was observed. This evidence complies with
tudies reporting reduced sleep-dependent consolidation in aging
Pace-Schott and Spencer, 2011; Spencer et al., 2007), an effect
robably depending on changes in sleep structure (Hornung et al.,
005). Given that effectiveness of oscillating tDCS is thoroughly
elated to the ongoing brain activity, it may  be possible that the
atterns of brain activity recorded with EEG after a-tDCS, that is an

ncrease of the awake phase as well as reduced NREM stage 3 sleep,
revented tDCS resonance effects. Further studies should therefore
ssess whether and how slow wave sleep could be a feasible phase
o enhance consolidation of memories in the elderly.

Last but not least, we conclude this section discussing available
vidences on one of the most affected abilities in the aging brain:
orking memory (WM).  Despite WM loss occurring with aging

ccounts significantly for impairment in several cognitive tasks
Glisky, 2007), currently only three studies attempted to improve

M abilities in the elderly (Berryhill and Jones, 2012; Park et al.,
013; Jones et al., 2015). The first attempt was designed by Berryhill
nd Jones (2012), which tested the possibility of improving visual
nd verbal WM in 25 healthy adults divided on the base of their
evel of education. Built on the evidence that older adults tend
o rely more heavily on bilateral frontal regions to perform WM
asks (Eyler et al., 2011), tDCS was applied across three experi-

ental sessions: a-tDCS to the right (F4) and left (F3) DLPFC and
ham stimulation over F3 or F4. Four pseudorandomized blocks
ach of the visual and verbal 2-back WM tasks were performed
fter 10 min  of 1.5 mV  current stimulation. Despite the easiness of
he 2-back task, results reported a surprisingly clear dissociation
n performance between subjects with higher and lower educa-
ion. Regardless of stimulation site and WM task, only older adults
ith more education showed an improvement on WM.  Instead, low

ducation group was unexpectedly hurt by a-tDCS (an effect espe-
ially evident in visual WM task after stimulation over the right
emisphere). These results raise important questions and mech-
nistic hypotheses: selective tDCS benefit in subjects with higher
ducation may  be related to the fact that they employed a differ-
nt, more efficient, WM strategy than the low education group and
hat, in turn, this allows recruiting PFC structures more promptly
hether coupled with tDCS. The interpretation of the impressive

mpairment in visual WM is almost a wild-goose chase, instead.
n line with the right hemi-aging model which sustains that right
emisphere cognitive functions are prominently more affected by
ging (Dolcos et al., 2002) it may  be that bilateral stimulation is
eeded to recruit additional resources in a worn-out system. A fur-
her analysis of differential pattern of activity according to this key
ariable could indeed be fundamental to address this issue and to
esign proper neuroenhancement studies.

Finally, a further step towards the creation of proper cognitive
nterventions encompasses the application of tDCS during cogni-

ive trainings. Despite the large number of positive evidences in
ealthy subjects (Elmasry et al., 2015), only two studies combined
DCS and cognitive training in healthy aging (Park et al., 2013; Jones
t al., 2015). Park et al. (2013) coupled computer-assisted cognitive
eviews 29 (2016) 66–89 79

training (CACT) to multisession a-tDCS on bilateral PFC to evalu-
ate their long-term effects. In this study, a-tDCS and CACT were
concomitantly administered for 10 sessions in 40 healthy elderly
aged over 65 years. The accuracy of the verbal WM task and digit
span forward test was significantly improved with a-tDCS as com-
pared with sole CACT program. Moreover, in the verbal WM task
the effect lasted 4 weeks with a significant boosting also in WM
reaction times. This result provides evidence that bilateral simul-
taneous stimulation with external reference electrodes is able to
enhance memory accuracy and reaction times in healthy elderly.
Most importantly, it suggests that the combination of computerized
cognitive training and tDCS can lead to a long-lasting improvement
of memory functioning. Jones et al. (2015) further explored the pos-
sibility of inducing long-lasting enhancement in WM abilities, as
well as to transfer these ameliorations to other cognitive domains.
Seventy-two old participants carried out 10 training sessions cou-
pled with a-tDCS or sham stimulation. For what concern active
stimulation, three stimulation designs were created: right frontal
a-tDCS (F4), right parietal posterior cortex (P4) a-tDCS and P3-P4
alternating a-tDCS. To assess single effects of multi-session tDCS
stimulation, a control group without cognitive training was  added.
Results showed an enhancement of WM abilities in all the groups
who carried out the cognitive training. Therefore, after the 10th
session, no apparent boosting effect induced by active tDCS was evi-
dent. Surprisingly, after 1 month, subjects in the active-tDCS group
had a better performance both to trained and un-trained tasks,
thereby demonstrating that active stimulation enhanced longer-
lasting improvements and solid near transfer effects. This elegant
studies provides several sparks: first, the lack of a significant behav-
ioral difference across the different stimulation sites suggests that
tDCS could enhance WM by targeting the fronto-parietal network;
given the role of both prefrontal and parietal areas to WM ability,
future studies should replicate this design adding an unrelated area
or/and combing functional imaging. Secondly, it is notably that cog-
nitive enhancements and transfer effects were stronger in the more
challenging and adaptive tasks, where a rapid update of informa-
tion is needed (e.g. 2 n-back task). This effect is in line with some
previous studies (Jaeggi et al., 2008; Schmiedek et al., 2010) and is
indeed a good starting point in the design of future training studies
aimed at enhancing transfer effects.

3.3.5. Other cognitive domains
Moving towards other aspects of human cognition, Boggio et al.

(2010) attempted to neuromodulate decision making in the elderly.
A previous tDCS study on young adults (Fecteau et al., 2007)
observed reduced risk-taking after anodal stimulation over the
right PFC. In the reviewed study, the same electrode montage
(F3/F4) was  utilized to assess the effect of a single session of online
a-tDCS on decision-making performance of a group of 28 healthy
elderlies. Results indicated a different tendency compared to young
adults: left anodal/right cathodal PFC stimulation increased risky
choices as compared with sham and right anodal/left cathodal
PFC stimulation. These results are probably not as paradoxical as
authors believed, for the following reasons; a first consideration
arises from the fact that the study on young subjects was  based on
the investigation of the subtle interhemispheric balance between
left and right PFC. In particular, the selected montage was cho-
sen to explore the effects of the upregulation of the right DLPFC
(commonly linked with conservative decisions) coupled with the
downregulation of the left DLPFC activity. The lack of improvement
after right a-tDCS observed in the replication by Boggio could be
therefore interpreted as a reduction of prefrontal right hemisphere

functionality in healthy aging. On the base of recent research on
decision making (Fecteau et al., 2007) both right and left DLPFC are
needed to obtain a significant effect on decision making. It could
therefore be possible that increased risky behavior retrieved after
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eft a-tDCS stimulation is the outcome of an imbalance across PFCs
ctivities. Another possibility is that differences between young and
ld adults are due to different levels of education, a variable that,
s we described in the study of Berryhill and Jones (2012), could
ediate the effects of tDCS-based neuroenhancement in aging pop-

lation.
In order to stick to the issue at hand, namely right DLPFC stim-

lation to enhance high order cognition in the elderly, we review a
ecent paper by Harty et al. (2014). The cognitive function under
crutiny in this case is the ability to detect errors: 106 healthy
ld adults were recruited for four separate experiments with dif-
erent electrode montages, aiming at studying the role of right
LPFC in error detection and the possibility of recovering aware-
ess deficits in aging population. Under real stimulation condition,

 mA  tDCS was applied for the duration of each of the five blocks
f a Go/No-go response inhibition task (Error Awareness Task-EAT)
lternating anodal and cathodal active stimulation over right and
eft DLPFC. The reference electrode was placed over the vertex (Cz)
n all the conditions. Results indicated that a-tDCS over right DLPFC
ncreased the number of errors pointed out by the elderly in the
epeat no-go part of the task (“do not press the button whether
he same word is repeated”). No significant effect was observed in
troop no-go subtest. This effect may  be due to the fact that repeat
o-go error awareness may  be facilitated as a result of improved
emory capacity and that Stroop No-go performance was close to

eiling (average of 91% across all experiments) and could not be
mproved further.

Finally, moving toward recent investigations, a brand-new
esearch by Manor et al. (2016) moved beyond the single cogni-
ive domain and approached a “more ecologic” issue. Starting from
vidences showing a “dual-tasking” cost in healthy aging (namely a
erformance decline in one or both task when performed together)
Verhaeghen et al., 2003), these authors tried to improve a basic
ut fundamental ability: standing and walking while performing
ognitive tasks. In this study, 37 older adults underwent 2 ses-
ions encompassing five single and dual tasking blocks; they were
sked to stand, walking (with and without counting backwards)
r to simply counting backwards while staying seated. Previous
euroimaging evidences showed that performing more than one
ask together requires a stronger recruitment of prefrontal areas
nd, as we discussed in the introductive section, the performance
f elderly people drops with high cognitive load. On this basis, left
rontal a-tDCS (F3) was applied offline for 20 min  at an intensity
f 2 mA.  Results showed no effects on single tasks performances
ut a significant amelioration of the cost of standing and walk-

ng while performing serial subtraction. However, as the authors
hemselves highlight, the study does not provide any insight on
he mechanisms underlying this improvement. This shortage is
artially related to a lack of consensus on the neurophysiological
echanisms of dual tasking; when hypothesizing that the two  tasks

re processed serially (thereby penalizing the one who is processed
ater), a-tDCS effects could be explained in terms of an improve-

ent in processing speed in healthy aging. Conversely, if we posit
hat both tasks are processed concurrently, a-tDCS may  lead to
n enhancement of the ability to allocate cognitive resources or
o recruit additional ones. Given the relevance of dual-tasking in
veryday life, further research aimed to uncovering the neurophys-
ological underpinnings of dual-tasking costs and its amelioration
fter PFC a-tDCS is certainly needed.

.4. Further nibs-techniques
During the last decades a clear relationship between brain oscil-
atory activity and the dynamics of cognitive processes has been
ncovered. The functional meaning of brain oscillatory activity
as been first spotted analyzing changes in oscillatory activity
eviews 29 (2016) 66–89

phase or time-locked to specific cognitive and sensorial events.
Indeed, synchronization of neural assemblies in specific frequency
bands could be considered the language of the brain, allowing
the segregation and the integration of a multitude of distributed
information-processing activities following external or internal
stimulus. Notwithstanding, electrophysiological evidences of the
correlation between brain dynamics and cognitive performances
could not disentangle whether brain rhythms are just an epiphe-
nomenon or a fundamental mechanism for cognitive functioning.
The recent introduction of novel NiBS methods, e.g. tACS and tRNS,
could help addressing this issue. Differently from polarity-specific
effects of tDCS, tACS and tRNS represent a different approach to cog-
nitive neuroenhancement (Santarnecchi et al., 2015a, 2016). tACS
holds the unique capability to directly influence cortical rhythms,
namely to induce an “entrainment”, that is an alignment between
endogeneous and exogeneous (tACS induced) oscillatory potentials
(Ali et al., 2013). tACS is effectively suitable to interact with ongoing
brain oscillatory activity and modulate them in a frequency-specific
fashion (Thut and Miniussi, 2009), a capacity that could contribute
to a better understanding of the functional meaning of cortical
rhythms. Moreover, tACS is able to influence cortical excitability
(Antal et al., 2008; Chaieb et al., 2011; Feurra et al., 2013, 2011;
Kanai et al., 2010; Wach et al., 2013) and a series of studies in
healthy subjects have recently showed the potential for using tACS
to improve basic higher-cognitive functions like working memory
(Polania et al., 2012) and fluid intelligence (Santarnecchi et al., 2013,
2016). Typically, tACS is delivered without DC offset at a specific fre-
quency within the canonical spectrum captured by EEG recordings
(1–80 Hz) and in the so called “ripple” range (140 Hz) (Moliadze
et al., 2010). As long as it lacks superimposed polarity, frequency,
phase and intensity are the major parameters defining the effects
of stimulation. Despites accumulating evidences in support of the
feasibility of this tool, at present no articles have been retrieved
using tACS without DC offset in the aging population.

Therefore, this section will only focus on a specific type of oscil-
lating stimulation: tRNS. First experimentally employed in 2008
(Terney et al., 2008) tRNS is the newcomer in the tES family. Based
on normally distributed random currents with a frequency spec-
trum between 0.1 and 640 Hz (Fig. 2), tRNS leads to a long-lasting
increase of cortical excitability by a mechanism possibly entail-
ing “stochastic resonance” phenomena (Terney et al., 2008). As
research demonstrated, repeated subthreshold stimulations with
tRNS could act preventing the homeostasis of the system, enhanc-
ing the reaching of firing thresholds and, ultimately, eliciting
plasticity (Fertonani et al., 2014). Given that the output from both
electrodes is (from a practical standpoint) polarity unspecific, this
type of stimulation is appropriate for stimulating two regions at
the same time and may  also provide longer lasting effects than
tDCS, at least as suggested for tinnitus suppression (Vanneste et al.,
2013). Such a long-lasting effect could be particularly influential
in the design of neuromodulatory interventions on healthy aging
population. Currently, only one study assessed the effects of tRNS
on healthy elderly’s cognition. Cappelletti et al. (2015) designed
an elegant investigation aimed at disentangling whether learn-
ing effects elicited by cognitive training are due to an enhanced
ability to integrate information or to improved inhibitory abilities.
To address this complex issue, they trained for five consecutive
days 30 young and 30 aged subjects on a numerosity discrimina-
tion task with concomitant tRNS. According to literature supporting
the role of parietal cortex in numerosity discrimination, electrodes
were positioned on parietal regions (P3 and P4) or motor (C3 and
C4) regions (control condition). Random noise current was deliv-

ered for 20 min  with an intensity of 1 mA  during one-hour training
session. Results revealed that, regardless to age, numerosity dis-
crimination accuracy was improved after training (∼19%), an effect
shown to be significantly larger (32%) and long lasting (up to 16
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eeks) when training was coupled with parietal tRNS. Despite sim-
lar improvement in young and aged groups, data revealed crucial
ge-dependent differences in the content of learning: aging par-
icipants improved more in inhibitory abilities, whereas younger
ubjects improved in cue-integration abilities. Moreover, elderly
howed cognitive transfer to other untrained tasks, especially
hose probing inhibitory abilities and a negative transfer to space
rocessing, a related but untrained ability. Despite these results
eserve further in-depth consideration, they unequivocally provide
n amazing evidence of the fact that NiBS long-lasting effects are
rounded on different mechanisms of learning across lifespan and
ighlights the high-potential of coupling cognitive training with
iBS in aging population to induce cognitive improvement with

emarkably transfer effects to untrained cognitive abilities.

.5. Summary of the use of NiBS neuro-enhancement protocols in
he elderly

NiBS techniques could be considered a promising effective tool
n the attempt of counteracting cognitive outcomes of aging, show-
ng preliminary positive effects on several cognitive abilities, and
nitial evidence that these changes may  last in time, which is crucial
or improving everyday activities. Specifically, these improvements
ere observed for motor functioning (75% of 4 available studies),

anguage (100% of 5 available studies), memory (85.7% of 7 avail-
ble studies), inhibitory control (1 available study), number acuity
1 available study), dual tasking (1 available study) and metacog-
ition capacities (error awareness: 1 available study). Stimulation
ith tES mainly resulted in improved accuracy (77.8%) rather than

eaction times (16.67%) (see Fig. 3, for a more detailed overview
n tDCS studies), whereas a major effect on reaction times was
bserved in all the reviewed rTMS studies (3 studies). Despite grow-
ng validation to this method, some issues regarding the use of NIBS
o modulate functions should be addressed in upcoming studies in
rder to customize interventions in aging population. These issues
re discussed in the following paragraphs.

. Future directions

.1. Giving real-world impact to NiBS

In order to make NiBS techniques really useful even outside lab-
ratory settings, a pivotal goal in the near future is to address their
fficacy as long lasting brain enhancers. Although some studies
eported long-term enhancement (lasting up to 1 month) after sin-
le session (Sandrini et al., 2014), dearth of follow up assessments
n the available literature makes difficult to establish unequivocally
ong-term impact of single session on aging population. Besides
his, multi-session NiBS could be a feasible avenue to counteract
lasticity reduction in aging population and to elicit late-phase
TP/LTD plasticity. In fact, reviewed studies demonstrated sharper
nd lasting improvements when tES was applied during multiple
essions, especially when it was coupled with training (Park et al.,
013; Zimerman et al., 2013; Jones et al., 2015). A recent meta-
nalysis by Hsu et al. (2015) confirmed this hypothesis, showing a
arger effect size for multiple sessions of stimulation (mean effect
ize, 0.89) than for single session studies (mean effect size, 0.44).
oticeably, as we will discuss shortly afterwards, multi-sessions

nterventions have to be properly designed in order to achieve
asting effects. Moreover, the increasing automatization in the com-
utation of current flow on the base of individual head models could
ndeed have a positive return in the application of NiBS in clinical
ettings; in the future, highly customizable interventions on the
ase of the subjects’ specific anatomy could provide higher efficacy
nd adaptability in multi-sessions protocols.
eviews 29 (2016) 66–89 81

4.2. The right place at the right time. Best targets and parameters
of NiBS in the aging brain

Taking into account the structural and functional changes occur-
ring in the brain of aging population, the selection of areas to be
targeted should not be inferred from studies on healthy young
adults, but they probably have to be grounded on strong evi-
dences about the cognitive biomarkers of the aging brain. In the
matter of this, a first necessary step could be the proper char-
acterization of the functional or dysfunctional role of an area in
the targeted cognitive domain. Basic assumptions about NiBS-
based enhancement or inhibition interventions should therefore
be guided by proven neuroimaging and electrophysiological mod-
els of the aging brain. Similarly, the choice of reference electrodes
in tDCS experiments should be taken into account carefully. Indeed,
different effects depending on electrode’s reference location have
been described (Vandermeeren et al., 2010); this mainly applies
for polarity-specific tDCS, rather than for tRNS or tACS. Moreover,
given evidences of task-related bilateral activation in elderly, selec-
tion of contralateral areas as reference (a choice adopted by 17.6%
of the reviewed papers) should be thought wisely.

A notable criticism against tES methodic is that the outcome of
the intervention is largely confounded by electrodes size. Indeed,
as modeling of current flow and neuroimaging studies recently
claimed, standard pad electrodes size (usually 5 × 5 cm or 5 × 7 cm)
does not provide enough spatial focality to allow a clear explanation
of the mechanisms underlying tES nor to guarantee the maximum
efficacy of the methodic. Several technical solutions have been
proposed to shape the current flow (e.g. increasing return elec-
trode size, using an extracephalic reference) and, recently, the use
of ring and concentric electrodes have been proposed to over-
come the issue of current spread. On this base, a new growing
approach to tDCS has been developed to make tES a more tar-
geted and customized technique: high-density tDCS (HD-tDCS)
(Datta et al., 2008). Based on the use of multiple arrays of small
anode and cathode electrodes, high-density tDCS uses specific elec-
trodes positioning, such as the 4 × 1 montage, where the anode is
surrounded by 4 return electrodes positioned in a circular configu-
ration (Minhas et al., 2010). Noticeably, given that the aging brain
is often characterized by task-related activation of differently-
apparently unrelated- brain areas, this advancement could be very
important to localize target areas without affecting the distal ones.

For what concerns “timing” of stimulation, the majority of the
tDCS studies designed an online stimulation (52.9%) while rTMS
literature mainly adopted an offline protocol (67%). Despite this
tendency, positive results were also obtained with offline tDCS,
according to motor cortex reactivity to tDCS which mainly changes
after stimulation cessation (Santarnecchi et al., 2014), with the
exception of Fertonani et al. (2014). Moreover, the positive results
obtained by Sandrini et al. (2014) by means of application of tDCS to
reinforce acquired memories (i.e. consolidation), raises the possi-
bility of further testing neuromodulation according to the intrinsic
temporal dynamics of cognitive processes under scrutiny. In their
recent meta-analysis, Hsu et al. (2015) showed a larger effect
size for offline (mean effect size 0.92) than for online stimulation
(mean effect size 0.23): they cautiously interpreted this differ-
ence as an evidence that healthy aged subjects could benefit more
from induced LTP-like mechanisms by means of offline stimulation.
However, since their analysis pooled subjects who received either
rTMS or tDCS interventions, it is difficult to disentangle which of
the two  techniques was  more effective for this cohort and, in turn,
which design suits best for each approach. Indeed, the speed up

of naming reaction times in the healthy aging group appeared
only when a-tDCS was applied online, whereas both offline and
online interventions improved reaction times in healthy young
subjects (Fertonani et al., 2014). The fact that Hsu et al.’s meta-
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nalysis further reported a higher effect size for online stimulation
mean effect size, 1.79) than for offline stimulation (mean effect
ize, 1.04) in AD patients suggests that tES application should be
ased on strong evidences on the neural changes occurring during
he lifespan (e.g. cortical excitability). Therefore, neuromodulatory
nterventions (either online or offline, with rTMS or tDCS), particu-
arly in the elderly, should be guided by a proper characterization of
he different neural mechanisms mediating the expected benefits.

Another issue related to timing encompasses the establishment
f the best time-window between multi-sessions tES, in order to
tretch induced neuroplasticity. Far off from being a minor variable,
he induction of late-phase LTP/LTD plasticity could largely depend
n proper spacing interval between sessions. As a recent work
y Goldsworthy et al. (2014) remarked, studies on animal mod-
ls reported longer lasting plasticity effects with closer stimulation
essions (3–30 min), whereas daily treatment schedule is currently
he typical gold-standard in human research. This result was con-
rmed by Monte-Silva et al., 2013; showing that the application of a
econd a-tDCS stimulation with an inter-stimulation interval of 3 or
0 min  (i.e. during the after-effects of the first one) enhanced motor
ortex excitability for more than 24 h. Moreover, as a recent review
ighlights (Prehn and Flöel, 2015), multi-session stimulation with

arge time intervals (3–24 h) could even prevent neuroplasticity
Monte-Silva et al., 2013). Without exceeding safety and practical
onstrains, further research should therefore investigate whether
high-density stimulation” could product longer-lasting and reli-
ble improvements than single and widely spaced sessions.

.3. Connectome-based neuroenhancement

Despite promising evidences emerging from the application of

iBS on aging population, most of the available studies are still
rounded on a modular approach, which intrinsically considers
omplex cognitive functions as an emerging property of segregated
rain regions. Although the adoption of this simplistic framework
itive neuroenhancement in aging population. Panel (A) brain regions stimulated
ffline protocols; behavioral effects of tDCS; hemispheric localization of stimulated

has been, and still is, a necessary step to make proper advancements
in this field, an interest is emerging in adapting NiBS protocols to
the complex universe of brain connectivity: this because of latest
evidence of the interaction between the complexity of individ-
ual brain connectivity and cognitive profiles (Santarnecchi et al.,
2015b,c; van den Heuvel et al., 2009; Sporns, 2014). An ideal
result was obtained by Meinzer et al. (2013) coupling tDCS with
concurrent fMRI. They showed that performance improvement
was associated to a reduction of the task-related hyperactivity of
bilateral prefrontal areas, the anterior cingulate gyrus and the pre-
cuneus. Moreover, resting state fMRI analysis revealed that a-tDCS
induced a connectivity pattern quite similar to those of younger
subjects. More complex pictures could result studying network
activity changes after NiBS. As we discussed previously, connec-
tivity analysis performed in the study of Vidal-Piñeiro et al. (2014)
revealed that iTBS applied over IFG was  associated to broad “Level
of Processing-dependent” changes in task-related functional activ-
ity. Evidence of IFG-posterior (occipital and cerebellum) coupling
under deep encoding condition and iTBS modulation sustains the
role of left IFG in semantic processing, and further suggests a
possible top-down modulation over posterior areas. Although con-
siderations on temporal dynamics of such coupling could not be
made through offline fMRI-TMS, this result could be of special inter-
est in respect to posterior–anterior shift in aging (PASA) model.
Neuroimaging-based tES modulation could also help disentangling
differential effects of unilateral and bilateral stimulation in aging
population. Lindenberg et al. (2013) intriguingly found that dual
but not anodal tDCS enhanced connectivity of the left dorsal pos-
terior cingulate cortex. Furthermore, dual tDCS yielded stronger
activations in bilateral M1  compared with anodal tDCS when par-
ticipants used either their left or right hand during the task, thus

suggesting that dual stimulation is able to elicit more complex bi-
hemispheric modulation than the unilateral one. In closing, food
for thought results from the fact that the last two studies failed to
find an overt effect in task performances. Given that NiBS demon-
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trated strong covert neurophysiological changes, efforts should be
ade to study pattern of neural activity induced by NiBS in order

o explain and predict lack of behavioral improvements.
For what concern this possibility, apolipoprotein E (APOE) status

as recently been shown to mediate changes in large-scale net-
orks as identified by the analysis of low-frequency fMRI-BOLD
uctuations. In a recent report by (Peña-Gomez et al., 2012), the
ssessment of the APOE �4 allele profile, known as one risk factor for
he development of AD, was combined with the data of a rTMS study
n elders with memory impairment (Solé-Padullés et al., 2006). On
he base of the carried genetic profile, two subgroups (APOE-�4
llele carriers/non-carriers) were created to investigate whether
his genetic profile could mediate the response to rTMS. Results
ndicated that, even if there was not any difference in behavioral
erformance of the two subgroups, there was a clear dissimilar-

ty between brain connectivity of the APOE-�4  allele carriers and
hose of the non-carriers; most noticeably, the statistical analysis
evealed that rTMS was able to reorganize brain networks configu-
ation of the APOE-�4 bearers as those observed in the non-carrier
lders prior to stimulation.

Also, different allelic profiles in the Catechol-O-
ethyltransferase (COMT) gene, which regulates PFC dopamine

DA) levels, could help the interpretation and design of cogni-
ive interventions in the elderly. Specifically, recent evidences
eported that allelic variations in COMT gene accounted for great
ifferences in working memory abilities in the elderly. This is
ot surprisingly considering the key role of the dopaminergic
ystem in modulating neuronal signal-to-noise ratio, synaptic
lasticity and learning processes; prefrontal DA levels show an
inverted-U” relationship with cognitive functioning and accounts
or age-related impairment of processing speed, working memory,
uid intelligence and memory (Backman et al., 2010). Moreover,
A seems to modulate brain response to cognitively demanding

asks, as shown by its increase with increasing task difficulty.
oreover, emerging studies reported that DA reduction is related

o the under-recruitment of task-specific brain areas and to vari-
ble non-selective recruitment of apparently task-unrelated brain
egions. Hence, it seems reasonable that age-related decline in DA
ould largely explain neuronal and cognitive changes occurring
ith aging. Consequently, a fundamental question that research

n NiBS-based cognitive neuroenhancement should address is
hether neuromodulation could affect dopaminergic system

nd how COMT genetic profile could prevent or even reverse
hese effects. Emerging studies on the interaction between DA
nd tDCS demonstrate the existence of a delicate balance across
enetic profiles, neurotransmitters levels, brain stimulation and
esponse differences (see Medeiros et al., 2012 for a review on
eurobiological mechanisms of tDCS). Recent pharmacological
tudies (Fresnoza et al., 2014a, 2014b; Monte-Silva et al., 2010)
ighlighted U-shaped dosage-dependent effects of L-DOPA, that is

ow and high L-DOPA intake abolished the excitatory and inhibitory
ffects of tDCS on motor cortex plasticity. Therefore, dopamine
evels could skew tDCS effects thereby indicating that individual
llelic profile could lead to similar different outcomes. Plewnia
t al. (2013) showed that the application of a-tDCS on left DLPFC
uring a Go-NoGo task impaired executive performance only in
OMT Met–Met homozyguous young subjects (the ones with the

owest DA levels), whilst c-tDCS showed inhibitory effects only in
al58Val carriers (the ones with lowest DA levels) (Nieratschker
t al., 2015). Thus, tDCS is able to modulate prefrontal DA but its
ehavioral effects are largely dependent on the genetic background
f the individual. Given that the effects of COMT genetic profile

n cognition are somewhat enhanced in the elderly and new
vidences reporting further modulatory effects between BDNF
nd COMT genotypes (Nagel et al., 2008), future NiBS studies
eviews 29 (2016) 66–89 83

on healthy aging should account on individual genetic profile to
design reliable interventions.

In conclusion, the combination of NiBS with other neuroimag-
ing techniques could provide insights in whether and how brain
networks are influenced by transcranial stimulation (Santarnecchi
et al., 2015a). Thus, in order to target specific connections
rather than specific areas, it is necessary to understand in depth
both aging-related changes occurring in large scale-networks and
whether, how, and when these networks respond during or after
tES. Genetic background analysis could indeed become a valuable
ally to a better understanding of these issues and to provide useful
indications to the future use of NiBS as a tool to help preventing
pathological aging; therefore, more studies combining NiBS and
genetics are thus yearned in the next years.

5. Conclusions

We have reviewed experimental data supporting the feasibility
of NiBS as an effective interventional approach to hinder cog-
nitive decline in healthy aging individuals. Indeed, NiBS can be
easily coupled to cognitive trainings to bolster positive effects and
could be a feasible and safe tool to partly counteract physiological
age-related decline. However, despite some encouraging evidence,
most −but not all- of the published studies showed variability and
volatility of the induced neuro-enhancement effects. Neuroimag-
ing and genetic measures could indeed be fundamental allies to
the refinement of some theoretical and practical issues that limits
NiBS feasibility out of the lab’s walls. Therefore, a multidisciplinary
approach to the study of the best NiBS protocols could represent
a key point to offer to the aging population an effective tool to
counteract their otherwise unavoidable cognitive decline.
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Lazzaro, V., Filipović, S.R., Hummel, F.C., Jääskeläinen, S.K., Kimiskidis, V.K.,
Koch, G., Langguth, B., Nyffeler, T., Oliviero, A., Padberg, F., Poulet, E., Rossi, S.,
Rossini, P.M., Rothwell, J.C., Schönfeldt-Lecuona, C., Siebner, H.R., Slotema,
C.W., Stagg, C.J., Valls-Sole, J., Ziemann, U., Paulus, W.,  Garcia-Larrea, L., 2014.
Evidence-based guidelines on the therapeutic use of repetitive transcranial
eviews 29 (2016) 66–89

magnetic stimulation (rTMS). Clin. Neurophysiol. 125, 1–57, http://dx.doi.org/
10.1016/j.clinph.2014.05.021.

Levine, B.K., Beason-Held, L.L., Purpura, K.P., Aronchick, D.M., Optican, L.M.,
Alexander, G.E., Horwitz, B., Rapoport, S.I., Schapiro, M.B., 2000. Age-related
differences in visual perception: a PET study. Neurobiol. Aging 21, 577–584,
http://dx.doi.org/10.1016/S0197-4580(00)00144-5.

Li, S.C., Lindenberger, U., Sikstrom, S., 2001. Aging cognition: from
neuromodulation to representation. Trends Cogn. Sci. 5, 479–486.

Li, S., Chicherio, C., Nyberg, L., Oertzen, T., Von Nagel, I.E., Papenberg, G.,  Sander, T.,
Heekeren, H.R., Lindenberger, U., Bäckman, L., 2010. Ebbinghaus revisited:
influences of the BDNF Val 66 Met  polymorphism on backward serial recall are
modulated by human aging. J. Cogn. Neurosci. 10, 2164–2173.

Liebetanz, D., Nitsche, M.A., Tergau, F., Paulus, W.,  2002. Pharmacological approach
to  the mechanisms of transcranial DC-stimulation-induced after-effects of
human motor cortex excitability. Brain 125, 2238–2247, http://dx.doi.org/10.
1093/brain/awf238.

Liew, S.-L., Santarnecchi, E., Buch, E.R., Cohen, L.G., 2014. Non-invasive brain
stimulation in neurorehabilitation: local and distant effects for motor recovery.
Front. Hum. Neurosci. 8, 378, http://dx.doi.org/10.3389/fnhum.2014.00378.

Lindenberg, R., Nachtigall, L., Meinzer, M.,  Sieg, M.M., Flöel, A., 2013. Differential
effects of dual and unihemispheric motor cortex stimulation in older adults. J.
Neurosci. 33, 9176–9183, http://dx.doi.org/10.1523/JNEUROSCI.0055-13.2013.

Liuzzi, G., Ellger, T., Flöel, A., Breitenstein, C., Jansen, A., Knecht, S., 2008. Walking
the  talk-Speech activates the leg motor cortex. Neuropsychologia 46,
2824–2830, http://dx.doi.org/10.1016/j.neuropsychologia.2008.05.015.

Liuzzi, G., Freundlieb, N., Ridder, V., Hoppe, J., Heise, K., Zimerman, M.,  Dobel, C.,
Enriquez-Geppert, S., Gerloff, C., Zwitserlood, P., Hummel, F.C., 2010. The
involvement of the left motor cortex in learning of a novel action word lexicon.
Curr. Biol. 20, 1745–1751, http://dx.doi.org/10.1016/j.cub.2010.08.034.

Lizio, R., Vecchio, F., Frisoni, G.B., Ferri, R., Rodriguez, G., Babiloni, C., 2011.
Electroencephalographic rhythms in Alzheimer’s disease. Int. J. Alzheimers Dis.
2011, 1–11, http://dx.doi.org/10.4061/2011/927573.

Logan, J.M., Buckner, R.L., 2001. Age-related changes in neural correlates of
encoding. In: Eighth Annual Meeting of the Cognitive Neuroscience Society,
New York, NY.

Lopez-Alonso, V., Cheeran, B., Rio-Rodriguez, D., Fernandez-Del-Olmo, M.,  2014.
Inter-individual variability in response to non-invasive brain stimulation
paradigms. Brain Stimul. 7, 372–380, http://dx.doi.org/10.1016/j.brs.2014.02.
004.

Madden, J.D., 2002. Aging and attentional guidance during visual search: functional
neuroanatomy by positron emission tomography. Psychol. Aging 17 (1), 24–43.

Madden, D.J., Turkington, T.G., Provenzale, J.M., Denny, L.L., Hawk, T.C., Gottlob,
L.R.,  Coleman, R.E., 1999. Adult age differences in the functional neuroanatomy
of verbal recognition memory. Hum. Brain Mapp. 7, 115–135, http://dx.doi.
org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N.

Madden, D.J., Bennett, I.J., Song, A.W., 2009. Cerebral white matter integrity and
cognitive aging: contributions from diffusion tensor imaging. Neuropsychol.
Rev. 19, 415–435, http://dx.doi.org/10.1007/s11065-009-9113-2.Cerebral.

Maillet, D., Rajah, M.N., 2013. Association between prefrontal activity and volume
change in prefrontal and medial temporal lobes in aging and dementia: a
review. Ageing Res. Rev. 12, 479–489, http://dx.doi.org/10.1016/j.arr.2012.11.
001.

Manenti, R., Brambilla, M.,  Petesi, M.,  Ferrari, C., Cotelli, M.,  2013. Enhancing verbal
episodic memory in older and young subjects after non-invasive brain
stimulation. Front. Aging Neurosci. 5, 1–9, http://dx.doi.org/10.3389/fnagi.
2013.00049.

Manor, B., Zhou, J., Jor’dan, A., Zhang, J., Fang, J., Pascual-Leone, A., 2016. Reduction
of  dual-task costs by noninvasive modulation of prefrontal activity in healthy
elders. J. Cogn. Neurosci. 28, 275–281, http://dx.doi.org/10.1162/jocn a 00897.

Marshall, L., Helgadóttir, H., Mölle, M., Born, J., 2006. Boosting slow oscillations
during sleep potentiates memory. Nature 444, 610–613, http://dx.doi.org/10.
1038/nature05278.

Medeiros, L.F., de Souza, I.C.C., Vidor, L.P., de Souza, A., Deitos, A., Volz, M.S., Fregni,
F.,  Caumo, W.,  Torres, I.L.S., 2012. Neurobiological effects of transcranial direct
current stimulation: a review. Front. Psychiatry 3, 1–11, http://dx.doi.org/10.
3389/fpsyt.2012.00110.

Mederos, A., Waddell, L., Sanchez, J., Kelton, D., Peregrine, A.S., Menzies, P.,
VanLeeuwen, J., Rajic, A., 2012. A systematic review-meta-analysis of primary
research investigating the effect of selected alternative treatments on
gastrointestinal nematodes in sheep under field conditions. Prev. Vet. Med.
104, 1–14, http://dx.doi.org/10.1016/j.prevetmed.2011.10.012.

Meinzer, M.,  Antonenko, D., Lindenberg, R., Hetzer, S., Ulm, L., Avirame, K., Flaisch,
T.,  Floel, A., 2012. Electrical brain stimulation improves cognitive performance
by  modulating functional connectivity and task-specific activation. J. Neurosci.
32,  1859–1866, http://dx.doi.org/10.1523/JNEUROSCI.4812-11.2012.

Meinzer, M.,  Lindenberg, R., Antonenko, D., Flaisch, T., Flöel, A., 2013. Anodal
transcranial direct current stimulation temporarily reverses age-associated
cognitive decline and functional brain activity changes. J. Neurosci. 33,
12470–12478, http://dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013.

Meinzer, M.,  Lindenberg, R., Sieg, M.M.,  Nachtigall, L., Ulm, L., FlÃ¶el, A., 2014.
Transcranial direct current stimulation of the primary motor cortex improves

word-retrieval in older adults. Front. Aging Neurosci. 6, 1–9, http://dx.doi.org/
10.3389/fnagi.2014.00253.

Meulenbroek, O., Petersson, K.M., Voermans, N., Weber, B., Fernández, G., 2004.
Age differences in neural correlates of route encoding and route recognition.

dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.neuron.2004.12.033
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.clinph.2010.08.016
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1016/j.neuropsychologia.2011.10.022
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1006/nimg.2000.0675
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1002/hipo.1113
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1212/01.WNL.0000152986.07469.E9
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
dx.doi.org/10.1073/pnas.0801268105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0560
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1371/journal.pone.0121904
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1016/j.neurobiolaging.2007.04.027
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3737-05c.2006
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1523/JNEUROSCI.3209-11.2011
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.neurobiolaging.2007.05.019
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.clinph.2010.03.022
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.1016/j.neures.2012.08.008
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
dx.doi.org/10.3389/fnhum.2013.00142
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0605
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0610
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2007.10.068
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
dx.doi.org/10.1016/j.neuroimage.2009.12.008
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0625
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1093/cercor/bhm098
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.neuroimage.2014.12.022
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/j.clinph.2014.05.021
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
dx.doi.org/10.1016/S0197-4580(00)00144-5
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0650
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0655
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.1093/brain/awf238
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.3389/fnhum.2014.00378
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1523/JNEUROSCI.0055-13.2013
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.neuropsychologia.2008.05.015
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.1016/j.cub.2010.08.034
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
dx.doi.org/10.4061/2011/927573
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0690
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
dx.doi.org/10.1016/j.brs.2014.02.004
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0700
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1002/(SICI)1097-0193(1999)7:2<115:AID-HBM5>3.0.CO;2-N
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1007/s11065-009-9113-2.Cerebral
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.1016/j.arr.2012.11.001
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.3389/fnagi.2013.00049
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1162/jocn_a_00897
dx.doi.org/10.1038/nature05278
dx.doi.org/10.1038/nature05278
dx.doi.org/10.1038/nature05278
dx.doi.org/10.1038/nature05278
dx.doi.org/10.1038/nature05278
dx.doi.org/10.1038/nature05278
dx.doi.org/10.1038/nature05278
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.3389/fpsyt.2012.00110
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1016/j.prevetmed.2011.10.012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.4812-11.2012
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.1523/JNEUROSCI.;1;5743-12.2013
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253
dx.doi.org/10.3389/fnagi.2014.00253


arch R

M

M

M

M

M

M

M

M

M

M

M

M

M

M

N

N

N

N

N

N

N

N

N

E. Tatti et al. / Ageing Rese

Neuroimage 22, 1503–1514, http://dx.doi.org/10.1016/j.neuroimage.2004.04.
007.

eunier, D., Achard, S., Morcom, A., Bullmore, E., 2009. Age-related changes in
modular organization of human brain functional networks. Neuroimage 44,
715–723, http://dx.doi.org/10.1016/j.neuroimage.2008.09.062.

evel, K., Chételat, G., Eustache, F., Desgranges, B., 2011. The default mode
network in healthy aging and Alzheimer’s disease. Int. J. Alzheimers. Dis.
53581, 6, 10.4061/2011/535816.

evel, K., Landeau, B., Fouquet, M.,  La Joie, R., Villain, N., Mézenge, F., Perrotin, A.,
Eustache, F., Desgranges, B., Chételat, G., 2013. Age effect on the default mode
network, inner thoughts, and cognitive abilities. Neurobiol. Aging 34,
1292–1301, http://dx.doi.org/10.1016/j.neurobiolaging.2012.08.018.

inhas, P., Bansal, V., Patel, J., Ho, J.S., Diaz, J., Datta, A., Bikson, M.,  2010. Electrodes
for high-definition transcutaneous DC stimulation for applications in drug
delivery and electrotherapy, including tDCS. J. Neurosci. Methods 190,
188–197, http://dx.doi.org/10.1016/j.jneumeth.2010.05.007.

iniussi, C., Ruzzoli, M.,  2013. Transcranial stimulation and cognition. In:
Handbook of Clinical Neurology, 1st ed. Elsevier B.V., http://dx.doi.org/10.
1016/B978-0-444-53497-2.00056-5.

iniussi, C., Cappa, S.F., Cohen, L.G., Floel, A., Fregni, F., Nitsche, M.A., Oliveri, M.,
Pascual-leone, A., Paulus, W.,  Priori, A., Walsh, V., 2008. Efficacy of repetitive
transcranial magnetic stimulation/transcranial direct current stimulation in
cognitive neurorehabilitation. Brain Stimul. 1, 326–336, http://dx.doi.org/10.
1016/j.brs.2008.07.002.

iniussi, C., Ruzzoli, M.,  Walsh, V., 2010. The mechanism of transcranial magnetic
stimulation in cognition. Cortex 46, 128–130, http://dx.doi.org/10.1016/j.
cortex.2009.03.004.

oliadze, V., Antal, A., Paulus, W.,  2010. Boosting brain excitability by transcranial
high frequency stimulation in the ripple range. J. Physiol. 588, 4891–4904,
http://dx.doi.org/10.1055/s-0030-1250984.

onte-Silva, K., Liebetanz, D., Grundey, J., Paulus, W.,  Nitsche, M.A., 2010.
Dosage-dependent non-linear effect of l-dopa on human motor cortex
plasticity. J. Physiol. 588, 3415–3424, http://dx.doi.org/10.1113/jphysiol.2010.
190181.

onte-Silva, K., Kuo, M.-F., Hessenthaler, S., Fresnoza, S., Liebetanz, D., Paulus, W.,
Nitsche, M.A., 2013. Induction of late LTP-Like plasticity in the human motor
cortex by repeated non-Invasive brain stimulation. Brain Stimul. 6, 424–432,
http://dx.doi.org/10.1016/j.brs.2012.04.011.

onti, A., Ferrucci, R., Fumagalli, M.,  Mameli, F., Cogiamanian, F., Ardolino, G.,
Priori, A., 2013. Transcranial direct current stimulation (tDCS) and language. J.
Neurol. Neurosurg. Psychiatry 84, 832–842, http://dx.doi.org/10.1136/jnnp-
2012-302825.

organ, H.M., Jackson, M.C., Van Koningsbruggen, M.G., Shapiro, K.L., Linden, D.E.J.,
2013. Frontal and parietal theta burst TMS  impairs working memory for
visual-spatial conjunctions. Brain Stimul. 6, 122–129, http://dx.doi.org/10.
1016/j.brs.2012.03.001.

orrison, J.H., Baxter, M.G., 2012. The ageing cortical synapse: hallmarks and
implications for cognitive decline. Nat. Rev. Neurosci. 13, http://dx.doi.org/10.
1038/nrn3200.

oser, D.J., Jorge, R.E., Manes, F., Paradiso, S., Benjamin, M.L., Robinson, R.G., 2002.
Improved executive functioning following repetitive transcranial magnetic
stimulation. Neurology 58, 1288–1290, http://dx.doi.org/10.1212/WNL.58.8.
1288.

agel, I.E., Chicherio, C., Li, S.-C., von Oertzen, T., Sander, T., Villringer, A., Heekeren,
H.R., Backman, L., Lindenberger, U., 2008. Human aging magnifies genetic
effects on executive functioning and working memory. Front. Hum. Neurosci.
2,  1, http://dx.doi.org/10.3389/neuro.09.001.2008.

ational Council of Aging, 2016. The 2015 United States of Aging survey [WWW
Document]. URL https://www.ncoa.org/news/usoa-survey/.

ielson, K.A., Langenecker, S.A., Garavan, H., 2002. Differences in the functional
neuroanatomy of inhibitory control across the adult life span. Psychol. Aging
17,  56–71, http://dx.doi.org/10.1037/0882-7974.17.1.56.

ieratschker, V., Kiefer, C., Giel, K., Kruger, R., Plewnia, C., 2015. The COMT Val/Met
polymorphism modulates effects of tDCS on response inhibition. Brain Stimul.
8, 283–288, http://dx.doi.org/10.1016/j.brs.2014.11.009.

itsche, M.A., Liebetanz, D., Antal, A., Lang, N., Tergau, F., Paulus, W.,  2003.
Modulation of cortical excitability by weak direct current
stimulation–technical: safety and functional aspects. Suppl. Clin.
Neurophysiol. 56, 255–276.

itsche, M.A., Liebetanz, D., Schlitterlau, A., Henschke, U., Fricke, K., Frommann, K.,
Lang, N., Henning, S., Paulus, W.,  Tergau, F., 2004. GABAergic modulation of DC
stimulation-induced motor cortex excitability shifts in humans. Eur. J.
Neurosci. 19, 2720–2726, http://dx.doi.org/10.1111/j.0953-816X. 2004.03398.
x.

itsche, M.A., Seeber, A., Frommann, K., Klein, C.C., Rochford, C., Nitsche, M.S.,
Fricke, K., Liebetanz, D., Lang, N., Antal, A., Paulus, W.,  Tergau, F., 2005.
Modulating parameters of excitability during and after transcranial direct
current stimulation of the human motor cortex. J. Physiol. 568, 291–303,
http://dx.doi.org/10.1113/jphysiol.2005.092429.

itsche, M.A., Doemkes, S., Karakose, T., Antal, A., Liebetanz, D., Lang, N., Tergau, F.,
Paulus, W.,  2007. Shaping the effects of transcranial direct current stimulation

of  the human motor cortex. J. Neurophysiol. 97, 3109–3117, http://dx.doi.org/
10.1152/jn.01312.2006.

itsche, M.  a., Cohen, L.G., Wassermann, E.M., Priori, A., Lang, N., Antal, A., Paulus,
W.,  Hummel, F., Boggio, P.S., Fregni, F., Pascual-Leone, A., 2008. Transcranial
eviews 29 (2016) 66–89 87

direct current stimulation: state of the art 2008. Brain Stimul. 1, 206–223,
http://dx.doi.org/10.1016/j.brs.2008.06.004.

Nusbaum a, O., Tang, C.Y., Buchsbaum, M.S., Wei, T.C., Atlas, S.W., 2001. Regional
and global changes in cerebral diffusion with normal aging. AJNR Am. J.
Neuroradiol. 22, 136–142.

Nyberg, L., Cabeza, R., Tulving, E., 1998. Asymmetric frontal activation during
episodic memory: what kind of specificity? Trends Cogn. Sci. 2, 419–421,
http://dx.doi.org/10.1016/S1364-6613(98)01242-X.

Pace-Schott, E.F., Spencer, R.M.C., 2011. Age-related changes in the cognitive
function of sleep. Prog. Brain Res. 191, 75–89, http://dx.doi.org/10.1016/B978-
0-444-53752-2.00012-6.

Parikh, P.J., Cole, K.J., 2014. Effects of transcranial direct current stimulation in
combination with motor practice on dexterous grasping and manipulation in
healthy older adults. Physiol. Rep. 2, e00255, http://dx.doi.org/10.1002/phy2.
255.

Park, D.C., Reuter-Lorenz, P., 2009. The adaptive brain: aging and neurocognitive
scaffolding. Annu. Rev. Psychol. 60, 173–196, http://dx.doi.org/10.1146/
annurev.psych.59.103006.093656.

Park, D.C., Polk, T.A., Park, R., Minear, M.,  Savage, A., Smith, M.R., 2004. Aging
reduces neural specialization in ventral visual cortex. Proc. Natl. Acad. Sci. U. S.
A.  101, 13091–13095, http://dx.doi.org/10.1073/pnas.0405148101.

Park, S., Seo, J., Kim, Y., Ko, M.,  2013. Long-term effects of transcranial direct
current stimulation combined with computer-assisted cognitive training in
healthy older adults. Neuroreport, 122–126, http://dx.doi.org/10.1097/WNR.
0000000000000080.

Pascual-Leone, A., Walsh, V., Rothwell, J., 2000. Transcranial magnetic stimulation
in  cognitive neuroscience–virtual lesion, chronometry, and functional
connectivity. Curr. Opin. Neurobiol. 10, 232–237, http://dx.doi.org/10.1016/
S0959-4388(00)00081-7.

Paulus, W.,  Antal, A., Nitsche, M.,  2013. Physiological basis and methodological
aspects of transcranial electric stimulation (tDCS, tACS, and tRNS). Trans. Brain
Stimul., 93–111, http://dx.doi.org/10.1201/b14174-6.

Paulus, W.,  2011. Transcranial electrical stimulation (tES − tDCS; tRNS, tACS)
methods. Neuropsychol. Rehabil. 21, 602–617, http://dx.doi.org/10.1080/
09602011.2011.557292.

Peña-Gomez, C., Solé-Padullés, C., Clemente, I.C., Junqué, C., Bargalló, N., Bosch, B.,
Molinuevo, J.L., Valls-Solé, J., Pascual-Leone, A., Bartrés-Faz, D., 2012. APOE
status modulates the changes in network connectivity induced by brain
stimulation in non-Demented elders. PLoS One 7, http://dx.doi.org/10.1371/
journal.pone.0051833.

Persson, J., Nyberg, L., Lind, J., Larsson, A., Nilsson, L.G., Ingvar, M.,  Buckner, R.L.,
2006. Structure-function correlates of cognitive decline in aging. Cereb. Cortex
16, 907–915, http://dx.doi.org/10.1093/cercor/bhj036.

Pfefferbaum, A., Sullivan, E.V., 2003. Increased brain white matter diffusivity in
normal adult aging: relationship to anisotropy and partial voluming. Magn.
Reson. Med. 49, 953–961, http://dx.doi.org/10.1002/mrm.10452.

Plewnia, C., Zwissler, B., Langst, I., Maurer, B., Giel, K., Kruger, R., 2013. Effects of
transcranial direct current stimulation (tDCS) on executive functions:
influence of COMT Val/Met polymorphism. Cortex 49, 1801–1807, http://dx.
doi.org/10.1016/j.cortex.2012.11.002.

Polania, R., Nitsche, M.A., Korman, C., Batsikadze, G., Paulus, W.,  2012. The
importance of timing in segregated theta phase-coupling for cognitive
performance. Curr. Biol. 22, 1314–1318.

Poreisz, C., Boros, K., Antal, A., Paulus, W.,  2007. Safety aspects of transcranial
direct current stimulation concerning healthy subjects and patients. Brain Res.
Bull. 72, 208–214, http://dx.doi.org/10.1016/j.brainresbull.2007.01.004.

Prehn, K., Flöel, A., 2015. Potentials and limits to enhance cognitive functions in
healthy and pathological aging by tDCS. Front. Cell. Neurosci. 9, http://dx.doi.
org/10.3389/fncel.2015.00355.

Prichep, L.S., John, E.R., Ferris, S.H., Rausch, L., Fang, Z., Cancro, R., Torossian, C.,
Reisberg, B., 2006. Prediction of longitudinal cognitive decline in normal
elderly with subjective complaints using electrophysiological imaging.
Neurobiol. Aging 27, 471–481, http://dx.doi.org/10.1016/j.neurobiolaging.
2005.07.021.

Priori, A., Berardelli, A., Rona, S., Accornero, N., Manfredi, M.,  1998. Polarization of
the  human motor cortex through the scalp. Neuroreport 9, 2257–2260.

Prvulovic, D., Bokde, A.L.W., Faltraco, F., Hampel, H., 2011. Functional magnetic
resonance imaging as a dynamic candidate biomarker for Alzheimer’s disease.
Prog. Neurobiol. 95, 557–569, http://dx.doi.org/10.1016/j.pneurobio.2011.05.
008.

Radman, T., Ramos, R.L., Brumberg, J.C., Bikson, M.,  2009. Role of cortical cell type
and  morphology in subthreshold and suprathreshold uniform electric field
stimulation in vitro. Brain Stimul. 2 (215–228), 228, http://dx.doi.org/10.1016/
j.brs.2009.03.007, e1-3.

Rajah, M.N., McIntosh, A.R., 2008. Age-related differences in brain activity during
verbal recency memory. Brain Res. 1199, 111–125, http://dx.doi.org/10.1016/j.
brainres.2007.12.051.

Raz, N., Gunning-Dixon, F.M., Head, D., Dupuis, J.H., Acker, J.D., 1998.
Neuroanatomical correlates of cognitive aging: evidence from structural
magnetic resonance imaging. Neuropsychology 12, 95–114.

Reis, J., Schambra, H.M., Cohen, L.G., Buch, E.R., Fritsch, B., Zarahn, E., Celnik, P.A.,

Krakauer, J.W., 2009. Noninvasive cortical stimulation enhances motor skill
acquisition over multiple days through an effect on consolidation. Proc. Natl.
Acad. Sci. U. S. A. 106, 1590–1595, http://dx.doi.org/10.1073/pnas.0805413106.

Reisberg, B., Gauthier, S., 2008. Current evidence for subjective cognitive
impairment (SCI) as the pre-mild cognitive impairment (MCI) stage of

dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2004.04.007
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
dx.doi.org/10.1016/j.neuroimage.2008.09.062
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0770
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.neurobiolaging.2012.08.018
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/j.jneumeth.2010.05.007
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/B978-0-444-53497-2.00056-5
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.brs.2008.07.002
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1016/j.cortex.2009.03.004
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1055/s-0030-1250984
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1113/jphysiol.2010.190181
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1016/j.brs.2012.04.011
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1136/jnnp-2012-302825
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1016/j.brs.2012.03.001
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1038/nrn3200
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.1212/WNL.58.8.1288
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
dx.doi.org/10.3389/neuro.09.001.2008
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
http://https://www.ncoa.org/news/usoa-survey/
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1037/0882-7974.17.1.56
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
dx.doi.org/10.1016/j.brs.2014.11.009
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0855
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1111/j.0953-816X. 2004.03398. x
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1113/jphysiol.2005.092429
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1152/jn.01312.2006
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
dx.doi.org/10.1016/j.brs.2008.06.004
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0880
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/S1364-6613(98)01242-X
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1016/B978-0-444-53752-2.00012-6
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1002/phy2.255
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1146/annurev.psych.59.103006.093656
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1073/pnas.0405148101
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1097/WNR.0000000000000080
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1016/S0959-4388(00)00081-7
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1201/b14174-6
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1080/09602011.2011.557292
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1371/journal.pone.0051833
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1093/cercor/bhj036
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1002/mrm.10452
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
dx.doi.org/10.1016/j.cortex.2012.11.002
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0950
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.1016/j.brainresbull.2007.01.004
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.3389/fncel.2015.00355
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
dx.doi.org/10.1016/j.neurobiolaging.2005.07.021
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0970
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.pneurobio.2011.05.008
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brs.2009.03.007
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
dx.doi.org/10.1016/j.brainres.2007.12.051
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref0990
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106
dx.doi.org/10.1073/pnas.0805413106


8 arch R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

S

S

S

8 E. Tatti et al. / Ageing Rese

subsequently manifest Alzheimer’s disease. Int. Psychogeriatr. 20, 1–16, http://
dx.doi.org/10.1017/S1041610207006412.

ektorova, I., Megova, S., Bares, M.,  Rektor, I., 2005. Cognitive functioning after
repetitive transcranial magnetic stimulation in patients with cerebrovascular
disease without dementia: a pilot study of seven patients. J. Neurol. Sci.
229–230, 157–161, http://dx.doi.org/10.1016/j.jns.2004.11.021.

estle, J., Murakami, T., Ziemann, U., 2012. Facilitation of speech repetition
accuracy by theta burst stimulation of the left posterior inferior frontal gyrus.
Neuropsychologia 50, 2026–2031, http://dx.doi.org/10.1016/j.
neuropsychologia.2012.05.001.

euter-Lorenz, P.A., Stanczak, L., Miller, A.C., 1999. Neural recruitment and
cognitive aging: two hemispheres are better than one, especially as you age.
Psychol. Sci. 10, 494–500, http://dx.doi.org/10.1111/1467-9280.00195.

euter-Lorenz, P.A., Jonides, J., Smith, E.E., Hartley, A., Miller, A., Marshuetz, C.,
Koeppe, R.A., 2000. Age differences in the frontal lateralization of verbal and
spatial working memory revealed by PET. J. Cogn. Neurosci. 12, 174–187,
http://dx.doi.org/10.1162/089892900561814.

euter-Lorenz, P.A., Cappell, K.A., 2008. Neurocognitive aging and the
compensation hypothesis. Curr. Dir. Psychol. Sci. 17, 177–182, http://dx.doi.
org/10.1111/j.1467-8721.2008.00570. x.

euter-Lorenz, P.A., Park, D.C., 2010. Human neuroscience and the aging mind: at
old problems a new look. J. Gerontol. Ser. B-Psychological Sci. Soc. Sci. 65,
405–415, http://dx.doi.org/10.1093/geronb/gbq035.

osen, A.C., Gabrieli, J.D.E., Stoub, T., Prull, M.W.,  O’Hara, R., Yesavage, J.,
deToledo-Morrell, L., 2005. Relating medial temporal lobe volume to frontal
fMRI activation for memory encoding in older adults. Cortex 41, 595–602.

oss, L.A., McCoy, D., Wolk, D.A., Coslett, H.B., Olson, I.R., 2010. Improved proper
name recall by electrical stimulation of the anterior temporal lobes.
Neuropsychologia 48, 3671–3674, http://dx.doi.org/10.1016/j.
neuropsychologia.2010.07.024.

oss, L.A., McCoy, D., Coslett, H.B., Olson, I.R., Wolk, D.A., 2011. Improved proper
name recall in aging after electrical stimulation of the anterior temporal lobes.
Front. Aging Neurosci. 3, 1–8, http://dx.doi.org/10.3389/fnagi.2011.00016.

ossi, S., Cappa, S.F., Babiloni, C., Pasqualetti, P., Miniussi, C., Carducci, F., Babiloni,
F.,  Rossini, P.M., 2002. Erratum: prefontal cortex in long-term memory: an
interference approach using magnetic stimulation. Nat. Neurosci. 5, 1017,
http://dx.doi.org/10.1038/nn1002-1017a.

ossi, S., Miniussi, C., Pasqualetti, P., Babiloni, C., Rossini, P.M., Cappa, S.F., 2004.
Age-related functional changes of prefrontal cortex in long-term memory: a
repetitive transcranial magnetic stimulation study. J. Neurosci. 24, 7939–7944,
http://dx.doi.org/10.1523/JNEUROSCI.0703-04.2004.

ossi, S., Ferro, M.,  Cincotta, M.,  Ulivelli, M.,  Bartalini, S., Miniussi, C., Giovannelli, F.,
Passero, S., 2007. A real electro-magnetic placebo (REMP) device for sham
transcranial magnetic stimulation (TMS). Clin. Neurophysiol. 118, 709–716,
http://dx.doi.org/10.1016/j.clinph.2006.11.005.

ossi, S., Hallett, M.,  Rossini, P.M., Pascual-Leone, A., Avanzini, G., Bestmann, S.,
Berardelli, A., Brewer, C., Canli, T., Cantello, R., Chen, R., Classen, J., Demitrack,
M.,  Di Lazzaro, V., Epstein, C.M., George, M.S., Fregni, F., Ilmoniemi, R., Jalinous,
R.,  Karp, B., Lefaucheur, J.P., Lisanby, S., Meunier, S., Miniussi, C., Miranda, P.,
Padberg, F., Paulus, W.,  Peterchev, A., Porteri, C., Provost, M., Quartarone, A.,
Rotenberg, A., Rothwell, J., Ruohonen, J., Siebner, H., Thut, G., Valls-Solè, J.,
Walsh, V., Ugawa, Y., Zangen, A., Ziemann, U., 2009. Safety, ethical
considerations, and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clin. Neurophysiol. 120,
2008–2039, http://dx.doi.org/10.1016/j.clinph.2009.08.016.

ossini, P.M., Rossi, S., Babiloni, C., Polich, J., 2007. Clinical neurophysiology of
aging brain: from normal aging to neurodegeneration. Prog. Neurobiol. 83,
375–400, http://dx.doi.org/10.1016/j.pneurobio.2007.07.010.

ossini, P.M., Rossini, L., Ferreri, F., 2010. Brain-behavior relations: transcranial
magnetic stimulation: a review. IEEE Eng. Med. Biol. Mag. 29, 84–95, http://dx.
doi.org/10.1109/MEMB.;1;2009.935474.

ossini, P.M., Burke, D., Chen, R., Cohen, L.G., Daskalakis, Z., Di Iorio, R., Di Lazzaro,
V.,  Ferreri, F., Fitzgerald, P.B., George, M.S., Hallett, M.,  Lefaucheur, J.P.,
Langguth, B., Matsumoto, H., Miniussi, C., Nitsche, M.A., Pascual-Leone, A.,
Paulus, W.,  Rossi, S., Rothwell, J.C., Siebner, H.R., Ugawa, Y., Walsh, V., Ziemann,
U.,  2015. Non-invasive electrical and magnetic stimulation of the brain, spinal
cord, roots and peripheral nerves: basic principles and procedures for routine
clinical and research application. An updated report from an I.F.C.N.
Committee. Clin. Neurophysiol. 126, 1071–1107, http://dx.doi.org/10.1016/j.
clinph.2015.02.001.

ypma, B., D’Esposito, M., 2000. Isolating the neural mechanisms of age-related
changes in human working memory. Nat. Neurosci. 3, 509–515, http://dx.doi.
org/10.1038/74889.

andrini, M.,  Brambilla, M.,  Manenti, R., Rosini, S., Cohen, L.G., Cotelli, M., 2014.
Noninvasive stimulation of prefrontal cortex strengthens existing episodic
memories and reduces forgetting in the elderly. Front. Aging Neurosci. 6, 289,
http://dx.doi.org/10.3389/fnagi.2014.00289.

antarnecchi, E., Polizzotto, N.R., Godone, M.,  Giovannelli, F., Feurra, M.,  Matzen, L.,
Rossi, A., Rossi, S., 2013. Frequency-dependent enhancement of fluid
intelligence induced by transcranial oscillatory potentials. Curr. Biol. 23,
1449–1453, http://dx.doi.org/10.1016/j.cub.2013.06.022.
antarnecchi, E., Feurra, M.,  Barneschi, F., Acampa, M.,  Bianco, G., Cioncoloni, D.,
Rossi, A., Rossi, S., 2014. Time course of corticospinal excitability and
autonomic function interplay during and following monopolar tDCS. Front.
Psychiatry 5, 1–11, http://dx.doi.org/10.3389/fpsyt.2014.00086.
eviews 29 (2016) 66–89

Santarnecchi, E., Brem, A.K., Levenbaum, E., Thompson, T., Kadosh, R.C.,
Pascual-Leone, A., 2015a. Enhancing cognition using transcranial electrcal
stimulation. Curr. Opin. Behav. Sci., 171–178.

Santarnecchi, E., Rossi, S., Rossi, A., 2015b. The smarter, the stronger: intelligence
level correlates with brain resilience to systematic insults. Cortex 64, 293–309,
http://dx.doi.org/10.1016/j.cortex.2014.11.005.

Santarnecchi, E., Tatti, E., Rossi, S., Serino, V., Rossi, A., 2015c. Intelligence-related
differences in the asymmetry of spontaneous cerebral activity. Hum. Brain
Mapp. 36, 3586–3602, http://dx.doi.org/10.1002/hbm.22864.

Santarnecchi, E., Muller, T., Rossi, S., Sarkar, A., Polizzotto, N.R., Rossi, A., Cohen
Kadosh, R., 2016. Individual differences and specificity of prefrontal gamma
frequency-tACS on fluid intelligence capabilities. Cortex 75, 33–43, http://dx.
doi.org/10.1016/j.cortex.2015.11.003.

Scahill, R., Frost, C., Jenkins, R., Whitwell, J., Rossor, M.,  Fox, N.A., 2003.
Longitudinal study of brain volume changes in normal aging using serial
registered magnetic resonance imaging. Arch. Neurol. 7, 989–994.

Schacter, D.L., Savage, C.R., Alpert, N.M., Rauch, S.L., Albert, M.S., 1996. The role of
hippocampus and frontal cortex in age-related memory changes: a PET study.
Neuroreport 7, 1165–1169.

Schmiedek, F., Lovden, M.,  Lindenberger, U., 2010. Hundred days of cognitive
training enhance broad cognitive abilities in adulthood: findings from the
COGITO study. Front. Aging Neurosci. 2, http://dx.doi.org/10.3389/fnagi.2010.
00027.

Seidler, R.D., Bernard, J.A., Burutolu, T.B., Fling, B.W., Gordon, M.T., Gwin, J.T., Kwak,
Y.,  Lipps, D.B., 2010. Motor control and aging: links to age-related brain
structural, functional, and biochemical effects. Neurosci. Biobehav. Rev. 34,
721–733, http://dx.doi.org/10.1016/j.neubiorev.2009.10.005.

Sheline, Y.I., Morris, J.C., Snyder, A.Z., Price, J.L., Yan, Z., D’Angelo, G., Liu, C., Dixit, S.,
Benzinger, T.L.S., Fagan, A.M., Goate, A.M., Mintun, M.A., 2010. APOE4 allele
disrupts resting state fMRI connectivity in the absence of amyloid plaques or
decreased CSF A�42. J. Neurosci. 30, 17035–17040, http://dx.doi.org/10.1523/
JNEUROSCI.3987-10.2010.

Siebner, H.R., Lang, N., Rizzo, V., Nitsche, M.A., Paulus, W.,  Lemon, R.N., Rothwell,
J.C., 2004. Preconditioning of low-frequency repetitive transcranial magnetic
stimulation with transcranial direct current stimulation: evidence for
homeostatic plasticity in the human motor cortex. J. Neurosci. 24, 3379–3385,
http://dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004.

Silvanto, J., Muggleton, N., Walsh, V., 2008. State-dependency in brain stimulation
studies of perception and cognition. Trends Cogn. Sci. 12, 447–454, http://dx.
doi.org/10.1016/j.tics.2008.09.004.

Silveri, M.C., Pravatà, E., Brita, A.C., Improta, E., Ciccarelli, N., Rossi, P., Colosimo, C.,
2014. Primary progressive aphasia: linguistic patterns and clinical variants.
Brain Lang. 135, 57–65, http://dx.doi.org/10.1016/j.bandl.2014.05.004.

Solé-Padullés, C., Bartrés-Faz, D., Junqué, C., Clemente, I.C., Molinuevo, J.L., Bargalló,
N., Sánchez-Aldeguer, J., Bosch, B., Falcón, C., Valls-Solé, J., 2006. Repetitive
transcranial magnetic stimulation effects on brain function and cognition
among elders with memory dysfunction. A randomized sham-controlled
study. Cereb. Cortex 16, 1487–1493, http://dx.doi.org/10.1093/cercor/bhj083.

Spencer, R.M.C., Gouw, A.M., Ivry, R.B., 2007. Age-related decline of
sleep-dependent consolidation. Learn. Mem. 14 (7), 480–484.

Sporns, O., 2014. Contributions and challenges for network models in cognitive
neuroscience. Nat. Neurosci. 17, 652–660.

St Jacques, P.L., Bessette-Symons, B., Cabeza, R., 2009. Functional neuroimaging
studies of aging and emotion: fronto-amygdalar differences during emotional
perception and episodic memory. J. Int. Neuropsychol. Soc. 15, 819–825,
http://dx.doi.org/10.1017/S1355617709990439.

Stagg, C.J., Nitsche, M.A., 2011. Physiological basis of transcranial direct current
stimulation. Neuroscientist 17, 37–53, http://dx.doi.org/10.1177/
1073858410386614.

Stebbins, G.T., Carrillo, M.C., Dorfman, J., Dirksen, C., Desmond, J.E., Turner, D.A.,
Bennett, D.A., Wilson, R.S., Glover, G., Gabrieli, J.D.E., 2002. Aging effects on
memory encoding in the frontal lobes. Psychol. Aging 17, 44–55, http://dx.doi.
org/10.1037/0882-7974.17.1.44.

Stevens, W.D., Hasher, L., Chiew, K.S., Grady, C.L., 2008. A neural mechanism
underlying memory failure in older adults. J. Neurosci. 28, 12820–12824,
http://dx.doi.org/10.1523/JNEUROSCI.2622-08.2008.

Stomrud, E., Hansson, O., Minthon, L., Blennow, K., Rosén, I., Londos, E., 2010.
Slowing of EEG correlates with CSF biomarkers and reduced cognitive speed in
elderly with normal cognition over 4 years. Neurobiol. Aging 31, 215–223,
http://dx.doi.org/10.1016/j.neurobiolaging.2008.03.025.

Sullivan, E.V., Rohlfing, T., Pfefferbaum, A., 2010. Longitudinal study of callosal
microstructure in the normal adult aging brain using quantitative DTI fiber
tracking. Dev. Neuropsychol. 35, 233–256, http://dx.doi.org/10.1080/
87565641003689556.

Suppa, A., Huang, Y.Z., Funke, K., Ridding, M.C., Cheeran, B., Di Lazzaro, V., Ziemann,
U.,  Rothwell, J.C., 2016. Ten years of theta burst stimulation in humans:
established knowledge, unknowns and prospects. Brain Stimul. Basic, Transl.
Clin.  Res. Neuromodulation, http://dx.doi.org/10.1016/j.brs.2016.01.006.

Terney, D., Chaieb, L., Moliadze, V., Antal, A., Paulus, W.,  2008. Increasing human
brain excitability by transcranial high-frequency random noise stimulation. J.
Neurosci. 28, 14147–14155, http://dx.doi.org/10.1523/JNEUROSCI.4248-08.

2008.

Terribilli, D., Schaufelberger, M.S., Duran, F.L.S., Zanetti, M.V., Curiati, P.K., Menezes,
P.R., Scazufca, M.,  Amaro, E., Leite, C.C., Busatto, G.F., 2011. Age-related gray
matter volume changes in the brain during non-elderly adulthood. Neurobiol.
Aging 32, 354–368, http://dx.doi.org/10.1016/j.neurobiolaging.2009.02.008.

dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1017/S1041610207006412
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.jns.2004.11.021
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1111/1467-9280.00195
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1162/089892900561814
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1111/j.1467-8721.2008.00570. x
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
dx.doi.org/10.1093/geronb/gbq035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1035
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.1016/j.neuropsychologia.2010.07.024
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.3389/fnagi.2011.00016
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1038/nn1002-1017a
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2006.11.005
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.clinph.2009.08.016
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1016/j.pneurobio.2007.07.010
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1109/MEMB.;1;2009.935474
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1016/j.clinph.2015.02.001
dx.doi.org/10.1038/74889
dx.doi.org/10.1038/74889
dx.doi.org/10.1038/74889
dx.doi.org/10.1038/74889
dx.doi.org/10.1038/74889
dx.doi.org/10.1038/74889
dx.doi.org/10.1038/74889
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.3389/fnagi.2014.00289
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.1016/j.cub.2013.06.022
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
dx.doi.org/10.3389/fpsyt.2014.00086
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1105
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1016/j.cortex.2014.11.005
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1002/hbm.22864
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
dx.doi.org/10.1016/j.cortex.2015.11.003
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1125
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1130
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.3389/fnagi.2010.00027
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1016/j.neubiorev.2009.10.005
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1523/JNEUROSCI. 5316-03.2004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.tics.2008.09.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1016/j.bandl.2014.05.004
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
dx.doi.org/10.1093/cercor/bhj083
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1170
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
http://refhub.elsevier.com/S1568-1637(16)30082-4/sbref1175
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1017/S1355617709990439
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1177/1073858410386614
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1037/0882-7974.17.1.44
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1523/JNEUROSCI.2622-08.2008
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1016/j.neurobiolaging.2008.03.025
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1080/87565641003689556
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1016/j.brs.2016.01.006
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1523/JNEUROSCI.4248-08.2008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008
dx.doi.org/10.1016/j.neurobiolaging.2009.02.008


arch R

T

T

T

T

T

v

v

V

V

V

V

networks: a resting-state fMRI study. Neurosci. Lett. 504, 62–67, http://dx.doi.
org/10.1016/j.neulet.2011.08.059.
E. Tatti et al. / Ageing Rese

hickbroom, G.W., 2007. Transcranial magnetic stimulation and synaptic
plasticity: experimental framework and human models. Exp. brain Res. 180,
583–593, http://dx.doi.org/10.1007/s00221-007-0991-3.

hut, G., Miniussi, C., 2009. New insights into rhythmic brain activity from
TMS-EEG studies. Trends Cogn. Sci. 13, 182–189, http://dx.doi.org/10.1016/j.
tics.2009.01.004.

hut, G., Pascual-Leone, A., 2010. A review of combined TMS-EEG studies to
characterize lasting effects of repetitive TMS  and assess their usefulness in
cognitive and clinical neuroscience. Brain Topogr. 22, 219–232, http://dx.doi.
org/10.1007/s10548-009-0115-4.

omasi, D., Volkow, N.D., 2012. Aging and functional brain networks. Mol.
Psychiatry 17 (5), 471, 549–558.

ulving, E., Kapur, S., Craik, F.I., Moscovitch, M.,  Houle, S., 1994. Hemispheric
encoding/retrieval asymmetry in episodic memory: positron emission
tomography findings. Proc. Natl. Acad. Sci. U. S. A. 91, 2016–2020, http://dx.doi.
org/10.1073/pnas.91.6.2016.

an den Heuvel, M.P., Hulshoff Pol, H.E., 2010. Exploring the brain network: a
review on resting-state fMRI functional connectivity. Eur.
Neuropsychopharmacol. 20, 519–534 http://dx.doi.org/10.1016/j.euroneuro.
2010.03.008.

an den Heuvel, M.P., Stam, C.J., Kahn, R.S., Hulshoff Pol, H.E., 2009. Efficiency of
functional brain networks and intellectual performance. J. Neurosci. 29,
7619–7624.

andermeeren, Y., Jamart, J., Ossemann, M.,  2010. Effect of tDCS with an
extracephalic reference electrode on cardio-respiratory and autonomic
functions. BMC  Neurosci. 11, 38 (10.1186/1471-2202-11-38).

anneste, S., Fregni, F., De Ridder, D., 2013. Head-to-head comparison of
transcranial random noise stimulation, transcranial AC stimulation, and
transcranial DC stimulation for tinnitus. Front. Psychiatry 4, 31–33, http://dx.
doi.org/10.3389/fpsyt.2013.00158.

erhaeghen, P., Steitz, D.W., Sliwinski, M.J., Cerella, J., 2003. Aging and dual-task
performance: a meta-analysis. Psychol. Aging 18, 443–460, http://dx.doi.org/
10.1037/0882-7974.18.3.443.
ernooij, M.W.,  de Groot, M.,  van der Lugt, a., Ikram, M.  a., Krestin, G.P., Hofman, a.,
Niessen, W.J., Breteler, M.M.B., 2008. White matter atrophy and lesion
formation explain the loss of structural integrity of white matter in aging.
Neuroimage 43, 470–477, http://dx.doi.org/10.1016/j.neuroimage.2008.07.
052.
eviews 29 (2016) 66–89 89
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