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Modern societies are currently facing a rapid growth of their older adults’ population
as a function of increased life expectancies and overall greater wellbeing.
Consequently, fast therapeutic advances in the treatment of aging-related pathologies
are also becoming necessary. Pharmacological interventions and cognitive stimula-
tion approaches remain the leading standards in the field, despite being characterized
by potentially serious side-effects and the necessity of longstanding commitment,
respectively. In recent years, noninvasive brain stimulation (NIBS) has been proven
useful in boosting cognitive and motor performances in healthy young adults, lead-
ing to the query of whether similar beneficial effects could be translated to older age
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individuals as well. Compared to young, older adults are known to undergo substan-
tial structural and functional reorganizations of their brains, exacerbated in the pres-
ence of dementia, which are strongly influenced by genetic and environmental
factors. Substantial differences in brain functioning are detected since the beginning
of the aging curve as a matter of a progressive substantial decrease in gray matter
volume and white matter tracts, as well as in a preponderant loss of hemispheric
specificity (Hemispheric Asymmetry Reduction in Older Adults, HAROLD [1]) and
a progressive more effortful cognitive processing, requiring greater frontal lobe
involvement compared to younger individuals (Posterior to Anterior Shift in Aging,
PASA [2]). Although cognitive decay accompanies normal aging, its progressive
worsening can limit individuals’ independence, first resulting in a diagnosis of Mild
Cognitive Impairment (MCI) and subsequently dementia. The most common forms
of neurodegenerative diseases include Alzheimer’s Disease (AD) and Frontotemporal
Dementia (FTD), followed by other conditions such as Parkinson’s Disease (PD) and
Dementia with Lewy Bodies (DLB). Although each differs clinically, certain shared
elements exist that make dementia an interesting target for transcranial electrical
stimulation (tES). First of all, cortical atrophy generally starts in a limited region of
the brain and progressively propagates toward the surrounding tissues. As an exam-
ple, the entorhinal cortex is where AD is believed to start, followed by the hippo-
campi and temporal lobes, until when the whole neocortex becomes affected. PD, on
the other hand, is characterized by loss of dopaminergic neurons starting in the sub-
stantia nigra and progressively involving frontostriatal pathways. This leads to a sec-
ond important aspect, which is the presence of proteinopathy, meaning an excessive
accumulation of—and failure to clear—altered proteins. Examples of such proteins
include amyloid-f plaques, tau neurofibrillary tangles, and Lewy Bodies aggregates,
whose combination and presence is shared across dementia’s types. As the protein
cascade hypothesis is nowadays believed not to be the only mechanism contributing
to neurodegeneration, substantial interest is directed toward the role of glial activa-
tion and neuroinflammation as new therapeutic targets [3]. A third and last element
binding different forms of dementia seems to be the occurrence of cortical atrophy
along defined pathways that mirror the topography of networks in the brain. In AD,
a gradual disaggregation of the Default Mode Network (DMN) is observed along a
posterior-ventral and anterior-dorsal gradient [4], which not only mirrors the pattern
of decay reported by other clinical biomarkers (e.g., amyloidosis and hippocampal
atrophy) [5], but also shows a significant correlation with the emergent symptomatol-
ogy [4]. Concomitantly, greater Salience Network (SN) activity is observed [6],
whereas the opposite pattern (decreased SN activity and enhanced DMN activity)
characterizes FTD [3].

Each of the aforementioned features of dementia represents a critical target and
an important starting point for therapeutic and rehabilitative strategies. tES is a use-
ful tool in this direction, as its induced electrical field is less focal compared to that
of other techniques, such as Transcranial Magnetic Stimulation (TMS), making it
suitable for the targeting of broader cortical regions and brain networks. Moreover,
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recent results have demonstrated that its repeated application may be efficacious in
increasing plasma levels of amyloid-f, which are lower in AD patients compared to
healthy controls [7]. Brain stimulation interventions have therefore been developed
with the intent to induce more young-like brain functional patterns or to reduce
excessive cortical excitability seen in older patients. In doing so, tES has come par-
ticularly helpful as it can be used to facilitate depolarization (excitatory effect) or
hyperpolarization (inhibitory effect) of the resting membrane potentials of neurons,
therefore modulating neuronal firing. Compared to other NIBS techniques, such as
TMS, tES is at a lower risk of inducing adverse events, such as epileptic seizures,
which can arise in individuals with pathologically higher cortical excitability.
Finally, devices are relatively flexible and allow stimulation to be carried out while
comfortably at home or during sleep, easing the administration of intervention ther-
apies (see Fig. 22.1). As more evidence is collected on the use of tES as a therapeu-
tic tool in the aging population, the introduction of the concept of perturbation-based
biomarkers is also foreseen. Altered response patterns to external perturbations
might indeed highlight abnormal brain responses, which could in turn ease the dis-
crimination between normal versus pathological functional decay. In this sense, the
use of NIBS techniques may become fundamental to detect brain dysfunctions
before cognitive symptoms become overt.
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Fig. 22.1 tES application modalities and measurable outcomes. (Left) Different electrode mon-
tages can be applied to deliver different current shapes. (Center) The versatility of tES protocols is
shown, allowing stimulation to be carried out in various settings, such as before, during, or after
cognitive-motor training or in resting-state scenarios, including sleep. (Right) Quantitative out-
come measures, for which positive effects have been reported following tES, are listed
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22.1 tES and Cognition
22.1.1 Healthy Aging

Functional rearrangements occurring along the aging curve progressively result in a
reduction in hemispheres’ specialization (HAROLD model [1]), accompanied by a
greater need of recruiting frontal regions to carry out a task at hand (PASA model
[2]). Both models are at least partly believed to represent compensatory strategies
by the brain, which might in turn represent the target of modulatory approaches by
means of tES. As such, most stimulation protocols have been ideated either to (1)
aid compensatory mechanisms (for example, stimulating frontal regions to boost
their role in sustaining task execution) or by (2) contrasting functional shifts, trying
to restore young-like cortical recruitment patterns (for example, inhibiting exces-
sive frontal involvement or reducing the cortical hyperexcitability seen in old age).
For instance, left and right anterior temporal lobe stimulation has been applied to
improve proper names recall in young subjects and elderly adults. Greater improve-
ment was seen when the truthful neural substrate was stimulated in the young group,
whereas older adults benefitted more when the opposite (left) lobe was targeted [8],
suggesting that stimulation of the nondominant hemisphere could aid compensatory
mechanisms that are in action to support task’s request, with higher benefits for the
aged group. By means of an opposite approach, semantic word generation was ame-
liorated in healthy older adults by inhibiting the excessive frontal hyperactivity,
which in turn promoted the establishment of more young-like patterns of brain
activity, as evidenced by resting-state functional Magnetic Resonance Imaging (rs-
fMRI) [9]. Irrespective of the rationale behind the chosen stimulation, one impor-
tant aspect reported in older adults’ studies concerns the timeframe needed to
observe a significant effect. Indeed, especially in memory consolidation protocols,
improvement in the recall of previously learnt information has been reported in the
hours following, rather than concomitantly, the stimulation. As an example, older
adults showed a less steep forgetting curve 1 week after a series of learning sessions
where they received sham or anodal transcranial Direct Current Stimulation
(a-tDCS), whereas learning rate was not affected [10], suggesting an offline effect
on consolidation. Similarly, significant improvement in a free-recall task was
observed in the 48 h following a-tDCS, with no substantial effect on immediate
recall [11]. In a prior study, the same authors tested the effects of a-tDCS adminis-
tered during a reminder session of a previously learnt list of words, resulting in a
significant reduction in the forgetting rate from 3 to 30 days after [12]. Repeated
stimulation sessions over multiple days combined with an active cognitive training
(e.g., memory training) also induced beneficial effects up to 4 weeks following the
end of stimulation, whereas immediate positive effects were detected only as a func-
tion of the cognitive training per se, with no contribution of a-tDCS [13].
Interestingly, transfer effects on cognitive functions outside the targeted one were
detected, which equally persisted in the weeks following the stimulation [13]. On
the other hand, no difference in the effects of sham tDCS or a-tDCS at 1 or 2 mA
was reported on the performance at a visual n-back task assessed during and after
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35 min from stimulation [14]. One possible interpretation suggested by the authors
is that repeated sessions may be needed to induce significant cognitive effects in
older participants. Furthermore, prior work has highlighted how tES effects on
elderly adults might occur in the hours following stimulation, opposed to the imme-
diate effects detectable in young individuals. Therefore, the timeline of stimulation
and subsequent effects on cognition should always be carefully considered.

Finally, although memory and language impairments represent the most com-
mon complaints during aging, many other behaviors become affected that contrib-
ute in diminishing individuals’ autonomy in daily life. Few examples include
difficulties in dual-task execution, planning, and decision making. As such, the pos-
sibility to intervene on those aspects could substantially improve later-life quality,
for example for what concerns economic and monetary decisions. As an example,
the left Dorsolateral Prefrontal Cortex (DLPFC) has been made a target to facilitate
concurrent execution of different tasks, resulting in a significant reduction of the
cognitive costs required by each task in the dual assignment condition, but not in a
single task condition, also proving the specificity of the stimulation [15]. Further,
a-tDCS applied over the right DLPFC significantly improved older adults’ error
awareness, which was replicated in a separate experiment [16].

This preliminary yet promising evidence warrants future studies carefully
designed to determine the extent to which noninvasive approaches are useful in
offsetting, or at least delaying, age-related cognitive decline. These studies should
consider customizing stimulation targets based upon individual or population char-
acteristics, which often differ substantially across age groups. Prior studies report-
ing positive results following the stimulation of a given cortical target, for a given
intensity and duration, with a given effect upon a cognitive measure of interest,
might not necessarily translate into benefit for a demographically different popula-
tion. As an example, a-tDCS over the right DLPFC with the cathodal electrode
placed over the left DLPFC was successful in substantially decreasing gambling
risks among young adults, whereas the identical montage led to a worsening of the
same behavior in older adults [17, 18].

Second, even within the same demographic population, substantial differences in
the effects of tES can be driven by interindividual differences in baseline cognitive
performances. For example, individuals already disadvantaged, who show lower
performances on a task, have been reported to benefit less from stimulation com-
pared to their higher-level counterpart. One study proved how older subjects, who
showed less lateralized spatial attention at baseline, were negatively affected in their
performance following left posterior parietal cortex stimulation in respect to sham
[19]. On the other hand, stimulation of the right homologous area had a positive
effect in the higher-performing group [19]. Through a similar rationale, left and
right DLPFC stimulation yielded better performances on a visual and verbal work-
ing memory task in highly educated older adults, whereas an opposite, detrimental
effect was reported for the less educated group [20]. Those findings highlight the
need to consider interindividual differences, which might explain diverse compen-
satory capacities in the recruitment of brain regions, in line with the notion of the
impact of the Cognitive Reserve on individuals’ functional characterization [21].
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22.1.2 Mild Cognitive Impairment

Mild Cognitive Impairment (MCI) represents an intermediate stage between healthy
aging and dementia, characterized by a decrease in cognitive performance com-
pared to a prior level of functioning, which is however not severe enough to affect
the independence of the individual in the activities of daily living (ADL) [22]. MCI
patients have a high epidemiological impact as they represent 7-24% of all indi-
viduals over the age of 65 [23], and 10-15% of older adults with MCI are diagnosed
with dementia every year [24, 25]. To date, NIBS approaches have attempted to (1)
identify those individuals with MCI who will worsen into dementia, so that early
preventative measures can be taken, and (2) intervene against further cognitive
decay in this population in order to maximize quality of life and minimize the risk
of related disorders, such as depression and anxiety, which often arise from the
acknowledgment of one’s own mental decline.

The identification of the ones, among those patients, for which MCI will just rep-
resent a transitory phase before a formal diagnosis of dementia, has been proven
particularly difficult. Electrophysiological, neuroimaging, and neuropsychological
approaches are routinely promoted in clinical practice to characterize structural and
functional profiles of the individual [26, 27], but still represent expensive and unsure
tools, with high levels of uncertainty especially for borderline patients [28, 29].
However, an important advancement in this direction has been made in recent years
thanks to the characterization of brain oscillatory activity and its relationship with
cognitive decline [30]. Indeed, altered oscillatory activity and decreased cognitive
performances have been linked by prior studies [31], both of them being related to
the accumulation of amyloid-f [32, 33], the main protein alteration seen in
Alzheimer’s Disease (AD). In particular, the oscillatory activity might appear pre-
served in a resting condition and altered instead during task execution, with limits of
the many biases that can affect task execution (instructions’ comprehension, tired-
ness, compliance, etc.) [30]. Nevertheless, tACS can be applied to induce brain oscil-
lation passively, mimicking oscillatory patterns associated with cognitive processing
[34-36]. Based on this rationale, the authors have therefore applied tACS at the
gamma frequency band, which plays an important role in ensuring transmission
across cortical regions and networks [37], and which prior studies have linked with
cognitive processes in aging [38—40]. Interestingly, healthy old adults and most MCI
patients positively responded to tACS, resulting in an increase in the gamma band as
assessed both immediately and 1 hour after the end of stimulation [30]. Furthermore,
the gamma after-effects significantly correlated with increased performance at sev-
eral neuropsychological tasks, such as motor learning, verbal fluency, digit span, and
attentive matrices [30]. On the other hand, no significant effect was observed in the
AD population; at a 2-year follow-up, MCI patients who also failed to respond to
stimulation had converted into AD [30]. One hypothesis is that the reduced capacity
of tACS to modulate underlying oscillatory activity could represent an early detector
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of dysfunctional connectivity between DLPFC and the Dorsomedial Prefrontal
Cortex (DMPFC) [30], i.e., sites where tACS was applied in the aforementioned
study, thus providing a first evidence of the applicability of perturbation-based bio-
markers to detect the presence of—and to monitor—brain diseases.

As for the possibility to actively improve cognitive performances, few other
studies have been carried out in recent years showing promising results in this direc-
tion. In particular, 20-30 minutes of a-tDCS over the bilateral DLPFC have been
successful in ameliorating subjective perceptions of cognitive functioning when
compared to sham [41], as well as in improving memory strategies [41] and recall,
both immediate and delayed, with beneficial effects persisting up to 1-month fol-
low-up [42]. Interestingly, the combined use of neuroimaging techniques, such as
positron emission tomography (PET) and rs-fMRI, has revealed tDCS-induced
functional rearrangements, resulting in increased regional metabolism [41] of rele-
vant areas and effective reduction of frontal hyperactivity [43], thus counteracting
typical pathological functional shifts.

Apart from overt cognitive decay, other aspects of daily life become affected dur-
ing the aging course, contributing to the core of dementia-related symptoms. Among
those, sleep patterns are readily altered at the MCI stage [44]. In particular, slow-
sleep oscillations and thalamocortical spindles play an important role in memory
consolidation, such as that disruption of their temporal coupling is suggested to
cause the early amnestic symptomatology [45] and to possibly contribute in the
MCI to dementia conversion [46, 47]. Based on this rationale, slow-wave oscilla-
tions tDCS (so-tDCS) applied during daytime nap in a population of MCI patients
was successful in targeting the coupling between slow oscillations and spindle
activity, promoting their functional synchronization in the EEG spectra and ampli-
fying both their power [44]. As a consequence, visual declarative memory also
improved in the MCI patients [44].

Together, available studies of tES in healthy older adults and in those suffering
from MCI have shown promise in targeting neural substrates responsible for age-
related changes in cognition. Moreover, tES may be used to directly stimulate and
improve the function of cortical regions responsible for a given behavior, or pro-
mote compensatory activity of surrounding neural substrates. Hyperactivity and
over-recruitment of frontal areas are commonly reported in older adults and might
represent compensatory strategies by the brain, which suppression may be desirable
to reintroduce young-like patterns and better functional outputs [43].

Worth mentioning is also the feasibility of tailoring tES interventions based on
the individual’s habits, enabling the administration of rehabilitative protocols in
more ecological environments. Few studies have provided evidences regarding the
combined use of tES and cognitive rehabilitation [48], as well as its noninvasiv use
during well-established and routinely behaviors, like daytime naps [44] in the older
adults. This approach may open the road for future interventions to be carried out
directly at home, outside the laboratory environment.
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22.1.3 Dementia

The use of tES is not limited to the quality enrichment of normal aging, or in the
prevention of the MCI symptomatology, but rather it has proven useful at the level
of dementia too, a disease stage characterized by substantial cortical atrophy and
altered functionality that severely limits the independence of the individual in the
activities of daily living. Due to the many facets of dementia’s pathological pro-
file, it is not surprising that the mechanisms of action of tES have also been stud-
ied over multiple domains [49] (see Fig. 22.2). From its effects on the membrane
potential, to the synaptic level, and up to the induced modulation of the brain
oscillatory activity and functional connectivity, several studies have reported and
commented upon the efficacy of tES [49]. At the level of mere neuronal excitabil-
ity, alterations in the membrane potential result in abnormal profiles of hypo- ver-
sus hyperactivated cortical regions. With respect to AD pathology, the progressive
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Fig. 22.2 (ES levels of intervention. tES could be applied to modulate a range of hierarchically
organized levels, from synaptic coupling between neurons (moderating membrane’s potential and
neurotransmitters release), up to larger-scale functional networks. At the cellular level, excitatory
effects can be induced through the stimulation of pyramidal neurons, whereas inhibitory effects are
achievable by targeting inhibitory interneurons. Particular interest is nowadays directed toward the
potential use of tES in modulating neuroinflammation through microglia targeting. At the whole
brain level, pathological targets include physiological mechanisms that might counteract amyloid-/
and tau protein levels increase and the associated metabolic decrease as measured via FDG-PET
imaging. At the system level, modern devices allow multisite stimulation, enabling the targeting of
specific cortical networks. Such technological advances represent a substantial improvement from
previous bifocal approaches, whereby large rectangular sponges were applied on the scalp to target
broad and unspecific underlying cortical sites
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accumulation of amyloid-# has been held responsible for this [50]. In particular,
temporoparietal regions [51] have been observed to show slow-wave activity in
contrast with the hyperexcitability of the motor cortex [52] and overall greater
global cortical excitability [53], which has led to the rationale of applying a-tDCS
to increase the activity of the former and cathodal tDCS (c-tDCS) to downregulate
the latter. Rebalancing the underlying activity of cortical circuits appears crucial
for the restoring of cognitive functioning in AD [54]. Nowadays, it is possible
through the established role of tDCS modulating depolarization and hyperpolar-
ization of the neural membranes [55]. Similarly, at synaptic level, the study of the
effects of tES on dementia-related alterations has mainly focused on glutamater-
gic and GABAergic alterations, i.e., the main excitatory and inhibitory neurotrans-
mitters of the brain. tDCS after-effects closely resemble long-term potentiation
(LTP) and long-term depression (LTD) at the synaptic level [56], the former being
considered responsible for learning and memory processes, which are altered in
dementia. In animal models of AD, disruption of LTP was closely related to
N-methyl-D-Aspartate (NMDA) receptors disruption in the hippocampus by the
accumulation of amyloid-g [57]. Considering that tDCS LTP-like effects are also
partly dependent on the NMDA receptors, its use in actively contrasting their
disruption and in promoting cortical plasticity is therefore expected. In particular,
glutamatergic alteration correlates with cognitive decline in patients [58], who
might otherwise benefit from a-tDCS application. Indeed, increased glutamate
and glutamine levels were reported in the right parietal cortex following stimula-
tion over the same region [59], proving the specificity of tDCS in targeting molec-
ular patterns that might prompt behavior ural improvements in pathological
samples. Apart from the study of amyloid-induced alterations at neurotransmit-
ters’ levels, new approaches are considering tau aggregates and glial activation
(an expression of neuroinflammation) as potential targets of interest. Not surpris-
ingly, all those underlying alterations at neuronal and synaptic level sum up in
much broader deviations from normality in the brain oscillatory activity and func-
tional connectivity patterns. As already mentioned in the introduction, resting-
state networks are progressively altered in various forms of dementia, showing
patterns of disaggregation that mirror the spreading of the corresponding pro-
teinopathy and cortical atrophy [4—6]. Similarly, altered temporal oscillatory
activity has been reported across different brain regions, such as between frontal
and parietal regions or between frontal and hippocampal structures in AD [60,
61]. In this sense, the use of tES has mostly been directed toward promoting their
functional recoupling, favoring regional synchronization at least momentarily.
The main aim of any stimulation protocol is improving individual cognitive
functioning in order to promote activities of daily living. As such, traditional targets
include bilateral or unilateral prefrontal cortices (especially DLPFC) and temporal
lobes, as neural substrates of language, executive functional deficits, and memory
impairments, respectively. Within AD pathology, a-tDCS applied at home daily for
6 months was successful in boosting global cognitive performances and language
abilities, preventing executive functions decay at a marginal level [62]. The authors
further reported those changes in cognitive functioning to be accompanied by a
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preserved glucose regional metabolism in the inferior/middle temporal gyrus for the
active group, compared to the metabolic decrease observed in the sham group [62].
Similarly, both a-tDCS and c-tDCS applied over 10 sessions helped improve global
cognitive performance at the Mini Mental State Examination (MMSE) in 34 AD
patients, with an effect on Performance Intelligent Quotient (p-1Q) at the Wechsler
Adult Intelligence Scale (WAIS) for c-tDCS [63]. The induced cognitive changes
were further paralleled by a decrease in the P300 latency, an EEG Event-Related
Potential (ERP) component known to be pathologically increased in this group of
patients [63]. Complex quantitative EEG rearrangements following tES have also
been described in other studies. One recent investigation has reported that the tDCS-
induced increase in the high-frequency power over temporoparietal regions was
positively associated with improvement at the MMSE, partially reversing the abnor-
mal EEG patterns seen in AD [64]. Loss of phase coherence is also commonly
reported in AD, as a result of both connection loss between cortical regions and
atrophy. In this study, coherence resulted higher after tDCS, positively correlating
also with better performances in a word recognition test [64]. Overall, those studies
provide evidence of the metabolic and electrophysiological changes that accom-
pany pathological aging and that can be partially addressed by means of noninvasive
stimulation. Most importantly, those studies prove how tES induces functional
changes that rely on measurable neural changes. Prior researches have also reported
increased recognition memory [65], persisting up to 4 weeks [66]. In a single case
study, tES combined with traditional cognitive therapy helped to maintain spared
cognitive functioning for longer time, promoting patient’s stability up to 3 months
[67]. Nevertheless, caution is highly recommended as negative findings have also
been reported, possibly due to the greater severity of the population tested and their
reduced number [68].

Apart from the pervasive memory impairments, language skills are also impov-
erished both in AD and FTD, and even more in an FTD variant, known as Primary
Progressive Aphasia (PPA). Anomic spells frequently characterize the early stages
of those pathologies, contributing to the diminished communication efficiency.
Interestingly, tDCS, administered during a picture-naming training, was reported to
be efficacious in improving naming capacities in 10 anomic AD and FTD patients,
with generalized benefits to also untrained items, as well as in other neuropsycho-
logical tasks, such as digit span [69]. Real stimulation, compared to sham, guaran-
teed the effects to remain for at least 2 weeks after the end of the training [69]. In a
sample of PPA patients, a similar stimulation protocol also successfully increased
performance over trained items, with a slower rate of decline for those same items
in the 6 months following stimulation, but with no effects over untrained ones [70].
On the other hand, generalization over untrained material was reported in a different
study where tES was combined with language therapy, once again suggesting the
greater synergic effects of combined interventions [71, 72]. Interestingly, a prior
study had linked improved performance in naming with greater gray matter volume
over the left fusiform gyrus, left middle and right inferior temporal gyri, such as that
greater baseline volume over those regions was predictive of greater performance
gains following stimulation [73]. Since regional volume loss is among the first
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characteristics of neurodegeneration, those findings prompt toward the need of
addressing cognitive functions as early as possible to maximize patients’ improve-
ment [73]. Although language-related processes and communication skills have
been the most targeted aspects of cognition in FTD and PPA patients (see also [74,
75]), very recent applications of tES were capable of addressing other important
weakened functions, such as behavioral dyscontrol and the inability to predict oth-
ers’ responses from the perspective of an impaired Theory of Mind [76, 77]. Both
studies are of great importance as personality changes, disinhibition, and misbehav-
ior have a severe effect not only on patient him/herself, but represent a substantial
cause of distress for family members and caregivers too.

Finally, one last application for tES interventions has focused on other forms of
dementia that since the earliest stages are characterized by the presence of motor-
related disorders, as observed in Parkinson’s Disease (PD) and Dementia with Lewy
Bodies (DLB). In one of the first studies, a-tDCS over the primary motor cortex
(M1) of PD patients had a significant effect on motor functions, as assessed by the
Parkinson’s Disease Rating Scale, whereas no effect was reported when c-tDCS was
applied or when DLPFC was targeted instead [78]. Similarly to what was reported
for AD and FTD patients, a-tDCS applied to prefrontal regions in patients with PD
was successful in improving working memory [79], attention [80], and phonemic
fluency, which was accompanied by greater connectivity in verbal fluency networks
as assessed by rs-fMRI [81]. Subsequent investigation assessing verbal fluency in
PD patients also observed an improved response following a-tDCS combined with
physical therapy, which persisted at 3-month follow-up [82]. Parkinson’s Disease
Cognitive Rating Scale scores also increased following a-tDCS, allowing PD
patients with MCI to score within the normal range following stimulation [82].

22.2 tES and Cognitive-Motor Function

Cognitive decline associated with both biological aging and disease has direct, del-
eterious effects on motor control with often profound functional implications. In
particular, standing, walking, turning, and transferring call upon numerous
cognitive-motor brain networks involved in the planning, execution, and adaptation
of full-body movements. This high-level control is amplified when our daily activi-
ties require us to navigate complex, ever-changing environments, often while com-
pleting additional tasks like reading, talking, or making decisions. Cognitive
impairment, and in particular executive dysfunction, is in fact a strong independent
risk factor for balance decline [83], gait instability [84], ADL disability [85], and
falls [86] in older adults. Those with dementia, for example, are five times more
likely to suffer from falls and their morbid consequences as compared to older
adults living with intact cognitive functions [87, 88]. Thus, in addition to the poten-
tial of promoting traditional cognitive outcomes, tES aimed at enhancing the func-
tionality of cognitive-motor brain networks holds promise as a strategy to offset
age- and dementia-related declines in cognitive-motor control—especially those
that disrupt safe navigation and threaten functional independence.
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The potential for NIBS to reduce falls in older adults has not been examined to
date. Preliminary yet promising evidence, however, suggest that tES may improve
the cortical control of walking (i.e., gait) and standing (i.e., posture) in older adults
without overt neurological disease. Limited evidence also suggests that it may be
beneficial to mobility in those with MCI or Parkinson’s disease. The majority of this
evidence comes from published studies using tDCS with the intent of facilitating the
excitability of either the prefrontal or motor cortices. Available work has examined
both the acute effects of a single session of stimulation and/or the longer-term
effects of multiple sessions over several consecutive weeks.

Zhou and colleagues have published a series of studies suggesting that a-tDCS,
designed to target the left DLPFC, acutely improves the control of standing and
walking—especially in “dual-task™ situations. Participants of each study completed
two visits during which dual-task performance was assessed immediately before
and after a-tDCS or sham stimulation. The dual-task paradigm involved trials of
standing and walking both with and without simultaneous performance of a serial
subtraction cognitive task. In healthy young adults [89], in healthy older adults [15],
and in very old adults presenting with mild cognitive impairment [90], dual tasking
resulted in a significant “cost” (i.e., performance decrement) to both gait and stand-
ing postural control. In each cohort, a-tDCS, as compared to sham, significantly
reduced the dual-task cost to several metrics of gait and postural control, when
tested in the 30 min following stimulation.

Building upon this work, the same group recently published a pilot double-
blinded randomized sham-controlled trial of a 2-week, 10-session a-tDCS interven-
tion in very old adults without overt illness or disease, yet who presented with both
slow gait and mild-to-moderate executive dysfunction. tDCS, compared to sham,
resulted in dual-task gait postural control improvements that persisted throughout a
2-week follow-up period. Moreover, the a-tDCS group exhibited clinically mean-
ingful improvements in global cognitive function as measured by the Montreal
Cognitive Assessment (MoCA).

While the foregoing preliminary evidence indicates that tDCS targeting pre-
frontal regions may improve the dual-task gait and balance performance, the
effects of tDCS targeting the motor cortex or other brain regions or networks with
known involvement in mobility in aging are still largely unexplored. In one of few
other studies, Kaminski et al. [91] examined whether tDCS designed to facilitate
the excitability of the primary motor cortex (M1) facilitated learning of a dynamic
balance task in 30 healthy older adults. Participants received a single session of
tDCS or sham stimulation while completing a balance training task. The research-
ers reported that both the group receiving tDCS and the group receiving sham
stimulation learned from training, yet that tDCS did not influence the level of task
learning. Thus, while tES may augment certain aspects of gait and balance in
older adults, additional research is needed to determine optimal targets and dos-
age, if such interventions should be paired with other evidence-based balance and
mobility programs, and ultimately, if improvements in gait and balance translate
into increased safety and improve ADL performance in older adults with
MCI or AD.
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Beyond MCI and AD, tES appears to have positive impact on cognitive-motor
symptoms in patients with Parkinson’s disease. The available evidence is hetero-
geneous in both intervention characteristics and outcome measures [92], and
potential interactions between tDCS and parkinsonian medications remain poorly
understood [93]. Nevertheless, tES, aimed at modulating the excitability of pri-
mary motor and/or prefrontal brain regions, appears to improve functional out-
comes in this population. Lattari et al. [94], for example, examined the effects of
a single session of a-tDCS targeting the left DLPFC in a double-blinded, sham-
controlled, within-subject, crossover study in 17 individuals with PD. The inter-
vention and all study assessments were completed with participants in the
“on-medication” state. a-tDCS, compared to sham, led to acute improvements in
whole-body mobility as measured by the Berg Balance Scale, the Dynamic Gait
Index, and the Timed Up-and-Go (TUG). Similarly, Hadoush et al. [95] reported
that a 10-session a-tDCS intervention aimed at facilitating bilateral motor and
prefrontal excitability, as compared to an inactive sham, led to improved balance
and reduced fear of falling in patients with idiopathic Parkinson’s disease.
Recently, Dagan et al. [96] reported the immediate after-effects of a single session
of “multitarget” tDCS designed to simultaneously facilitate the excitability of the
left DLPFC and the leg regions of the bilateral M 1. This stimulation significantly
reduced the severity of “freezing of gait,” as compared to stimulation targeting
M1 alone or an active sham control. These promising immediate after-effects of
tDCS on freezing of gait—a complex symptom theorized to arise from abnormali-
ties in both cognitive and motor brain functions—warrant investigation of the
longer-term effects of multisession tES interventions on this and other cognitive-
motor symptoms in patients who suffer from PD, with and without concomitant
cognitive dysfunction.

22.3 Future Perspectives

Literature studies provide a rationale for the use of tES interventions in the aging
process, suggesting a plausible role of stimulation in boosting individual perfor-
mances, from motor to higher-order cognitive functioning. Nevertheless, substantial
improvement is still needed to augment protocol efficiency. First of all, (1) target
selection represents a critical aspect, as most approaches rely on stimulating pre-
frontal cortices (especially left DLPFC) based on their known involvement in
higher-order cognitive processes, and relying on the rationale that prior studies had
used it too, but substantially failing to consider interindividual topological differ-
ences and networks’ structure. Furthermore, this approach limits the application of
stimulation to a single region, while it is known that several cortical nodes constitute
the frontoparietal network, and therefore the goodness of the task execution is more
likely determined by their combined contribution. Therefore, recent technological
advances have started promoting the use of multifocal stimulation, whereby a
genetic algorithm is used to determine electrode arrangements on the scalp to pro-
duce a desired electrical field, maximizing the chances of stimulating the targeted
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cortical network, while minimizing unspecific cortical effects [97, 98]. So far, motor
network stimulation by means of eight separate electrodes was proven more effi-
cient in increasing cortical excitability of the left M1 compared to the traditional
bifocal approach, doubling its effects [97].

As stimulation approaches move toward a better spatial tailoring, (2) more
time-dynamic tuning of the delivered electrical currents is also foreseen. Indeed,
state-dependent effects are known to widely drive stimulation efficacy. Very
recently, a-tDCS effects over DLPFC-mediated executive functions were observed
to be largely determined by underlying electrophysiological phenomena, such as
that the individuals who benefitted more from stimulation were the ones with the
lower amplitude at baseline [99]. Continuous monitoring of the underlying brain
states could therefore be very informative to determine when to best deliver the
electrical pulse, acknowledging that neural populations might be modulated with
a different degree depending on their current state [99]. Based on this, closed-loop
approaches have started to emerge in the literature, where the simultaneous regis-
tration of the individual EEG activity is used to tune the current delivery from the
stimulation device. As predictive algorithms are used to determine the forthcom-
ing neural oscillation to be targeted, thus automatizing the process of stimulation,
closed-loop approaches have the potential to be applied under various conditions,
for example during sleep. (3) Sleep modulation particularly suits neurodegenera-
tive studies, where difficulties in memory consolidation are a hallmark. Based on
the rationale that slow-wave oscillations, observed at the scalp level during sleep,
reflect large-scale synchronization between cortical and subcortical regions, pro-
moting the consolidation of short-term memory into long-term memory, closed-
loop tACS has been successfully applied in healthy subjects to improve memory
performances [100]. Furthermore, a strict relationship seems to exist between AD
proteinopathy and the quality and duration of sleep, such as that cerebrospinal
levels of tau and amyloid-f are associated with poorness in slow-wave sleep in
patients [101]. The use of tES during sleep seems therefore a promising tool to
address both the mechanisms of protein clearance and those of memory consoli-
dation, with the potential to lead to home-based therapy, posing a new challenge
for future studies.

Finally, tACS stimulation has gained renewed interest in recent years for the pos-
sibility of (4) targeting gamma oscillations, which are fast EEG oscillations occur-
ring around 40 Hz. Prior animal work has demonstrated that the induction of gamma
activity via optogenetics or sensory stimulation reduces amyloid-# plaques [102],
and that impaired coupling between (fast) gamma and (slow) theta oscillations over
frontal regions was not only associated with impaired working memory perfor-
mances, but it occurred in AD and MCI patients even before overt behavioral symp-
toms (for a review, see [103]). Furthermore, failure to respond to tACS applied at
the gamma frequency band correctly discriminated between MCI patients desig-
nated to convert into AD 2 years later and those who did not [30], proving tACS
gamma to be a potential useful perturbation-based biomarker in predicting MCI to
AD conversion.



22 tESin Dementia: From Pathophysiology to Treatment 333

22.4 Summary

To date, various tES interventions have been proven effective in targeting spared
functions in older adults, boosting performance levels at both cognitive and motor
tasks and their concomitant execution (dual-task). Evidence on the effectiveness
of tES is corroborated by the corresponding changes in neuroimaging, electroen-
cephalographic, and metabolic data recorded before and after stimulation, or com-
pared across active and sham stimulation cohorts. As more evidence will be
gathered in future years, the use of tES should be promoted in patients’ care rou-
tine, considering its potential use as a therapeutic tool and as a biomarker of dis-
ease progression. Future technological advances will further enable us to gain
better understanding of the underlying neuropathological mechanisms of demen-
tia, and address innovative therapeutic targets, hoping to further improve every-
day medical care.
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